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Endoplasmic reticulum (ER)-associated degradation (ERAD)
is responsible for the ubiquitin-mediated destruction of both
misfolded and normal ER-resident proteins. ERAD substrates
must be moved from the ER to the cytoplasm for ubiquitination
and proteasomal destruction by a process called retrotransloca-
tion. Many aspects of retrotranslocation are poorly understood,
including its generality, the cellular components required, the
energetics, and the mechanism of transfer through the ER mem-
brane. To address these questions, we have developed an in vitro
assay, using the 8-transmembrane span ER-resident Hmg2p
isozyme of HMG-CoA reductase fused to GFP, which undergoes
regulated ERAD mediated by the Hrd1p ubiquitin ligase. We
have now directly demonstrated in vitro retrotranslocation of
full-length, ubiquitinated Hmg2p-GFP to the aqueous phase.
Hrdlp was rate-limiting for Hmg2p-GFP retrotranslocation,
which required ATP, the AAA-ATPase Cdc48p, and its receptor
Ubx2p. In addition, the adaptors Dsk2p and Rad23p, normally
implicated in later parts of the pathway, were required. Hmg2p-
GFP retrotranslocation did not depend on any of the proposed ER
channel candidates. To examine the role of the Hrd1p transmem-
brane domain as a retrotranslocon, we devised a self-ubiquitinat-
ing polytopic substrate (Hmgl-Hrd1p) that undergoes ERAD in
the absence of Hrdlp. In vitro retrotranslocation of full-length
Hmgl-Hrd1p occurred in the absence of the Hrd1p transmem-
brane domain, indicating that it did not serve a required channel
function. These studies directly demonstrate polytopic membrane
protein retrotranslocation during ERAD and delineate avenues for
mechanistic understanding of this general process.

The endoplasmic reticulum (ER)?-associated degradation
(ERAD) pathway mediates the destruction of numerous inte-
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gral membrane or lumenal ER-localized proteins (1, 2). ERAD
functions mainly in the disposal of misfolded or unassembled
proteins but also participates in the physiological regulation of
some normal residents of the organelle. This ER-localized deg-
radation pathway has been implicated in a wide variety of nor-
mal and pathophysiological processes, including sterol synthe-
sis (3, 4), rheumatoid arthritis (5), fungal differentiation (6),
cystic fibrosis (7, 8), and several neurodegenerative diseases (9).
Accordingly, there is great impetus to understand the molecu-
lar mechanisms that mediate this broadly important route of
protein degradation.

ERAD proceeds by the ubiquitin-proteasome pathway, by
which an ER-localized substrate is covalently modified by the
addition of multiple copies of 7.6-kDa ubiquitin to form a mul-
tiubiquitin chain that is recognized by the cytosolic 26S protea-
some (10, 11). Ubiquitin is added to the substrate by the succes-
sive action of three enzymes. The E1 ubiquitin-activating
enzyme uses ATP to covalently add ubiquitin to an E2 ubiq-
uitin-conjugating (UBC) enzyme. Ubiquitin is then transferred
from the charged E2 to the substrate or the growing ubiquitin
chain by the action of an E3 ubiquitin ligase, resulting in a sub-
strate-attached multiubiquitin chain that is recognized by the
proteasome, leading to degradation of the ubiquitinated sub-
strate. This is a skeletal picture; in most cases, ancillary factors
participate in substrate recognition and transfer of the ubiquiti-
nated substrate to the proteasome (12-14).

ERAD substrates are either sequestered in the lumen or
embedded in the ER membrane with lumenal portions. Thus, a
critical step in the ERAD pathway involves transfer of the ERAD
substrate to the cytosol for proteasomal degradation by a proc-
ess referred to as retrotranslocation or dislocation (15). Retro-
translocation requires the hexameric AAA-ATPase called
Cdc48p in yeast and p97 in mammals, and it is thought that a
protein channel mediates the movement of substrates across
the ER membrane. Channel candidates include the derlins (16,
17), the Sec61p anterograde channel (18, 19), or the multispan-
ning domains of the ER ligases themselves (18 —20).

The yeast HRD pathway mediates ERAD of numerous mis-
folded ER proteins and the physiologically regulated degrada-
tion of the Hmg2p isozyme of HMG-CoA reductase, an
8-transmembrane span (8-spanning) integral membrane pro-
tein critical for sterol synthesis (3). The integral membrane ER
ligase Hrdlp, in conjunction with Hrd3p, is responsible for
ubiquitination of Hmg2p. Efficient delivery of ubiquitinated
Hmg2p to the proteasome requires the Cdc48p-Ufd1p-Npldp
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complex presumably by promoting retrotranslocation of ER-
embedded Hmg2p.

