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ABSTRACT Until recently, the degradation of aberrant
and unassembled proteins retained in the endoplasmic retic-
ulum (ER) was thought to involve unidentified ER-localized
proteases. We now show that the ER-associated degradation
(ERAD) of two mutant proteins that accumulate in the ER
lumen is inhibited in a proteasome-defective yeast strain and
when cytosol from this mutant is used in an in vitro assay. In
addition, ERAD is limited in vitro in the presence of the
proteasome inhibitors, 3,4-dichloroisocoumarin and lactacys-
tin. Furthermore, we find that an ERAD substrate is exported
from ER-derived microsomes, and the accumulation of ex-
ported substrate is 2-fold greater when proteasome mutant
cytosol is used in place of wild-type cytosol. We conclude that
lumenal ERAD substrates are exported from the yeast ER to
the cytoplasm for degradation by the proteasome complex.

Quality control of newly synthesized proteins in the endoplas-
mic reticulum (ER) ensures that only correctly folded, pro-
cessed, and completely assembled proteins exit this compart-
ment for further transport through the secretory pathway.
Most proteins that fail to reach this transport competent state
are degraded (1–7). The ER-associated protein degradation
pathway (ERAD) is highly selective for specific unassembled
andyor aberrant proteins, while the majority of ER resident
and secreted proteins are quite stable. Evidence that the ER
chaperone calnexin has a role in ERAD indicates that molec-
ular chaperones might be required for this remarkable sub-
strate selectivity (8).
Although previous studies suggested that ERAD involves

unidentified proteases localized in the ER, more recent evi-
dence indicates that ERAD may require cytosolic proteases.
Studies of ERAD in vitro suggest that degradation of aberrant
ER-lumenal proteins occurs in the cytoplasm (8), and there is
also evidence that the degradation of ER-retained forms of the
cystic fibrosis transmembrane conductance regulator is ubiq-
uitin- and proteasome-dependent (9, 10). In addition, cyto-
megalovirus-induced down-regulation of major histocompat-
ibility complex class I molecules involves the rapid transport of
the unassembled major histocompatibility complex I heavy
chains from the ER to the cytoplasm for degradation by the
proteasome complex (11). In this report we show that the
cytosolic proteasome complex is the proteolytic component for
the ER-associated degradation of two ER-lumenal proteins in
yeast. Furthermore, we provide evidence that indicates ERAD
substrates are exported to the cytosol for degradation by the
proteasome.

MATERIALS AND METHODS

Materials and Strains. Strains used were: RSY607 (Mata,
ura3-52, leu2-3-112, pep4::URA3), provided by R. Schekman,
University of California, Berkeley; AB122 (Mata, prc1-407,
prb1-1122, pep4-3, leu2, ura3-52), provided by A. Brake, Uni-

versity of California, San Francisco; pre 1-1 pre 2-2 proteasome
mutant and isogenic wild-type strain, provided by D. H. Wolf
(12, 13); Dubc6 ubiquitin-conjugating enzyme mutant and
isogenic wild-type strains, provided by S. Jentsch (14); and
ubc4-D1 ubc5-D1 and ubc6-D1 ubc7-D1 and isogenic wild-type
strains, provided by M. Hochstrasser (14). The PRE1 and
PRE2 wild-type gene expression plasmids, provided by D. H.
Wolf (12, 13), were transformed into the pre 1-1 pre 2-2 strain
using standard procedures. The pGem2a36-3Q expression
plasmid, which contains a yeast pre-pro-a factor (ppaF) gene
with all three glycosylation sites altered to specify glutamine
instead of asparagine (DGppaF), was provided by D. Meyer,
University of California, Los Angeles. Ubiquitin-aldehyde was
provided by R. Cohen, University of Iowa, Iowa City.
Pulse-Chase Radiolabeling of A1PiZ. Strains expressing

A1PiZ from a pYES2.0 (Invitrogen) plasmid were incubated
overnight in selective medium without sulfate and methionine
and were then pulse-labeled with 15–20 mCi (1 Ci 5 37 GBq)
of [35S]methionine per ml for 20 min and chased for 0, 60, 90,
or 120 min as previously described (15). Cell lysates were
immunoprecipitated with A1Pi-specific antibody and immu-
noreactive proteins were treated with or without endoglyco-
sidase H (Endo H; Boehringer Mannheim) and resolved by
10% SDSyPAGE. Results were quantified by Bio-Rad PHOS-
PHOR ANALYST image analysis software as described (8).
In Vitro ERAD Assay. The conditions of the in vitro assay

