The EMBO Journal (2005) 24, 22842293 | © 2005 European Molecular Biology Organization | All Rights Reserved 0261-4189/05

www.embojournal.org

THE

EMBO

JOURNAL

The protein translocation channel binds
proteasomes to the endoplasmic reticulum

membrane

Kai-Uwe Kalies', Susanne Allan’,
Tatiana Sergeyenko?, Heike Kroger?
and Karin Rémisch?*

!Institute of Biology, University of Liibeck, Liibeck, Germany and
*Department of Clinical Biochemistry and Cambridge Institute for
Medical Research, University of Cambridge, Cambridge, UK

Misfolded secretory proteins are transported across the
endoplasmic reticulum (ER) membrane into the cytosol for
degradation by proteasomes. A large fraction of protea-
somes in a cell is associated with the ER membrane. We
show here that binding of proteasomes to ER membranes
is salt sensitive, ATP dependent, and mediated by the 19S
regulatory particle. The base of the 19S particle, which
contains six AAA-ATPases, binds to microsomal mem-
branes with high affinity, whereas the 19S lid complex
binds weakly. We demonstrate that ribosomes and protea-
somes compete for binding to the ER membrane and have
similar affinities for their receptor. Ribosomes bind to the
protein conducting channel formed by the Sec61 complex
in the ER membrane. We co-precipitated subunits of the
Sec6l complex with ER-associated proteasome 19S parti-
cles, and found that proteoliposomes containing only the
Sec61 complex retained proteasome binding activity.
Collectively, our data suggest that the Sec61 channel is a
principal proteasome receptor in the ER membrane.
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Introduction

The endoplasmic reticulum (ER) is the site of secretory
protein biogenesis: nascent secretory proteins are targeted
to and translocated into the ER where they fold, acquire
covalent modifications, and oligomerize (Johnson and van
Waes, 1999). A significant fraction of secretory proteins (10-
75%, depending on the protein) fails to fold in the ER and is
transported back to the cytosol where misfolded proteins are
degraded by proteasomes (Ellgaard and Helenius, 2003; Sitia
and Braakman, 2003). Up to 80% of proteasomes in a
eukaryotic cell are associated with the nuclear envelope
and the ER (Enenkel et al, 1998; Rivett, 1998). These protea-
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somes may be involved in misfolded secretory protein
turnover, but evidence for this is lacking so far, nor has
a proteasome receptor in the ER been identified.

Secretory protein transport across the ER membrane in
both directions is mediated by proteinaceous channels whose
principal component is the evolutionarily conserved Sec6l
protein (Johnson and van Waes, 1999). Secretory protein
import into the ER is primarily cotranslational in mammals,
and both co- and post-translational in yeast (Johnson and van
Waes, 1999). During cotranslational import, the Sec6l com-
plex consisting of Sec6la, B, and y in mammals (Sec61p,
Sbhlp, and Ssslp, respectively, in yeast) binds ribosomes to
the ER, which gives the ER its typical ‘rough’ appearance
(Kalies et al, 1994). Ribosome binding to the Sec61 channel is
salt sensitive, but independent of the presence of a nascent
chain, and high affinity (reported Kp values range from 4 to
21 nM) (Kalies et al, 1994; Raden et al, 2000). In yeast, about
30% of the Sec6lp in the ER membrane is associated with
ribosomes (Pilon et al, 1998). Saturation of Sec61 channels in
the ER membrane with translating ribosomes inhibits protein
export from the ER lumen to the cytosol, suggesting that
channels engaged in export cannot be bound to ribosomes
at the same time (Schmitz et al, 2000).

Proteasomes are responsible for the majority of cytosolic
protein degradation (Voges et al, 1999; Goldberg, 2003).
Proteasome substrates can be wild-type proteins, a significant
fraction of which misfolds early in biogenesis, wild-type
proteins that have been damaged, for example by oxidation,
proteins that are subject to regulated proteolysis, and mis-
folded mutant proteins (Goldberg, 2003). Many, but not all,
proteasome substrates are covalently modified on lysine
residues with ubiquitin (Voges et al, 1999; Goldberg, 2003).
Proteasomes consist of two subparticles: the 20S core com-
plex, which contains the proteolytically active subunits,
tethered by the Ecm29 protein to the 19S regulatory particle
(Leggett et al, 2002). The 19S particle can be subdivided into
an eight-subunit base and an eight-subunit lid stabilized by a
hinge protein, Rpnl0p (Glickman et al, 1998; Leggett et al,
2002). The lid can be dissociated from the base by high salt
(Glickman et al, 1998). The lid is required for deubiquitina-
tion of substrates prior to degradation, and is homologous to
the COP9/signalosome complex and elF3, both of which can
bind to other large protein complexes (Glickman et al, 1998).
The base consists of six nonequivalent ATPases (Rptlp-6p)
and two non-ATPase subunits, Rpnlp and Rpn2p (Glickman
et al, 1998). Both Rpnlp and Rpn2p contain leucine-rich
repeat domains, which typically mediate protein-protein
interactions (Elsasser et al, 2002). Two binding partners for
Rpnlp have been identified: the deubiquitinating enzyme
Ubp6p and Rad23p, which is involved in DNA repair
(Verma et al, 2000; Elsasser et al, 2002; Leggett et al, 2002).
Interaction with Rpnlp is mediated by the ubiquitin-like
domains of Ubp6p and Rad23p (Elsasser et al, 2002). The
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ATPases of the base of the 19S particle are involved in
unfolding of degradation substrates, recognition of ubiquitin
chains (Rpt5p), and opening of the proteolytic channel in the
20S core particle (Rpt2p) (Rubin et al, 1998; Kohler et al,
2001; Navon and Goldberg, 2001; Lam et al, 2002).