Due to the requirement for retrotranslocation in all ERAD
pathways we have adapted our in vitro assay of Hrd1p-mediated
ubiquitination of the normally degraded fusion Hmg2p-GEFP to
study this ER removal step in ERAD. We have reconstituted
Hrd1lp-mediated ubiquitination and retrotranslocation of
Hmg2p-GEP in vitro (21, 22). We have now directly demon-
strated that the entire 8-spanning Hmg2p-GFP protein is
removed from the membrane by this process, remaining intact
yet soluble after retrotranslocation. The dislocation of intact
Hmg2p-GFP required both Cdc48p and hydrolysis of the B—vy
bond of ATP. The Ubx2p adaptor protein functioned in a man-
ner consistent with its proposed role in Cdc48p anchoring to
the ER. Surprisingly, the Dsk2p/Rad23p proteasomal coupling
factors were also required for retrotranslocation. Neither der-
lins nor Sec61p were implicated in Hmg2p-GFP retrotranslo-
cation by our assay. Furthermore, an engineered substrate
based on HMG-CoA reductase underwent ERAD in the com-
plete absence of Hrd1p or DoalOp and in vitro, full-length ret-
rotranslocation, both indicating that the large transmembrane
domains of either of these ERAD E3 ligases were not required
for membrane extraction. Taken together, these studies define
a core set of proteins that can mediate recognition and retro-
translocation of the HRD substrate Hmg2p-GFP and will allow
mechanistic analysis along all points of the ERAD pathway.

EXPERIMENTAL PROCEDURES

Strains and Media— All strains were derived from the S288C
derivative genetic background and grown at 30 °C with aera-
tion, as described previously (23). Yeast strains are listed in
Table S1. Cultures used for assessing degradation by cyclohex-
imide chase and microsome donor strains were logarithmically
grown in minimum medium with 2% glucose and appropriate
amino acid supplements (A4, < 0.35). Cytosol donor strains
were grown in YPD medium to an Ay, between 0.8 and 1.2.
Standard yeast techniques used to integrate plasmids, prepare
gene deletions, and incorporate mutant alleles are detailed in
the supplemental material.

In Vitro Ubiquitination—In vitro reactions were prepared
and analyzed as described previously (21, 22), and are delin-
eated in detail in the supplemental material. Briefly, cytosols
from strains overexpressing Ubc7p or an otherwise identical
ubc7A null strain were prepared similarly to those from the
Schekman laboratory (24). Cytosol strains were lysed by grind-
ing under liquid nitrogen and ultracentrifuged for membrane
removal. Typically, 1 mm ATP was added to cytosol; however,
ATP was not added in AMP-PNP (Sigma) experiments, to allow
choice of nucleotide during the two reaction phases. Protein
concentration was measured using Bradford reagent. Cytosol
concentrations were adjusted to 2025 mg/ml for ubiquitina-
tion and retrotranslocation assays. Microsomes were prepared
from ubc7A null yeast strain expressing 3HA-Hrdlp and
Hmg2p-GFP from the TDH3 promoter by bead lysis followed
by membrane fractionation. The microsomal pellets were
resuspended in the same buffer used to prepare cytosol.
MG-132 (Sigma) was added to microsome and cytosol prepa-
rations except where indicated.
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One in vitro ubiquitination reaction typically consisted of 10
wl of microsome suspension and 12 ul of cytosol. ATP (500 mm
stock) was added to each reaction to a final concentration of 30
mM to initiate reaction, and the reaction was then incubated for
1hat30 °C. The assay was stopped by solubilization in 200 ul of
SUME (1% SDS, 8 M urea, 10 mm MOPS, pH 6.8, 10 mm EDTA)
with protease inhibitors and 5 mm N-ethylmaleimide. Deter-
gent immunoprecipitation buffer was added prior to incuba-
tion of rabbit polyclonal antiserum (anti-GFP, anti-loop and
anti-Hrd1p antisera, prepared in collaboration with Scantibod-
ies, Inc. (Santee, CA)) for immunoprecipitation (IP) of Hmg2p-
GFP, Hrd1p, or Hmgl-Hrd1p. Overnight incubation with anti-
serum was followed with Protein A-Sepharose (GE Healthcare)
incubation for 2 h at 4 °C. Protein A beads were washed twice,
aspirated to dryness, resuspended in 2 X urea sample buffer (2
USB: 8 M urea, 4% SDS, 10% B-mercaptoethanol, 125 mm Tris,
pH 6.8), and incubated at 50 °C for 10 min. IPs were resolved by
SDS-PAGE using 8% Tris-glycine gels, transferred to nitrocel-
lulose, and immunoblotted with monoclonal antibodies anti-
ubiquitin (Zymed Laboratories Inc., South San Francisco, CA),
anti-GFP (BD Biosciences), or anti-HA (Covance, Princeton,
NJ). Goat anti-mouse conjugated with horseradish peroxi-
dase (Jackson ImmunoResearch, West Grove, PA) recog-
nized primary antibodies. Western Lightning chemilumi-
nescence reagents (PerkinElmer Life Sciences) were used for
immunodetection.