were as described (8). Briefly, radiolabeled ppaF with all three
glycosylation sites removed (DGppaF) was translocated into
yeast microsomes, and the posttranslocation incubation was
performed by adding 6 mg of cytosolic protein per ml of
reaction using either cytosol prepared from a wild-type strain,
cytosol prepared from a mutant strain, or buffer (8). Products
of the posttranslocation incubations were trichloroacetic acid-
precipitated and resolved by 18% SDSyPAGE containing 4 M
urea. 3,4-Dichloroisocoumarin (DCI; Sigma) and lactacystin
(E. J. Corey, Harvard University) were dissolved in dimethyl
sulfoxide and added to the chase incubations to a final
concentration of 10 nM and 10 mM, respectively. Ubiquitin-
aldehyde, where indicated, was added to the chase reaction to
a final concentration of 1 mM. Results were quantified by
Bio-Rad PHOSPHOR ANALYST image analysis software.

RESULTS AND DISCUSSION

ER-Associated Degradation Is Inhibited in a Proteasome
Mutant Strain. A role for the multicatalytic proteasome
complex in ER-associated degradation was first suggested by
the observation that a greater number of proteasomes were
associated with the ER membrane in secretory cells (16).
Results from recent studies using protease inhibitors imply that
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certain ER membrane proteins are degraded by the protea-
some (9–11). Therefore, to examine the role of the proteasome
in the ER-associated degradation of lumenal substrates, a
mutant form of human a-1-proteinase inhibitor, A1PiZ, a
known substrate of ERAD in mammalian cells and in yeast
(15, 17), was monitored in the yeast proteasome mutant, pre
1-1 pre 2-2. This strain is deficient in the ‘‘chymotrypsin-like’’
activity of the proteasome complex and accumulates aberrant
proteins (18). Results from pulse-chase protein radiolabeling
experiments showed that 94 6 0.2% of A1PiZ was degraded
over a 120-min chase in an isogenic wild-type strain, while only
39 6 6.7% was degraded in the pre1-1 pre 2-2 mutant strain
(Fig. 1). The half-life of A1PiZ calculated from these data was
163 min in the mutant, a 3-fold increase over the 56-min
half-life in the wild-type strain. These results suggest that the
cytosolic proteasome complex plays a role in the ER-
associated degradation of A1PiZ.
Reintroduction of PRE1 and PRE2 Genes Restores ERAD.

Due to earlier findings that ER-associated degradation was
proteasome-independent (5), it was important to establish that
the inhibition of ER-associated degradation of A1PiZ was due
to mutations in subunits of the proteasome complex and not

to uncharacterized extragenic mutations. Therefore, pulse-
chase experiments were performed with transformed pre 1-1
pre 2-2 strains containing centromeric expression plasmids
carrying the PRE1 or PRE2 wild-type gene (Fig. 1). The half
lives of A1PiZ in the pre 1-1 pre 2-21 PRE1 and pre 1-1 pre 2-2
1 PRE2 strains were 55 and 79 min, respectively. Thus,
expression of the corresponding wild-type proteasome genes
restored ERAD activity in the pre 1-1 pre 2-2 mutant, indi-
cating that the inhibition of ERAD observed in this strain was
due to defective proteasomes. The differences observed be-
tween the restoration of proteolysis by the PRE 1 and PRE 2
genes might be due to altered levels of gene expression or more
likely, because PRE1 and PRE2 encode subunits that may
differ in their specific activity. For example, a redundant and
latent chymotrypsin-like activity has been identified in isolated
mammalian proteasomes (19).
In Vitro ERAD Is Inhibited by Proteasome Mutant Cytosol.

To verify that the inhibition of ERAD observed in the pre 1-1
pre 2-2 mutant was a direct effect and not the result of an
undefined cellular response to defective proteasome activity,
ERAD was examined in vitro. We recently assembled ERAD
in vitro and showed that cytosolic protein factors were required
for degradation of unglycosylated pro-a factor (8). Therefore,
the ability of the proteasomemutant cytosol to support ERAD
could be measured using this assay. A radiolabeled glycosyl-
ation mutant of yeast ppaF (DGppaF) was posttranslationally
translocated into wild-type microsomes and the stability of
pro-a factor (paF) was monitored in a posttranslocation chase
incubation in the presence of wild-type or pre 1-1 pre 2-2
cytosol. After a 40-min incubation with wild-type cytosol, 706
2.9% of paF was degraded, while only 366 3.9%was degraded
in mutant cytosol. In both cases, the degradation was cytosol
and ATP-dependent (Fig. 2a). Furthermore, the half-life of
paF in pre 1-1 pre 2-2 cytosol was 50 min, a 3-fold increase over
the 19-min half-life observed with wild-type cytosol (Fig. 2b).
This increase is identical to the difference in A1PiZ half-life
seen in the in vivo experiments (Fig. 1) and supports our
findings that the proteasome plays a direct role in ERAD.
DCI and Lactacystin Inhibit in Vitro ERAD. Because intact