Proteins that have been recognized by the quality control
machinery in the ER as dysfunctional are exported to the
cytosol and degraded by proteasomes, a process known as
ER-associated degradation (ERAD) (McCracken and Brodsky,
1996). Many ERAD substrates are ubiquitinated prior to
degradation (Ellgaard and Helenius, 2003). Drugs that speci-
fically inhibit proteolysis by proteasomes such as lactacystin
can cause accumulation of misfolded secretory proteins in
the cytoplasm or, in some instances, in the ER lumen (Wiertz
et al, 1996b; Huppa and Ploegh, 1997; Yang et al, 1998).
Mutations in proteolytic subunits of the yeast proteasome
core particle (prel pre2) have a similar range of effects as
proteasome inhibitors, suggesting that depending on the
substrate protein, export and degradation may be coupled
(Hiller et al, 1996; Loayza et al, 1998; Plemper et al, 1998).
Mutations in subunits of the 19S particle (Rptlp, Rpté6p,
Rpn2p) cause ERAD defects (Mayer et al, 1998; Lee et al,
2004). A mutant in the 19S regulatory particle subunit Rpnlp
(Hrd2p) was identified in a screen for mutants defective in
degradation of ER-resident HMG-CoA reductase (Hampton
et al, 1996). Collectively, these observations indicate that
both the 19S and the 20S proteasome subparticles are
involved in ERAD.

ERAD can be reconstituted in a cell-free system containing
yeast microsomes loaded with an ERAD substrate, ATP, and
cytosol (McCracken and Brodsky, 1996). In this system,
cytosol can be replaced by purified proteasomes (Lee et al,
2004). Export and degradation can also be achieved sepa-
rately: incubation of microsomes with ATP and 19S particles
results in export of a misfolded secretory protein; subse-
quently added 20S particles can degrade the protein after its
export has been completed (Lee et al, 2004).

Efficient removal of misfolded proteins from the ER is
essential: accumulation of misfolded proteins in the ER
triggers a signalling pathway from the ER to the nucleus,
the unfolded protein response (UPR), which upregulates
components of the protein translocation machinery and ER
chaperones, but also proteins involved in vesicular secretory
protein transport (Spear and Ng, 2001). Overexpression of
misfolded proteins in yeast cells in which the UPR signalling
pathway has been inactivated compromises essential cellular
functions and is ultimately lethal (Spear and Ng, 2001).
Mutant secretory proteins that polymerize in the ER and
therefore cannot be transported to the cytosol for degradation
lead to cell death even in the presence of a functional UPR
(Carrell and Lomas, 1997). Formation of cytoplasmic, degra-
dation-resistant protein aggregates either by mutant cyto-
plasmic proteins or by overexpressed misfolded secretory
proteins exported from the ER can also be cytotoxic
(Selkoe, 2003).

These observations suggest that efficient export of mis-
folded proteins from the ER must be concomitant with
efficient degradation in the cytoplasm. The simplest way to
achieve this is to mechanistically couple protein export
through the protein translocation channel to proteasomal
degradation in the cytosol. During cotranslational protein
import into the ER, biosynthesis and translocation are syn-
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chronous, and the ribosome is docked to the protein translo-
cation channel (Kalies et al, 1994). Here, we demonstrate that
proteasomes can also bind directly to the protein transloca-
tion channel in the ER membrane. We analyze proteasome
binding to purified ER membranes and show that protea-
somes and ribosomes compete with each other for binding to
the ER. We examine ER binding of the proteasome 20S core
particle, thel9S regulatory particle, and the 19S subparticles
(base and lid) individually, and find that ER binding of
proteasomes is ATP dependent and primarily mediated by
the 19S regulatory particle base, which contains six AAA-
ATPases. Using reconstituted proteoliposomes containing
fractionated ER proteins, we define the Sec61 complex as
a principal proteasome receptor in the ER membrane and
propose a mechanism for misfolded protein export from
the ER.

Results

Proteasomes bind to a site conserved in yeast

and mammalian ER membranes

In order to characterize the binding of proteasomes to the
ER membrane, we affinity-purified yeast proteasomes from
a strain in which the Prelp subunit of the 20S core particle
was FLAG tagged (Verma et al, 2000). For the initial binding
experiments, we isolated active 26S proteasomes in the
presence of ATP from liquid nitrogen-lysed cells (Verma
et al, 2000) (Figure 1A). Wild-type yeast microsomes were
stripped of associated ribosomes by incubation with puro-
mycin/high salt (PK-RM), and 10eq of membranes was
incubated in the presence of ATP with 2.5pmol of 26S
proteasomes for 20min on ice followed by 10 min at room
temperature. The samples were layered under a discontinu-
ous sucrose gradient and after centrifugation fractions were
analyzed by SDS-PAGE. The proteasomes in each fraction
were detected by immunoblotting with a monoclonal anti-
FLAG antibody. As shown in Figure 1B, proteasomes bound
to and floated with yeast PK-RM (yeast PK-RM/26S, lanes 1
and 2). In the absence of membranes, proteasomes remained
at the bottom of the gradient (26S, lanes 7-10). Proteasome
binding to untreated yeast microsomes was two- to three-fold
lower (not shown) than binding to puromycin/high-salt-
washed membranes (Figure 1B).