In Vitro Retrotranslocation—Each in vitro retrotranslocation
set of total, supernatant, and pellet fractions was typically
derived from one 3X in vitro ubiquitination reaction. The reac-
tion was run at 30 °C for 1 h and terminated by the addition of
1.5 pl of 50X N-ethylmaleimide to a final concentration of 5
mM. One reaction equivalent (typically 24 ul) was transferred to
one tube designated as total (7 in Figs. 1-8), and another reac-
tion equivalent was transferred to a tube for centrifugation for
1 h at 25,000 X g at 4 °C. The resulting supernatant (S) was
carefully removed, and the resulting pellet (P) was resuspended
in the same volume as the supernatant and total fractions. Each
fraction was solubilized with SUME and immunoprecipitated
and detected as described. The use of identical volumes allowed
direct visual comparison of the immunoblotted proteins pres-
ent in each fraction.

Nondetergent Immunoprecipitation—In vitro ubiquitination
and retrotranslocation was carried out as described but using non-
detergent IP buffer (15 mm Na,HPO,, 150 mm NaCl, 10 mm
EDTA) in the immunoprecipitation of the supernatant fraction.
Either preimmune, anti-GFP, or anti-loop antiserum was added
and incubated in IPs. After the addition and incubation of Protein
A-Sepharose, protein-bound beads were washed extensively with
nondetergent IP buffer. Immunoprecipitated Hmg2p-GFP was
removed from beads by the addition of sample buffer, resolved by
8% SDS-PAGE gels, and immunoblotted as described.

Ubiquitin Stripping—Recombinant Usp2-cc, the catalytic
core of the deubiquitinating enzyme Usp2p, was a generous gift
from the Kopito laboratory (Stanford University) and prepared
from a plasmid derived from Rohan Baker (Australian National
University). In vitro ubiquitination and retrotranslocation was
carried out as described except that leupeptin was not added to
any of the buffers used in the preparation of cytosol and micro-
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somes. Seven in vitro ubiquitination reactions were incubated
for 1 h at 30 °C and then centrifuged at 25,000 X g. The super-
natant fractions were pooled. Two reaction equivalents (50 ul)
of supernatant received 5 ul of Usp2-cc (0.8-1.6 mg/ml) or
buffer. The Usp2-cc reactions were incubated for 1 hina 37 °C
incubator. The reactions were stopped with SUME containing
PIs and N-ethylmaleimide, and retrotranslocated substrate was
immunoprecipitated in the same way as described. Half of each
IP was used for detection of anti-ubiquitin, and the other half
was used to detect Hmg2p-GFP with anti-GFP or Hmg1l-Hrd1p
with anti-HA antibodies.

Use of GST-Ubiquitin—In vitro reactions were modified by
the addition of either GST-ubiquitin (Boston Biochem, Cam-
bridge, MA) or ubiquitin (Sigma) to a final concentration of 20
uM in the reaction mix. Retrotranslocation and detection were
carried out as in other reactions, using anti-ubiquitin or anti-
GFP immunoblotting.

Cycloheximide Chase of Hmgl-HrdIp—DPreparation of whole
cell lysates was previously described (25). Logarithmically growing
cells were incubated with the protein synthesis inhibitor cyclohex-
imide (50 pg/ml) for the indicated times and broken by bead lysis.
Cell lysates were separated by SDS-PAGE, and the degradation
substrate was detected with anti-HA antibodies.

Protease Protection Assay—Microsomes were prepared from
the strain expressing the Hmgl-Hrd1p fusion used in the in
vitro retrotranslocation assay for trypsin digestion, as previ-
ously described (26). The microsomes were resuspended in
reaction buffer and incubated with 150 ug/ml trypsin (Sigma)
for 0, 2, 8, and 32 min. An equal volume of 2X USB buffer was
added to stop the reactions. The samples were then separated
by 14% SDS-PAGE, and immunoblots were detected with anti-
Myc 9E-10 antibody (hybridoma from ATCC (Manassas, VA)).

Flow Cytometry—Flow cytometry was carried out as previously
described (27). Yeasts grown in minimum medium with 2% glu-
cose and appropriate amino acids into log phase (A4, < 0.2) were
incubated with cycloheximide (50 ug/ml) for the times indicated.
The BD Biosciences FACSCalibur flow cytometer measured the
individual fluorescence of 10,000 cells. CellQuest software was
used to analyze the data and plotted fluorescence versus cell count
histograms.