yeast cells are relatively impermeable, it had been infeasible to
study the effect of proteasome inhibitors on ERAD until the
advent of an in vitro system (8). Thus, we used this assay to
examine the effects of the proteasome inhibitors DCI and
lactacystin on ERAD.DCI, a general serine protease inhibitor,
interacts directly with the proteasome (21) to inhibit ATP-
dependent proteolysis (22), and lactacystin has been demon-
strated to be a proteasome-specific inhibitor (23). When in
vitro ERAD was examined in the presence of these inhibitors,
paF was stabilized (Fig. 3). The half-life of paF in the presence
of DCI and lactacystin was 55 and 56 min, respectively, a
.2-fold increase over the 24-min half-life observed in the
absence of inhibitor.
A1PiZ and paF (these studies), Mata2 repressor (14), and

cystic fibrosis transmembrane conductance regulator protein
(CFTR; refs. 9 and 10) are incompletely degraded in the
presence of either proteasome mutants or inhibitors. Because
the proteolytic activities of the proteasome complex are re-
dundant (16, 19, 21), this residual activity may be due to other
catalytic subunits of the proteasome compensating for those
mutated or inhibited.
Together, the in vivo findings that a proteasome mutant

yeast strain is deficient in the degradation of a mammalian
lumenal ERAD substrate, A1PiZ (Fig. 1), along with the in
vitro results that proteasome mutant cytosol and inhibitors of
the proteasome limit the degradation of a yeast lumenal
ERAD substrate, paF (Figs. 2 and 3), directly demonstrate
that ERAD in yeast is mediated by the proteolytic activity of
the proteasome. Although, it is possible that the mammalian
proteasome also has a role in ERAD, the present evidence is
circumstantial (9–11, 24). Thus, one cannot rule out the

FIG. 1. The proteasome complex is required for ER-associated
degradation of A1PiZ. (a) Phosphorimage of pulse-chase radiolabel-
ing of A1PiZ in the proteasome mutant (pre 1-1 pre 2-2), the isogenic
wild-type strain (wild type), the proteasome mutant expressing a
wild-type copy of PRE1 (pre 1-1 pre 2-2 1 PRE1), and the proteasome
mutant expressing a wild-type copy of PRE2 (pre 1-1 pre 2-21 PRE2).
Immunoprecipated products of chase incubations (0, 60, 90, or 120
min) were treated with (1) or without (2) endoglycosidase H (Endo
H) to demonstrate removal of the three carbohydrate chains added to
A1PiZ in the ER and to convert glycosylated forms of A1PiZ to a
single species. Endo H digestion was incomplete in the 0 chase
samples. (b) First-order decay curves generated with averaged values
from at least three experiments to determine the half-life of A1PiZ.
Relative amounts of A1PiZ were determined from the phosphorim-
ages using a Bio-Rad PHOSPHOR ANALYST program.
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possibility that some ERAD substrates are removed by pro-
teases that reside in the ER.
Export of an ERAD substrate from ER-Derived Micro-

somes. How could ER proteins be degraded by the cytosolic
proteasome complex? While integral ER membrane proteins
could present external soluble domains to a cytosolic protease,
the degradation of soluble proteins within the ER lumen
requires that they first translocate back out of the ER. In
retrospect, placing proteolytic machinery in a compartment
distinct from that committed to protein biogenesis makes
sense; nascent proteins remain isolated from the proteasome
while aberrant polypeptides are banished to the cytosol and
destroyed. Thus, although degradation of soluble ER proteins
by the cytosolic proteasome presents a topological problem,
several studies indicate ER to cytoplasm transport. First,
glycopeptide export from the yeast ER can occur by a cytosol-
and ATP-dependent mechanism (25). Second, free polyman-
nose oligosaccharides synthesized in the ER are transported
directly into the cytoplasm (26). Third, the ER appears to be