Proteasomes are also found associated with mammalian
ER membranes, and proteasome structure is conserved be-
tween yeast and mammals (Rivett, 1998; Voges et al, 1999).
We therefore asked if yeast proteasomes could also bind to
mammalian microsomes. Puromycin/high-salt-treated dog
pancreas microsomes (dog PK-RM) were incubated with
purified 26S yeast proteasomes as above, and loaded under
a 1.8 M sucrose cushion. After equilibrium centrifugation,
proteins in each fraction were resolved by SDS-PAGE, and
proteasomes detected with anti-Rpn12p antibody. As shown
in Figure 1C, yeast 26S proteasomes bound to and floated
with dog PK-RM, suggesting that the binding site for protea-
somes at the ER is conserved between yeast and mammals.

Ribosomes and proteasomes compete for binding

to the ER membrane

The ribosome binding site is one feature that is conserved
between mammalian and yeast ER (Prinz et al, 2000).
Therefore, we next asked whether proteasomes and ribo-
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Figure 1 Proteasomes bind to a site conserved in yeast and mam-
malian ER membranes. (A) Purified yeast 26S proteasomes were
separated by native gel electrophoresis and stained with Coomassie
blue (lane 1), or the gel incubated with the fluorogenic proteasome
substrate Suc-LLVY-AMC, and active proteasomes visualized on a
UV transilluminator. CP, 20S core particle; RP1CP, 20S CP with one
bound regulatory particle; RP2CP, 20S CP with two bound regula-
tory particles. (B) Yeast 26S proteasomes (2.5 pmol) were incubated
with 10eq of puromycin/high-salt-treated yeast microsomes (PK-
RM) as described in Materials and methods. 1eq equals 1ul of
microsomes of A,go=>50. The membranes were floated through
1.8 M sucrose cushions and the gradients fractionated from the top.
Proteasomes in individual fractions were detected by SDS-PAGE
and immunoblotting employing anti-FLAG antibody. Enhanced
chemiluminescence and a CCD camera system (Raytest, Germany)
were used as a detection system. The positions of proteasomes
bound to membranes and unbound proteasomes are indicated. (C)
Yeast 26S proteasomes (2.5 pmol) were bound to puromycin/high-
salt-treated dog pancreas microsomes (10eq). After binding, the
samples were treated as in (B) and analyzed by SDS-PAGE and
immunoblotting using anti-Rpn12p antibodies.

somes could compete for binding to the ER membrane. A
constant amount of 26S proteasomes (2.5 pmol) was incu-
bated with a constant amount of ER membranes (10 eq) in the
absence or presence of increasing amounts of ribosomes.
Membranes with bound proteasomes were sedimented
through a sucrose cushion, and pellet (P), sucrose cushion
(M), and supernatant fractions (S) were analyzed by SDS-
PAGE and immunoblotting for the FLAG-tagged Prelp sub-
unit of the 20S core particle and the Rptlp subunit of the 19S
regulatory particle. As shown in Figure 2A, ribosomes effi-
ciently competed with proteasomes for binding to the ER
membrane, suggesting that ribosomes and proteasomes bind
to the same receptor. We measured the affinity of protea-
somes for their receptor in the ER membrane, and found a Kp
between 19 nM (detecting the 20S core particle with the anti-
FLAG antibody) and 30nM (detecting the 19S regulatory
particle with the anti-Rptlp antibody) (Figure 2B); these
values are comparable to the Kp of ribosome binding to the
Sec6l channel (4-21nM) (Kalies et al, 1994; Raden et al,
2000).
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Proteasomes are associated with Sec61p in the ER
membrane of Saccharomyces cerevisiae

Proteasome binding to evolutionarily conserved sites in yeast
and mammalian ER (Figure 1), and competition of ribosomes
with proteasomes for binding to the ER membrane (Figure 2)
suggested that ribosomes and proteasomes bound to the
same receptor, the Sec61 complex. In yeast, 80% of the
proteasomes in a cell are associated with the nuclear envel-
ope and the ER (Enenkel et al, 1998). We therefore asked if
we could find an association between yeast proteasomes
and the yeast Sec6l channel in microsomes isolated from
S. cerevisiae. We prepared microsomes from wild-type yeast
and from a strain in which the Rpnllp subunit of the
proteasome 19S regulatory particle had been tagged with
Protein A (Leggett et al, 2002). Membranes were solubilized
with deoxy-BigCHAP and proteasomes and associated pro-
teins precipitated with IgG-Sepharose under native conditions
overnight at 4°C. The beads were washed, and proteins
associated with the Protein A-tagged Rpnllp were eluted,
resolved by SDS—PAGE, and detected by immunoblotting. As
shown in Figure 3, Protein A-Rpnllp was efficiently precipi-
tated under these conditions and another proteasome sub-
unit, Rpt5p, was co-precipitated with IgG-Sepharose from a
microsomal lysate of the strain containing Protein A-tagged
Rpnllp (lanes 4 and 5, top panel), but not from a lysate of
microsomes from an RPN11 wild-type strain (lanes 4 and 5,
middle panel), suggesting that Protein A-tagged Rpnllp was
incorporated into proteasome 19S regulatory particles, and
that the co-precipitation of Rpt5p was specific. Sec61p speci-
fically co-precipitated with Protein A-Rpnllp (Figure 3, lanes
4 and 5, top versus middle panel). In addition, the B and
the y subunits of the Sec61 complex, Sbh1/2p and Ssslp, co-
precipitated with Protein A-Rpnllp (Figure 3, bottom panel,
and not shown). Subunits of the Sec63 complex required for
post-translational protein import into the yeast ER, Sec62p
and Sec72p, were not detectably associated with Protein
A-Rpnllp (Figure 3, bottom panel, and not shown).
Collectively, our data suggest that the Sec61l complex med-
iates the interaction of both ribosomes and proteasomes with
the ER membrane in intact yeast cells.