RESULTS

In these studies, we employed Hmg2p-GFP, in which the cata-
lytic domain was replaced with GFP. This substrate underwent
entirely normal, HRD pathway-dependent regulated degradation
like its parent protein Hmg2p (27). Hrd1p-mediated ubiquitina-
tion of Hmg2p-GFP involves both membrane-bound and soluble
proteins. The E2 Ubc7p is soluble, as are ubiquitin, the protea-
some, the Cdc48p complex, and other coupling factors, such as
Rad23p. Conversely, the E3 ligase, the substrate, and Cuelp, the
required anchor for Ubc7p, are integral membrane proteins. Our
in vitro assay uses two distinct strains as sources of ER membranes
and cytosol that are mixed to initiate the in vitro reaction (21, 22).
The microsome strain expresses epitope-tagged ligase 3HA-
Hrd1p, substrate Hmg2p-GFP, Cuelp, and any other membrane-
bound proteins required for the process. The microsome strain
harbors a null mutation in {BC7, rendering Hmg2p-GFP in a
nonubiquitinated state prior to assay initiation (28). The cytosol
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strain is devoid of Hmg2p-GFP and expresses Ubc7p from the
strong TDH3 promoter to provide a pool of soluble E2, and other
cytosolic proteins required for ERAD. These microsome and
cytosol strains were modified to produce mutant and null strains
presented in every subsequent iz vitro experiment.

The reaction is started by mixing Ubc7p-containing cytosol
with microsomes and ATP, followed by incubation at 30 °C.
Ubiquitin transfer is measured by immunoprecipitation of
Hmg2p-GFP, SDS-PAGE, and immunoblotting for Hmg2p-
GFP itself or ubiquitin. The assay reaction as used in this work
follows a number of biological criteria of specificity, including
strict dependence on Hrd1p, lysine-6 of Hmg2p,® and Ubc7p
and its membrane anchor Cuelp (22).

Hrdl1p is expressed from the TDH3 promoter at levels suffi-
cient to operate in the absence of a number of ERAD factors,
including Hrd3p (see below), Usalp,* and Yos9p.” The assay
thus defines the minimal components sufficient for successful
retrotranslocation, providing the best avenue for complete
reconstitution. Hrd1p at this level causes sufficient ubiquitina-
tion of Hmg2p-GFP for the recovery and direct detection of the
retrotranslocated substrate (see below), allowing analysis of the
dislocated Hmg2p-GFP species and the partner molecules
needed for solubilization of a multispanning membrane pro-
tein. A typical ubiquitination reaction is shown in Fig. 14, dem-
onstrating the dependence on Hrd1p.

To directly evaluate Hmg2p-GFP retrotranslocation, we frac-
tionated the in vitro reaction mix to assess the amount of ubiquiti-
nated Hmg2p-GFP present in the soluble phase. Identical volumes
were withdrawn from a reaction mix after incubation (see “Exper-
imental Procedures”). One was processed without fractionation to
evaluate total ubiquitinated Hmg2p-GFP. The other was centri-
fuged at 25,000 X g. The supernatant was removed, and the mem-
brane pellet was resuspended in reaction buffer to the same vol-
ume as the removed supernatant. All three equal volume samples
were then analyzed for ubiquitinated Hmg2p-GFP. The results of
this retrotranslocation assay are shown in Fig. 1B, as three immu-
noblotting laneslabeled T (total reaction mix), S (supernatant), and
P (pellet). Each lane includes the ubiquitin immunoblot (for ubiqg-
uitinated Hmg2p-GFP) and the GFP blot for unmodified Hmg2p-
GFP. A significant portion of the ubiquitinated Hmg2p-GFP is in
the supernatant, consistent with retrotranslocation. Immunopre-
cipitation of the supernatant with preimmune serum (see Fig. 2B)
resulted in no anti-ubiquitin immunoreactivity, indicating that the
ubiquitin immunoreactivity was from Hrd1p-modified Hmg2p-
GFP generated in the reaction. The appearance of ubiquitinated
Hmg2p-GFP in the supernatant was time-dependent (Fig. S1). We
found that the intensity of the signal for retrotranslocated protein
was greater (compare S lanes in Fig. 1C) when proteasome inhib-
itor MG-132 was added, indicating that the 20S core protease
activity was contributing to lessened signal, either due to in vitro
degradation of a fraction of the substrate or due to proteasome-
bound ubiquitin proteases that are sensitive to core protease inhi-