the intracellular site for translocation of soluble 37-kDa cyto-
toxic proteins into the cytoplasm (27–30). It was hypothesized
that either the translocation machinery or components of the
peptide antigen transport process are involved in the translo-
cation of these cytotoxic proteins from the ER to the cyto-
plasm (31, 32). Lastly, it has been shown that the US11 gene
product of human cytomegalovirus facilitates the retrograde
transport of major histocompatibility complex class I heavy
chains to the cytoplasm for degradation by the proteasome
(11). This finding not only reveals a mechanism by which
viruses can evade the immune system but has implications for
the biosynthesis and degradation of ER membrane proteins,
and thus underlines the significance of an ER to cytoplasm
transport pathway.
In accordance with these observations, we previously dem-

onstrated ATP-dependent export of paF from ER-derived
microsomes. The appearance of paF in the supernatant was
specific for the unglycosylated form, suggesting a selective
transport of ERAD substrates (8). The in vitro experiments
presented in Fig. 2b provide additional evidence for ER to
cytosol protein transport. Export of paF from microsomes can
be determined either by analyzing the cytosol by SDSyPAGE
or by protease protection analysis, since paF occluded in the
microsomes is shielded from exogenous protease (8). There-
fore, to study paF export in the presence of pre 1-1 pre 2-2 and
wild-type cytosol, the products of the posttranslocation chase
incubations were treated with or without trypsin before tri-
chloroacetic acid precipitation (Fig. 2b and Table 1). After 10

FIG. 2. In vitro assay demonstrates ATP and proteasome-
dependent ERAD and reveals export of paF from ER-derived mi-
crosomes. (a) Phosphorimage of a 30-min posttranslocation chase
incubation performed in the presence (1) or absence (2) of ATP with
either proteasome mutant (pre 1-1 pre 2-2) or isogenic wild-type (wild
type) cytosol. Radiolabeled DGppaF was translocated into wild-type
microsomes and the signal sequence cleaved to generate unglycosy-
lated paF, a substrate for ERAD in vivo (20) and in vitro (8). (b)
First-order decay curves generated with averaged values from at least
three independent experiments indicate that paF is stabilized in the
presence of pre 1-1 pre 2-2 proteasome mutant cytosol. Posttranslo-
cation chase incubations (0, 10, 20, and 40 min) in the presence of
either wild-type cytosol (wild type), mutant cytosol (pre 1-1 pre 2-2
cytosol), or buffer (buffer 88 1 ATP) were treated with or without
trypsin before trichloroacetic acid precipitation, and samples were
resolved on 18% SDSyurea-PAGE and analyzed as in Fig. 1. Degra-
dation of paF by trypsin treatment (0.25 gyml) indicates that the
protein substrate has been exported from microsomes, while protease
protection indicates membrane-occluded paF. All reactions were
performed in the presence of ATP.

FIG. 3. DCI and lactacystin inhibit ER-associated degradation of
paF. (a) Phosphorimage of in vitro ERAD chase reactions (0, 10, 20,
and 40 min) in the presence of 10 mM lactacystin, 10nM DCI, or
dimethyl sulfoxide. All reactions were performed in the presence of
ATP. (b) First-order decay curves generated with averaged values
from at least three experiments indicate that paF is stabilized in the
presence of proteasome inhibitors. Relative amounts of paF were
determined from the phosphorimages as in Fig. 1.
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min of chase incubation, paF was found in the pre 1-1 pre 2-2
cytosol, while paF was undetected in wild-type cytosol until 20
min (Table 1). Furthermore, at 20 min the amount of exported
paF detected in the pre 1-1 pre 2-2 cytosol was approximately
twice that found in wild-type cytosol. These results are con-
sistent with the evidence that defective proteasome activity
causes an inhibition of ERAD. Interestingly, the inhibition of
proteasome activity by DCI and lactacystin also revealed an
accumulation of exported paF (data not shown). Therefore, as
expected, when ER export was examined under conditions that
reduce proteasome activity, either bymutation or by a protease
inhibitor, an increased cytosolic pool of ERAD substrate was
evident.
ERAD Is Not Inhibited by Mutations in Specific Ubiquitin