Proteasomes bind directly to the Sec61 complex

In order to determine whether proteasomes bound directly to
the Sec6l complex, we performed proteasome binding experi-
ments with intact dog pancreas ER membranes, proteolipo-
somes containing total ER proteins, and proteoliposomes
reconstituted with purified Sec61 complex only (Kalies et al,
1994) (Supplementary Figure 1). Binding was quantified by
flotation of the membranes as described above and immuno-
blotting with anti-FLAG antibodies for FLAG-Prelp. We found
that proteasomes bound to reconstituted proteoliposomes
containing total ER protein with 80% efficiency compared
to intact PK-RM, suggesting that membrane solubilization
and reconstitution into proteoliposomes did not inactivate the
proteasome receptor (Figure 4A). Proteoliposomes containing
only the purified Sec61 complex retained proteasome binding
activity, suggesting that the Sec61 complex is necessary and
sufficient to bind proteasomes to the ER (Figure 4A). The
reduced efficiency of proteasome binding to Sec6l proteoli-
posomes compared to total proteoliposomes may be due
to either partial inactivation of the Sec6l complex during
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Figure 2 Ribosomes and proteasomes compete for binding to the ER membrane. (A) Yeast 26S proteasomes in which the Prelp subunit of the
20S core particle was FLAG tagged were incubated with 10 eq of puromycin/high-salt-treated dog pancreas microsomes in the absence or
presence of increasing amounts of ribosomes as indicated. The membranes were sedimented through a 0.75M sucrose cushion, and free
proteasomes in the supernatant (S), in the sucrose cushion (M), and proteasomes bound to membranes that had sedimented (P) were detected
with anti-FLAG antibody (20S core particle) and anti-Rptlp antibody (19S regulatory particle). Membrane-bound proteasomes in the pellets
were quantified using the anti-Rptlp signal and a CCD camera system (LAS1000 plus, Raytest, Germany). (B) Dog PK-RM (1 eq) were used in
the proteasome binding assay at physiological salt concentrations with varying amounts of yeast 26S proteasomes. The samples were treated as
in (A) and the amount of proteasomes bound to the microsomes was determined by SDS-PAGE and quantitative immunoblotting.

purification or absence of accessory factors that may promote
proteasome binding to the channel in total proteoliposomes.

In mammalian and yeast ER membranes, ribosomes are
bound to Sec6l channels formed by one or more heterotri-
meric Sec61 complexes (Kalies et al, 1994; Beckmann et al,
2001; van den Berg et al, 2004). In yeast, the Sec61 complex
can also associate with the Sec63 complex to form the
heptameric Sec complex, which is required for post-transla-
tional protein import into the ER (Deshaies et al, 1991;
Panzner et al, 1995). Ribosomes do not bind to the hepta-
meric Sec complex, and the Sec63 complex is not involved
in ERAD (Pilon et al, 1997; Plemper et al, 1997; Prinz et al,
2000). We asked whether in yeast the Sec61 complex was also
sufficient for proteasome binding to the ER membrane. Wild-
type yeast microsomal membranes were solubilized and total
ER protein or purified Sec61 complex reconstituted into
proteoliposomes. Binding of proteasomes to the proteolipo-
somes was assayed by flotation. As shown in Figure 4B,
proteasomes bound to proteoliposomes reconstituted with
purified yeast Sec6l complex, suggesting that the Sec63
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complex was not required for binding of proteasomes to the
yeast ER. The data shown in Figures 3 and 4 demonstrate that
proteasomes like ribosomes bind to the Sec61 complex in the
ER membrane of both yeast and mammalian cells. Our data
do not exclude the existence of additional proteasome-inter-
acting proteins in the ER membrane, but suggest that the
Sec6l channel is a principal proteasome receptor in the ER.

Proteasome binding to the ER membrane is mediated
by the 19S particle

We next characterized the interaction of proteasomes with
the Sec61 channel in the ER membrane. Physiological binding
should be affected by the salt concentration in the binding
buffer. Using the flotation assay described above, we mea-
sured the binding of affinity-purified 26S proteasomes to ER
membranes in buffers with increasing salt concentration. 26S
proteasomes consist of 20S core particles and 19S regulatory
particles, which behaved differently in this experiment: we
found that at 150 mM potassium acetate, which is close to
physiological salt concentration, binding of proteasome 195
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Figure 3 Proteasomes interact with the Sec6l channel in the ER
membrane. Yeast microsomes were isolated from a wild-type strain
(RPN11) and a strain in which the Rpnllp subunit of the protea-
some was Protein A tagged (Protein A-RPN11). Membranes were
solubilized in DeoxyBigCHAP, and Protein A-tagged Rpnllp and
associated proteins isolated by batch absorption to IgG-Sepharose.
Protein A-Rpnllp and associated proteins were eluted from washed
beads with 0.5M acetic acid in two steps (HAc-eluate). Aliquots of
microsomes, lysate, material not bound to IgG-Sepharose (super-
natant), and HAc-eluates were separated by SDS-PAGE and indivi-
dual proteasome subunits and associated proteins detected by
immunoblotting with polyclonal antibodies. Proteins are indicated
on the left and strain genotypes on the right. The asterisk marks a
band nonspecifically labelled by the anti-Rpt5p antibody.