3R. M. Garza and R. Y. Hampton, manuscript in preparation.
4S. Carroll and R. Y. Hampton, manuscript in preparation.
5 S. Carroll and R. Y. Hampton, unpublished observation.
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FIGURE 1. In vitro reconstitution of Hmg2p-GFP ubiquitination and retrotranslocation. A, Hmg2p-GFP in
vitro ubiquitination required Ubc7p and Hrd1p. Microsomes (MIC) were prepared from strains expressing
TDH3prom-HMg2p-GFP without Hrd1p (hrd1A), with TDH3pgom-Hrd1p (WT) or TDH3pgom-C399S-Hrd1p (RING
mutant). Cytosol (CYT) was prepared from strains expressing TDH3pgom-Ubc7p (UBC7) or no Ubc7p (ubc7A).
Reaction mixtures composed of microsomes and cytosols, as indicated, were incubated for 1 h, immunopre-
cipitated with anti-GFP, and immunoblotted for ubiquitin (anti-UB) or GFP (anti-GFP), as indicated. The arrows
show mobility of unmodified Hmg2p-GFP. B, in vitro retrotranslocation of Hmg2p-GFP. Wild-type in vitro ubig-
uitination reactions were carried out as described in A but with 3 X volume (72 wl). Hmg2p-GFP was immuno-
precipitated and immunoblotted from a 1X (24-ul) aliquot of the nonfractionated mixture (T) or from the
supernatant (S) and pellet (P) of an identical volume of the same reaction mixture that was centrifuged, as
described. C, proteasome inhibitor increased the level of ubiquitinated Hmg2p-GFP. The ubiquitination and
retrotranslocation assay was carried out in the absence or presence of proteasome inhibitor MG-132. D, in vitro
Hmg2p-GFP ubiquitination and retrotranslocation was not dependent on Hrd3p. In vitro reactions were carried
out with microsomes with Hrd3p (HRD3) or with no Hrd3p (hrd3A) incubated with cytosols with Ubc7p (UBC?)

mal HRD3 strain (Fig. 1D). Thus,
Hrd1p appears to play a central role
in recognition and retrotransloca-
tion of its substrate Hmg2p, as
anticipated from its central role as
defined by earlier genetic studies.
Retrotranslocation of the 8-span-
ning, ER-resident membrane protein,
Hmg?2p, is not energetically intuitive.
We next performed several tests to
evaluate if the appearance of ubiquiti-
nated Hmg2p-GFP in the S fraction
was bona fide retrotranslocation.
Alternatively, the ubiquitin immuno-
reactivity that was immunoprecipi-
tated with anti-GFP antibodies could
be GFP-containing products cleaved
from the transmembrane region in
the microsomal membrane. We
immunoprecipitated ~Hmg2p-GFP
with antibodies against the first lume-
nal loop (anti-loop) and the fourth
lumenal loop (data not shown),
normally within the ER, and
obtained results identical to those
obtained with anti-GFP antibod-
ies, indicating that both trans-
membrane domain and GFP
epitopes are present in the soluble
ubiquitinated substrate (Fig. 24).
We next used serial immunopre-
cipitations with the anti-GFP and
anti-lumenal loop antisera to dis-
cern if the ubiquitinated Hmg2p-
GFP in the soluble fraction was
intact. If full-length ubiquitinated
Hmg2p-GFP was moved to the
cytosolic fraction in the assay, then
either antibody should completely

or with no Ubc7p (A).

bition.® Thus, our in vitro ubiquitination and retrotranslocation
assays included the proteasome inhibitor MG-132.
Membrane-embedded substrates and lumenal substrates can
be divided into two subpathways of ERAD, referred to as
ERAD-M and ERAD-L, respectively. ERAD-L requires more
components, including lectins/chaperones, such as Yos9p (29,
30), and traditional chaperones like Kar2p (31). These lumenal
proteins are not required for regulated degradation of Hmg2p.
Furthermore, sufficient levels of Hrd1p will allow ERAD of both
lumenal and membrane-bound substrates in the absence of
Hrd3p (30, 32). Because Hrd3p serves to anchor these lumenal
factors to the ER surface (30, 33), we tested if Hrd3p was
required for the in vitro reactions described herein. The ubiq-
uitination and retrotranslocation of Hmg2p-GFP in an hrd3A
null strain was indistinguishable when compared with the nor-

% D. Finley, personal communication.
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remove the ubiquitinated material

from the soluble fraction. Three
pairs (six identical samples total) of reaction supernatants
were immunoprecipitated with either anti-GFP (two sam-
ples), anti-loop (two samples), or preimmune serum (two
samples). The two identical supernatants from each pair
were next reprecipitated with either anti-GFP or anti-loop
antibodies. The precipitated material from all reactions was
then subjected to ubiquitin immunoblotting, with the first
round results in the top panel and the second round results
in the bottom panel (Fig. 2B).