Conjugating Enzymes.Many short-lived intracellular proteins
are conjugated to the polypeptide ubiquitin as an obligatory
step in their selective targeting to the proteasome for degra-
dation (reviewed in refs. 33 and 34). Indeed, most known
substrates of the proteasome are ubiquitinated, raising the
question of whether ubiquitination of substrate is a prerequi-
site for proteasome-dependent ERAD. We first examined
whether the ubiquitin-conjugating activity of Ubc6, an integral
ER membrane protein required for the degradation of an
unstable mutant form of the yeast translocation channel
protein Sec61p (35, 36), was necessary for the ER-associated
degradation of A1PiZ. When pulse-chase experiments were
performed in a ubc6 null mutant strain, the half-life of A1PiZ
in the wild-type strain was 40 6 4.0 min, compared with 28 6
2.0 min in the Dubc6 strain. Although the reason for the
increased rate of degradation in the Dubc6 strain is not clear,
this result indicates that the ER-associated degradation of
A1PiZ was independent of the ubiquitin-conjugating activity
of Ubc6.
Because ubiquitin conjugation may occur through the ac-

tivity of other ubiquitin-conjugating enzymes, we tested the
ability of cytosol andmicrosomes prepared from ubc6 ubc7 and
ubc4 ubc5 double deleted strains to support ERAD in vitro.
UBC4, 5, 6, and 7, encode E2 ubiquitin-conjugating enzymes
known to be involved in the degradation of aberrant proteins
(reviewed in ref. 33). In addition, Ubc6yUbc7, acting as an
enzyme complex, and Ubc4yUbc5 define two distinct ubiq-
uitination pathways by which Mata2 transcription factor is
targeted for degradation by the proteasome (14).
However, no effect on the degradation of paF was observed

when any combinations of ubc6 ubc7 mutant membranes or
cytosol were used in the in vitro ERAD assay (Fig. 4). Similar
results were obtained with the ubc4 ubc5 mutant (data not
shown). Furthermore, the addition of ubiquitin-aldehyde, an
inhibitor of the polyubiquitin disassembling isopeptidase
known to inhibit ubiquitin-mediated proteasome-dependent

proteolysis (37, 38), did not have a stabilizing effect on paF in
the in vitro assay (Fig. 4).
Together, these results suggest that proteolysis of paF by the

proteasome complex may take place by a ubiquitin-
independent pathway, as observed for ornithine decarboxylase
(39, 40) and casein (41). It is also known that full-length
proteins can be fully degraded to peptides in the absence of
ubiquitin by the 20S proteasome if the proteins are first
denatured (ref. 42; reviewed in ref. 33). However, it is possible
that ubiquitination may occur through the activity of other
known (43) or an as yet undiscovered ubiquitin-conjugating
enzyme(s).
In conclusion, our results from both in vivo and in vitro

studies of lumenal ERAD substrates from two different or-
ganisms directly demonstrate that the degradation of ERAD
substrates is dependent on the proteasome complex in yeast.
These results indicate that ER-associated protein degradation
is not a novel intracellular degradation process, but uses the
proteolytic component of a cytosolic protein degradation
pathway. In addition, a unique aspect of ERAD uncovered by
our studies is that ER-lumenal protein substrates are exported
to the cytoplasm for degradation by the proteasome complex.
This discovery has further significance in that it reveals a

FIG. 4. Mutations in specific ubiquitin-conjugating enzymes do not
inhibit ERAD in vitro. Microsomes and cytosol from either the ubc6
ubc7 (ubc) or an isogenic wild-type strain (WT) were used in an in vitro
ERAD assay as previously described (8). Addition of ubiquitin-
aldehyde (UA) to wild-type cytosol to a final concentration of 1 mM,
did not inhibit degradation of paF in vitro. Results represent the means
of at least two independent determinations.

Table 1. Trypsin sensitivity reveals paF export in vitro

Cytosol Chase, min

% paF

Untreated Trypsin-treated U2T Sensitive*

pre1-1 pre2-1 0 100 100 0 0
10 93.7 6 4.4 80.7 6 6.5 13 14
20 74.0 6 2.6 33.3 6 3.2 41 55
40 64.2 6 3.9 31.0 6 6.0 33 52

Wild-type 0 100 100 0 0
10 42.3 6 1.5 49.4 6 5.7 0† 0†
20 37.5 6 1.0 28.1 6 2.7 9 25
40 29.9 6 2.9 20.3 6 4.3 10 33

Percentages were determined from results shown in Fig. 2 for untreated and trypsin-treated samples,
and calculated values for the difference between trypsin-treated (T) and untreated (U) samples
demonstrate the amount of paF in the supernatant of the in vitro ERAD reactions. U 2 T, difference
between U and T.
*Amount of trypsin-sensitive paF; value calculated as [(U2T)/U] 3 100.
†Within the margin of error, these values are zero.
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cellular function for a retrograde protein transporter in the
ER, a mechanism implicated in the delivery of cytotoxic
proteins from the ER to the cytoplasm (27–30), and a transport
pathway exploited by the human cytomegalovirus to mask its
presence in infected cells (11). The nature of this novel protein
transport mechanism will be the topic of further investigation.
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