regulatory particles to ER membranes was half-maximal
(Figure 5A, black squares, Rptlp), whereas binding of
FLAG-tagged 20S core particles was only 20% (Figure 5A,
open squares, FLAG). Our 26S proteasome preparation con-
tained a fraction of dissociated 20S core particles (see
Figure 1A), and some salt-induced dissociation of 26S parti-
cles may have occurred during the experiment, which would
explain the differential binding of 19S and 20S particles to the
ER membranes in this experiment. High concentrations of
salt (500 mM) abolished binding of both proteasome sub-
particles and ribosomes to the ER membrane (Figure 5A;
Kalies et al, 1994).

The experiment shown in Figure 5A suggests that binding
of proteasomes to the ER membrane may be mediated by the
19S regulatory particle, which in contrast to the 20S core
particle contains six AAA-ATPase subunits. We therefore
asked whether 26S proteasome binding to the ER membrane
was ATP dependent. Binding experiments were performed in
120 mM potassium acetate and in the presence of 5mM ATP,
or in the absence of ATP and increasing amounts of apyrase.
Binding of 26S proteasomes to ER membranes was nucleotide
dependent (Figure S5B), but nucleotide depletion affected
binding of the 20S core particle (open squares) more strongly
than binding of thel9S regulatory particle (black squares),
presumably because ATP depletion also promotes dissocia-
tion of proteasomes into 19S and 20S subparticles (Verma
et al, 2000).
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Figure 4 Proteasomes bind directly to the Sec61 complex. (A) Yeast
26S proteasomes (2.5pmol) were bound to puromycin/high-salt-
treated dog pancreas microsomes (10eq), proteoliposomes recon-
stituted from total dog microsomal protein, and proteoliposomes
containing only the mammalian Sec61 complex, as indicated.
Bound and unbound fractions were analyzed by flotation through
sucrose cushions, as in Figure 1B, and immunoblotting with anti-
Rpnl2p antibodies. (B) Yeast 26S proteasomes (2.5pmol) were
bound to puromycin/high-salt-treated yeast microsomes (10eq),
proteoliposomes reconstituted from total yeast microsomal protein,
and proteoliposomes containing only the heterotrimeric yeast Sec61
complex (Sec6lp, Sbhlp, Ssslp) as indicated. Bound and unbound
fractions were analyzed by flotation through sucrose cushions, as
in Figure 1B, and immunoblotting with anti-FLAG or anti-Rpn12p
antibodies.

Next, we prepared individual proteasome subparticles for
binding experiments. 20S core particles were purified from
the PREI-FLAG strain in the absence of ATP (Figure 5C, lane
3; Verma et al, 2000). 19S regulatory particles were prepared
by dissociating 26S proteasomes from the PREI-FLAG strain
after purification, or by directly purifying 19S particles from
a strain in which Rptlp was FLAG tagged (Figure 5C, lane 2;
Verma et al, 2000) (Supplementary Figure 3). These 19S
regulatory particle preparations were indistinguishable with
respect to ER binding (not shown). Binding experiments were
performed using the flotation method described above and
equal molar amounts of either 20S proteasome core particles
or 19S regulatory particles in buffer with 120 mM potassium
acetate and in the presence of 5mM ATP. As shown in
Figure 5D, the 20S core particle had no significant affinity
for the ER, whereas the 19S regulatory particle on its own
efficiently bound to the ER and floated with the membranes
(see also Supplementary Figure 2).