The serial IP experiment indicated that the retrotranslo-
cated Hmg2p-GFP was intact. Inmunoprecipitation of the
soluble, ubiquitinated Hmg2p-GFP with either GFP or lume-
nal antibodies completely cleared all of the ubiquitin immu-
noreactivity, resulting in no further pull-down of ubiquiti-
nated Hmg2p-GFP with either antibody in the second IP.
Conversely, reimmunoprecipitation of the supernatants
from the preimmune pair with either antibody resulted in a
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FIGURE 2. Retrotranslocation of full-length Hmg2p-GFP in vitro. A, Hmg2p-GFP retrotranslocation assays were
carried out using either antiserum recognizing the cytosolic GFP (anti-GFP) or the first lumenal loop (anti-loop) for
the immunoprecipitation (/P) step. B, cytosolic and transmembrane epitopes of retrotranslocated Hmg2p-GFP
could not be separately precipitated. Six supernatant fractions from six in vitro retrotranslocation reactions were
subjected to serial immunoprecipitations. Pairs of supernatant fractions were first individually immunoprecipitated
with preimmune, anti-GFP, or anti-loop antiserum, and the retrotranslocated Hmg2p-GFP was detected by anti-
ubiquitin blotting (anti-UBT; top). The supernatant from each first immunoprecipitation was then subjected to a
second round of immunoprecipitation with either anti-GFP (G) or anti-loop (L) antiserum as indicated and immuno-
blotted for ubiquitin (anti-UB2; bottom). C, nondetergentimmunoprecipitation of in vitro retrotranslocated Hmg2p-
GFP. Preimmune serum, anti-GFP, or anti-loop antiserum were used to immunoprecipitate retrotranslocated
Hmg2p-GFP from two identical retrotranslocation assay supernatant fractions using a detergent-free IP buffer as
described. D, ubiquitin protease treatment revealed that full-length Hmg2p-GFP was retrotranslocated in vitro.
Identical supernatant fractions from retrotranslocation reactions were treated either with buffer or with the ubig-
uitin protease Usp2-cc for 1 h onice or 37 °C, as described. The arrows point to mobility of full-length Hmg2p-GFP.T,
total reaction mix; S, supernatant; P, pellet; MIC, microsomes; CYT, cytosol.

(left, pre-immune) or anti-GFP
(left, anti-GFP). Similar results
were obtained doing the same
experiment with anti-loop anti-
bodies (right). These data show
that intact, full-length Hmg2p-
GEP is present in the cytoplasmic
fraction as a soluble protein, pre-
sumably in a complex with factors
that mediate retrotranslocation.
The above experiments all indicate
that intact, ubiquitinated Hmg2p-
GEFP is moved to the soluble fraction
in vitro. To directly test if full-length
Hmg2p-GFP was retrotranslocated,
we used the recombinant catalytic
core of the ubiquitin protease USP2
(Usp2-cc) that efficiently strips ubiq-
uitin from multiubiquitin chains on
substrates (34), allowing us to directly
examine the retrotranslocated mate-
rial by GFP immunoblotting. Before
immunoprecipitating the retrotrans-
located, ubiquitinated protein, we
divided the sample into three ali-
quots. One was incubated with buffer
on ice, and the other two were incu-
bated at 37 °C with either buffer or
Usp2-cc (Fig. 2D). The upper panel
shows an anti-ubiquitin blot of the
sample and demonstrates the effect of
the Usp2-cc. The lower panel shows
the same sample immunoblotted
with anti-GFP antibodies. Without
ubiquitin stripping, there is little
detectable GFP, whereas in the
stripped sample, the GFP immunore-
activity appears at the molecular
weight of Hmg2p-GFP (arrow).
Importantly, only the mobility of full-
length Hmg2p-GFP increased after
Usp2-cc treatment. This experiment
directly demonstrated that intact
Hmg2p-GFP was being moved to the
cytosol as a multiubiquitinated pro-
tein. We noticed that a band of

signal that was identical to either initial IP, showing that the
supernatant samples from the first round of IP were compe-
tent for a second round and that the absence of signal in the
second IPs (middle and right pairs) was due to a lack of any
more ubiquitinated Hmg2p-GFP being present after either
first round immunoprecipitation.

We did a separate experiment to confirm that the intact,
ubiquitinated Hmg2p-GFP had been solubilized, by running
the immunoprecipitation of the cytosolic S fraction in the
absence of normally employed detergent (Fig. 2C). Parallel sam-
ples of the supernatant fraction were subjected to detergent-
free immunoprecipitation with either preimmune serum

14714 JOURNAL OF BIOLOGICAL CHEMISTRY

Hmg2p-GFP immunoreactivity was seen in the “unstripped” S
fraction at varying intensities between experiments, which was not
dependent on ubiquitination or the factors needed for retrotrans-
location, and may be caused by some fragmentation of the ER. This
background signal was not present when ubiquitin was used to
detect the retrotranslocated material, and thus we used this
method of detection. Nevertheless, it was important to directly
demonstrate that Hmg2p-GEP is moved in its entirety to the sol-
uble fraction.

A unifying feature of many ERAD pathways is the proposed role
of the hexameric AAA-ATPase Cdc48p (p97 in mammals) in ret-
rotranslocation (12, 35), along with its binding partners Ufd1p and

ASENE VOLUME 284 +NUMBER 22+ MAY 29, 2009

6002 ‘S JOGUISAON UO ‘Uonnyisul umouyun 1 610°0q Mmm wol) papeojumoq


http://www.jbc.org/

ASBMB

The Journal of Biological Chemistry

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2009/03/27/M809607200.DC1.html

Hrd1p-dependent Retrotranslocation of HMG-CoA Reductase

cdc48-2

100 100

80

60 —

40 —

Cell Count
Cell Count

20 —

0 1I0 100 1000 10000 0 10 100 1000 10000
Fluorescence Fluorescence

B CDC48  cdc48-2 C CDC48 __cdc48-3
A UBC7  UBC7
TTSP TSP

r
anti-UB , ~ ' ' E anti-UB
.

atGFP @R ® W @ ANti-GFP e en esasas @
D E

MIC: CDC48 cdc48-2 GST-
Ubiquitin  Ubiquitin
CDC48 cdc48-2 CDC48 cdc48-2 TS PT S P

UBC7 UBC7 UBC7 UBC7 - !! n

TTSPTSPTTSPTSP ampusll||||!l '
0 BN LN

anti-UB - E B i

S8 ) aicrr e G o

@)

_<

_|
| ubc7A
| ubc7A

atiGFP geap @w® S0 Oe ®

FIGURE 3. Role of Cdc48p in Hmg2p-GFP retrotranslocation. A, in vivo Hmg2p-GFP degradation was blocked by the cdc48-2 mutant. WT (CDC48) and cdc48-2
strains expressing Hmg2p-GFP were subjected to a cycloheximide chase and flow cytometry at the indicated times to evaluate Hmg2p-GFP levels. The
experiment was done at 30 °C, a permissive temperature for this allele. Histograms of 10,000 cells are shown, with the number of cells versus GFP fluorescence.
B, in vitro retrotranslocation of Hmg2p-GFP required Cdc48p. In vitro reactions were carried out in which both components were derived from either WT
(CDC48) or cdc48-2 strains (these panels were extracted from the more elaborate panel D). C, same experiment using reaction mixtures from WT or cdc48-3
strains. D, strong requirement for cytosolic Cdc48p in retrotranslocation. The indicated combinations of WT or cdc48-2 reaction components (microsomes (MIC)
and cytosol (CYT)) were mixed, as indicated, to evaluate relative contribution to Hmg2p-GFP retrotranslocation. E, in vitro Hmg2p-GFP ubiquitination with
GST-ubiquitin does not support Hmg2p-GFP retrotranslocation. Exogenous ubiquitin or GST-ubiquitin was added to the in vitro retrotranslocation assay, and
anti-ubiquitin immunoblotting was used for detection of modified Hmg2-GFP. Lanes labeled A and ubc7A indicate reactions carried out with ubc7A cytosol
and specified microsomes in B-E. T, total reaction mix; S, supernatant; P, pellet.
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Nplp (35, 36). Hmg2p is strongly stabilized by mutations in the
Cdc48p complex, with a block that occurs after ubiquitination
(12). We first confirmed that the cdc48-2 allele shows a strong in
vivo block in Hmg2p-GFP degradation, even at the permissive
temperature of 30 °C (Fig. 3A). Then we tested the effect of this
allele in our in vitro assay. When both microsome and cytosol
strains were cdc48-2, ubiquitination occurred, but there was a
nearly complete block in release of ubiquitinated Hmg2p-GFP
into the cytoplasmic S fraction (Fig. 3B). Similar results were
obtained using the cdc48-3 allele (Fig. 3C).

The Cdc48p complex is found both in the microsome frac-
tion and in the cytoplasmic pool (37), and some of the complex
is bound to Hrd1p (30, 33, 38). Thus, we wondered whether
membrane-bound or soluble Cdc48p provided the activity for
retrotranslocation. We prepared microsomes and cytosol from
strains with either normal CDC48 or the cdc48-2 allele and ran
the retrotranslocation assay with the various combinations of
mutant or wild-type material, as indicated (Fig. 3D; the first four
lanes and the last three lanes of D are the same as shown in B).
It was clear that the cytosol alone contributes the majority of
the needed Cdc48p activity. This implies that soluble Cdc48p
complexes are recruited from the aqueous medium for their
role in retrotranslocation.

The Cdc48p complex has binding sites for ubiquitin, located
both on Ufd1lp and Cdc48p itself (36, 39). The importance of
these sites has been demonstrated for the case of US11-medi-
ated major histocompatibility complex I retrotranslocation,
since p97-mediated retrotranslocation does not occur when a
GST-ubiquitin fusion is used instead of native ubiquitin. Simi-
larly, Hmg2p-GFP retrotranslocation was dependent on native
ubiquitin. Use of the N-terminal GST-ubiquitin fusion allowed
in vitro ubiquitination to proceed, producing large conjugates
in the reaction mix (Fig. 3E). However, there was little or no
movement of the GST-ubiquitin-derivatized Hmg2p-GFP to
the cytosol, underscoring the importance of the ubiquitin mol-
ecule in the retrotranslocation process. Interestingly, a similar
experiment with K6W ubiquitin, which blocks proteasomal
degradation (40), did not inhibit the retrotranslocation assay
(data not shown).