The 19S regulatory particle can be dissociated into two
subparticles, the lid and the base (Glickman et al, 1998). The
lid belongs to a family of large protein complexes, which have
the capacity to interact with additional high-molecular-
weight complexes, whereas the base contains the six protea-
some AAA-ATPases involved in substrate unfolding and
opening the central channel in the 20S core particle
(Glickman et al, 1998; Rubin et al, 1998; Kohler et al, 2001;
Navon and Goldberg, 2001; Benaroudj et al, 2003). We
prepared 19S particles from the FLAG-RPT1 strain and dis-
sociated lid and base by incubation in buffer containing 1 M
NaCl and 1 mM EDTA (Figure SE; Leggett et al, 2002). The lid
preparation was dialyzed to remove the salt, and equimolar
amounts of base and lid were used for binding to ER
membranes. As expected from the ATP dependence of the
interaction, the 19S base containing the AAA-ATPases bound
almost quantitatively to ER membranes (Figure 5F). The lid
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Figure 5 Proteasome binding to the ER membrane is mediated by the base of the 19S particle. (A) Yeast 26S proteasomes were bound to
puromycin/high-salt-treated dog pancreas microsomes in the presence of 5mM ATP and the indicated potassium acetate concentrations.
Binding was quantified by flotation of membrane-bound proteasomes in sucrose gradients and immunoblotting for the indicated proteasome
subunits (Prelp-FLAG: open squares; Rptlp: black squares). Binding was quantified using a CCD camera and binding at 100 mM potassium
acetate was set to 100%. (B) Yeast 26S proteasomes were bound to puromycin/high-salt-treated dog pancreas microsomes in the presence of
120 mM potassium acetate and either 5mM ATP (100%) or no ATP and in the presence of the indicated concentrations of apyrase. Samples
were analyzed and binding quantified as in (A). (C) Yeast 26S proteasomes, 20S core particles, and 19S regulatory particles were purified from
a strain in which the Prelp core particle subunit was FLAG tagged. (D) Binding of yeast 26S, 20S, and 19S proteasome particles (2.5 pmol) to
ER membranes (10eq) was assessed by flotation as above. (E) 19S particles purified from a strain in which Rptlp was FLAG tagged were
dissociated into lid and base subparticles by incubation in high salt. 19S non-ATPase subunits Rpnlp, Rpn2p, etc. are indicated by n1, n2, etc.;
ATPase subunits Rptlp, Rpt2p, etc., are labelled t1, t2, etc. (F) Binding of 19S lid and base subparticles (2.5 pmol) to ER membranes (10 eq) was
assessed by flotation as above.

preparation had significantly lower affinity for ER mem- affinity at physiological salt concentration (Figures 2B and

branes, but a fraction bound reproducibly, suggesting that
the lid contributes to the interaction of the 19S particle with
the ER. We conclude that the 19S particle in the ATP-bound
conformation mediates proteasome binding to the Sec6l
channel in the ER membrane.

Discussion

We have shown here that the 19S regulatory particle of the
proteasome, in addition to its role in substrate recognition
and unfolding, and in opening the axial channel of the
proteasome 20S core particle, mediates binding of protea-
somes directly to the protein translocation channel in the ER
membrane (Figures 4 and 5D) (Glickman et al, 1998; Kohler
et al, 2001; Navon and Goldberg, 2001; Benaroudj et al,
2003). Proteasomes bind to the Sec6l channel with high
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SA) and ribosomes compete with proteasomes for binding to
the ER membrane (Figure 2A), suggesting that proteasomes
and ribosomes may bind to the same domain of the protein
conducting channel. In contrast to ribosome binding, protea-
some binding to the ER is nucleotide dependent (Figure 5B),
indicating that a specific conformation of AAA-ATPases of the
base of the 19S regulatory particle is required for the inter-
action with the Sec61 channel. When we dissociated the 19S
regulatory particle into subparticles, the base and the lid, we
found that the AAA-ATPase containing base bound strongly
to ER membranes whereas the lid on its own had limited
affinity for the ER (Figure 5F).

AAA-ATPase complexes can extract degradation substrates
from other membranes (Escherichia coli plasma membrane,
mitochondria, chloroplasts) and proteasome-mediated ex-
traction of membrane protein ERAD substrates has been
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proposed previously (Mayer et al, 1998; Langer, 2000). The
AAA-ATPases of the 19S base are capable of translocating
a substrate into the proteolytic core of the proteasome (Voges
et al, 1999; Kohler et al, 2001; Navon and Goldberg, 2001);
using the same mechanics, the 19S base may be able to
extract misfolded proteins from the ER through the Sec6l
channel. If the Sec6l channel and the 20S proteolytic core
particle of the proteasome bound to opposite faces of the
AAA-ATPase ring of the 19S base (as in Figure 6B), this
configuration would be ideal to coordinate extraction of
misfolded proteins from the ER with their degradation. This
may be the optimal pathway for disposing of proteins that are
prone to aggregation. In vitro proteasomes consisting of 20S
core particle and 19S base can only degrade nonubiquitinated
substrates; thus, ERAD mediated by direct coupling of the 20S
core complex via the 19S base to the Sec61 channel may be
independent of ubiquitylation (Glickman et al, 1998; Leggett
et al, 2002). The degradation of mutant alpha-factor precur-
sor, which is exported from the ER in vitro in a 19S regulatory
particle-dependent fashion, is indeed independent of ubiqui-
tin conjugation to the substrate (Werner et al, 1996; Lee et al,
2004).

The available data suggest that degradation itself is un-
likely to be the driving force for misfolded protein export
from the ER, since for many substrates, mutations in or
inhibition of the proteases of the 20S core particle lead to
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£ = | 5
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ER lumen
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accumulation of the export substrate in the cytosol or on the
cytosolic face of the ER membrane (Hiller et al, 1996; Wiertz
et al, 1996a; Huppa and Ploegh, 1997; Yang et al, 1998).
Furthermore, Lee et al (2004) demonstrated recently that in
the presence of ATP, the 19S regulatory particle can promote
export of mutant alpha-factor precursor from the ER in a cell-
free system in the absence of the 20S core particle; after
export, the substrate was found associated with 19S particles.
Mutations in genes encoding the 19S base AAA-ATPases
(RPT1-6) and in its non-ATPase subunits (RPN1/2) affect
ERAD: rpt6 (cim3) has a strong effect on the degradation
of mutant alpha-factor precursor, whereas rpn2 (sen3) cells
display a weaker defect (Lee et al, 2004; K Romisch, unpub-
lished); rpt! is defective in degradation of a Sec62p chimera
with a proteasome degradation signal (Mayer et al, 1998); an
rpnl mutant (hrd2) was identified in a screen for mutants
defective in the regulated degradation of HMG-CoA reductase
(Hampton et al, 1996). Whether the degradation substrates
accumulate in the cytosol or remain in the ER lumen in the
19S base mutants remains to be investigated. So far, muta-
tions in genes encoding 19S lid subunits have not been
identified in screens for ERAD mutants, and lid mutants
have not been tested directly for effects on ERAD.
Complexes formed by the AAA-ATPase Cdc48p (p97 in
mammals) are also associated with the ER, have been shown
to be involved in ERAD of many substrates both by mutant

R —
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Figure 6 A model for proteasome-mediated export of proteins from the ER to the cytosol. (A) Cotranslational protein import into the ER. Yeast
contain approximately 10 x more ribosomes than proteasomes. Ribosomes translating signal peptide containing proteins (zigzag, left) are
targeted to the ER membrane by signal recognition particle (SRP; not shown); the signal peptide is released from SRP upon contact with the SRP
receptor in the ER membrane and inserted into the Sec6l channel (bottom). This coordinated series of interactions may give ribosomes
translating secretory proteins (left) an advantage over nontranslating ribosomes and proteasomes (right) for binding to inactive Sec61 channels
in the ER membrane. (B) ERAD. Docking or insertion of a misfolded protein (red) into the Sec6l channel from the lumenal side may trigger
a physical change in the Sec6l channel, which can be sensed at the cytoplasmic face of the ER membrane (top). This could either be a
conformational change or an association of the channel with one or more accessory proteins required for ERAD; this physical change may
increase the affinity of the channel for the 19S base, lead to proteasome docking, and export and degradation of the misfolded secretory protein

(bottom).
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analysis in yeast and by reconstitution experiments in a
mammalian system, and have been proposed to promote
protein export from the ER (Enenkel et al, 1998; Rivett,
1998; Ye et al, 2001; Braun et al, 2002; Jarosch et al, 2002).
Given their structural homology, the proteasome base and the
Cdc48p complex may both be able to interact with the Sec61
channel and may have analogous functions in driving protein
export from the ER, but perhaps different substrate specifi-
cities. In the absence of ATP, p97 binds to two proteins in the
mammalian ER membrane, VIMP and Derlinl; Derlinl also
interacts with an export intermediate of MHC class I heavy
chain in the ER (Lilley and Ploegh, 2004; Ye et al, 2004). The
gene encoding the yeast Derlinl homolog, DERI, was first
identified in a screen for ERAD mutants (Knop et al, 1996). In
the presence of ATP and an ERAD substrate, the p97/Derlinl/
VIMP complex may associate with Sec61p and promote the
export of specific substrates (Jarosch et al, 2002; Ye et al,
2003). Alternatively, export may be mediated by the 19S base
for all ERAD substrates, but only facultatively coupled to
degradation by the 20S core particle; in this scenario, Cdc48p
may act after export to maintain substrates degradation
competent for the proteasome by preventing their aggrega-
tion, similar to the role of Cdc48p in the release of the cleaved
transcription factor Spt23p from the cytoplasmic face of the
ER membrane, or Cdc48p may serve as a polyubiquitin
receptor and deliver substrates to the proteasome (Rape
et al, 2001; Hartmann-Petersen et al, 2004; Verma et al, 2004).

A yeast cell contains approximately 2 x 10° ribosomes and
2 x 10* proteasomes, with little excess of 19S particles over
20S particles (Li et al, 2000; Kohler et al, 2001). Ribosomes
translating signal peptide containing proteins are targeted to
the ER membrane by SRP, which binds the signal peptide of
the nascent protein (Johnson and van Waes, 1999). The
signal peptide is released from SRP upon contact with the
SRP receptor in the ER membrane and inserted into the Sec61
channel (Johnson and van Waes, 1999). This coordinated
series of interactions may give ribosomes translating secre-
tory proteins an advantage over nontranslating ribosomes
and proteasomes for binding to inactive Sec61 channels in the
ER membrane (Figure 6A). Docking or insertion of a mis-
folded protein into the Sec61 channel from the lumenal side,
on the other hand, may trigger a physical change in the Sec61
channel, which can be sensed at the cytoplasmic face of the
ER membrane (Figure 6B). This could either be a conforma-
tional change or an association of the channel with one or
more accessory proteins required for ERAD, such as the
Derlinl1/VIMP complex or the ubiquitination machinery, or
both; this physical change may increase the affinity of the
channel for the 19S base, lead to proteasome docking, and
export and degradation of the misfolded secretory protein
(Figure 6B).

Materials and methods

Yeast strains

RID1144 (MATa his3A200 leu2-3,112 lys2-801 trplA63 ura3-52
PREIFH::YlplaCZH(URA3)) and RJDI1171 (MATa his3A200 leu2-
3,112 lys2-801 trplAG3 ura3-52 RPTI™::Yiplac211(URA3)) (gifts
from Ray Deshaies) were used for proteasome preparations as
described by Verma et al (2000). SDL73 (MATa lys2-801 leu2-3,112
ura3-52 his3-A200 trpl-1 rpnll::RPNII-TEVProA(HIS3)) was
used for co-immunoprecipitation experiments (Leggett et al,
2002). YTX69 (MATa/ahis3-11,15/his3-11,15 leu2-3,112/leu2-3,112
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trpl-1/trpl-1 ura3-1/ura3-1 ade2-1/ade2-1 canl-100/canl-100) was
used as a source of yeast microsomes for binding and reconstitution
experiments (Finke et al, 1996).

Yeast and dog pancreas microsomes, and proteoliposome
preparation

Yeast microsomes were prepared as described by Pilon et al (1997).
Dog pancreas microsomes and microsomes stripped of ribosomes
by puromycin/high-salt treatment (PK-RM) were prepared as
described by Gorlich et al (1992). Proteoliposomes were prepared
essentially as described by Kalies et al (1994) with either total
microsomal proteins or Sec61 complex only (Panzner et al, 1995).

Native co-precipitations

Microsomes from SDL73 (Protein A-RPN11; 500 pg protein) in 100 pl
50mM Hepes-KOH, pH 7.4, 400mM potassium acetate, 5mM
magnesium acetate, 10% glycerol, 5mM ATP, 0.05% (vol/vol) B-
mercaptoethanol, 5pg/ml leupeptin, 0.5ug/ml pepstatin, 1 mM
aminobenzamidine, 2.5pg/ml chymostatin, and 0.1mM PMSF
(solubilization buffer) (Pilon et al, 1998) were solubilized by
adding 400ul of 3% DeoxyBigCHAP (Calbiochem) in the same
buffer and incubation on ice for 40 min. After centrifugation at
35000g for 30 min at 4°C, the lysate was diluted 1:4 in solubiliza-
tion buffer, and 19S regulatory particles and associated proteins
were precipitated with 200l of 50% IgG-Sepharose in the same
buffer overnight at 4°C. The sample was transferred to a column,
the flowthrough collected, and the Sepharose washed with 10 ml
solubilization buffer containing 0.7% DeoxyBigCHAP. Bound
proteins were eluted from the washed beads with 2 x 1ml 0.5M
acetic acid, pH 3.4; eluates were lyophilized, heated for 10 min at
65°C in 2 x SDS sample buffer and analyzed by SDS-PAGE on 12%
Nu-PAGE gels (Invitrogen) and immunoblotting with polyclonal
antibodies against the N-terminus of Sec6lp (1:5000), RptSp
(1:25000; Affiniti, UK), Ssslp, Sec62p, Sec63p (all 1:1000), Sec72p
(1:750) (all from Randy Schekman), and Sbh1/2p (1:2000; from
Jussi Jantti; this antibody recognizes both Sbh1lp and Sbh2p).

Purification of proteasomes and proteasome subparticles
26S proteasomes were purified from liquid nitrogen-lysed RJD1144
(PREI-FLAG) in the presence of ATP as described (Verma et al,
2000). 19S regulatory particles were purified from RJD1171 (RPTI-
FLAG) in the absence of ATP as described by Verma et al (2000)
with the following modification: the washed anti-Flag M2 agarose
beads with bound 19S particles were incubated in 50 mM Tris (pH
7.4), 1mM MgCl,, 10% glycerol, 1mM dithiothreitol (DTT),
500mM NaCl, and 1U/ml apyrase for 15min at 30°C to remove
residual bound 20S particles, prior to elution of the 19S particles
with FLAG peptide. Base and lid were generated by incubating M2
agarose with bound 19§ particles in SOmM Tris (pH 7.5), 1 mM
EDTA, and 1 M NaCl for 1 h at 23°C. The supernatant containing the
lid was dialyzed and concentrated, and the base was eluted with
FLAG peptide as above.

Proteasome activity assays

Proteasome samples were resolved by nondenaturing PAGE on 4%
polyacrylamide gels, the gel incubated with the fluorescent
peptidase substrate Suc-LLVY-AMC (0.1 mM for 10min at 30°C),
and proteasomes visualized on a UV transilluminator (Glickman
et al, 1998).

Binding assays, flotation, and competition with ribosomes

Proteasome binding assays were carried out like the ribosome
binding assays, essentially as described by Prinz et al (2000).
Briefly, ribosome-stripped membranes (PK-RM) or proteoliposomes
containing the indicated protein complexes were mixed with the
indicated concentrations of 26S proteasomes (19S regulatory
particles, 20S core particles, base particles, or lid particles, without
or with competing ribosomes) in a final volume of 30 ul of 20 mM
Hepes-KOH, pH 7.2, 120 mM potassium acetate, 5mM magnesium
acetate, 1 mM DTT, 5mM ATP, and 250 mM sucrose. Samples were
incubated for 20min at 0°C followed by 10min at room
temperature, and mixed with 270 pl of the same buffer containing
2.3 M sucrose and ammonium acetate instead of potassium acetate.
Samples were layered under an 800 pul 1.8 M sucrose cushion in the
same buffer and overlaid with 200pl binding buffer. After
centrifugation in a TLS-55 rotor for 1h at 4°C at 55000r.p.m.,
130l fractions were collected from the top and analyzed by
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SDS-PAGE and immunoblotting. Alternatively, after binding,
samples were centrifuged for 2min through 0.1ml of a 0.75M
sucrose cushion in a TLA100 rotor at 100000r.p.m. at 4°C and a
supernatant fraction (50ul from the top) and a cushion fraction
were collected. The pellets were resuspended in 50 pl water and all
fractions were analyzed by SDS-PAGE and immunoblotting.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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