Dislocation of an 8-spanning integral membrane protein
would require significant energy. Hexameric Cdc48p is a mem-
ber of the large AAA-ATPase family, and this activity is thought
to drive retrotranslocation. We wanted to directly examine this
question with our assay. To specifically test the role of ATP in
retrotranslocation, we capitalized on the differing use of ATP
by the ubiquitin E1 or the AAA-ATPase domains of Cdc48p.
Ubiquitin addition to the E1 is driven by hydrolysis of the a—f3
phosphodiester bond, whereas the AAA-ATPases hydrolyze
the B—ybond (41). In numerous cases, the B—y immido analog
of ATP, called AMP-PNP, with a normal a—f3 bond but a non-
hydrolyzable phosphodiimido linkage to the y-phosphate posi-
tion, will drive ubiquitination (42) but not reactions that
depend on B—7 hydrolysis. We employed AMP-PNP to test for
a role of ATP in retrotranslocation separate from its known
involvement in ubiquitination. The direct approach of simply
adding AMP-PNP to the retrotranslocation assay rather than nor-
mal ATP was not an effective way to ask this question. In our in
vitro assay, although AMP-PNP did support Hmg2p-GFP ubiq-
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FIGURE 4. ATP dependence of Hmg2p-GFP retrotranslocation. A, in vitro
Hmg2p-GFP ubiquitination was compromised in the presence of AMP-PNP.
Buffer, ATP (30 mm), or AMP-PNP (30 mm) was added to in vitro ubiquitination
reactions, as indicated. Hmg2p-GFP was immunoprecipitated, and ubiquiti-
nated Hmg2p-GFP was detected (Hmg2p-GFP in vitro ubiquitination). These
concentrations of the nucleotide supported similar levels of total in vitro ubig-
uitination, evaluated by direct ubiquitin immunoblotting of a 1-ul sample of
whole reaction mixtures (Total in vitro ubiquitination). B, direct ATP require-
ment for in vitro Hmg2p-GFP retrotranslocation. Five in vitro ubiquitination
reactions were carried out with cdc48-2 microsomes and cdc48-2 UBC7
cytosol to minimize retrotranslocation. Following the 1-h incubation, the
reaction mixes were pooled and fractionated into pellet and supernatant by
centrifugation. The supernatant was discarded, and the prereacted micro-
somes were resuspended and then incubated with CDC48 ubc7A cytosol in
the presence of buffer, ATP (30 mm), or AMP-PNP (30 mm), for an additional 1 h
to assay retrotranslocation. The supernatant (S) and pellet (P) fractions were
separated by centrifugation, and Hmg2p-GFP was immunoprecipitated from
each fraction with anti-GFP antiserum. M, the starting Hmg2p-GFP level of
ubiquitination in the membrane fraction prior to the retrotranslocation phase
of the experiment. Note that AMP-PNP supported further UBC7-independent
ubiquitination but no retrotranslocation.

uitination, the reaction did not proceed to nearly the same extent
as those run with ATP, prohibiting direct comparison with the two
nucleotides (Fig. 44, left). This appeared to have some specificity
for the HRD pathway, since AMP-PNP did support total lysate in
vitro ubiquitination, evaluated by ubiquitin immunoblotting of the
nonimmunoprecipitated proteins in the total reaction mix (Fig.
4A, total in vitro ubiquitination; right).

This requirement for the B—y ATP bond in Hmg2p-GFP
ubiquitination required a more complex procedure to test an
ATP requirement in retrotranslocation. We first ran a ubiquiti-
nation phase of the assay with ATP to ensure sufficient Hmg2p-
GFP ubiquitination and then a retrotranslocation phase with
either ATP or AMP-PNP to test for ATP dependence of retro-
translocation of the ubiquitinated Hmg2p-GFP. The major
contribution of soluble Cdc48p to Hmg2p-GFP retrotransloca-
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FIGURE 5. Ubx2p was necessary for retrotranslocation. A, in vivo Hmg2p-GFP degradation in WT or ubx2A strains. Hmg2p-GFP degradation was assayed by
the addition of cycloheximide to WT (UBX2) or ubx2A strains and followed by flow cytometery (10,000 cells) to evaluate cellular Hmg2p-GFP, as in Fig. 3. Band
C, in vitro retrotranslocation of Hmg2p-GFP and Hrd1p was blocked in the absence of Ubx2p. Hmg2p-GFP (B) and Hrd1p (C) retrotranslocation were evaluated
in WT (UBX2) and ubx2A microsomes incubated with ubc7A (A) or UBC7 cytosol in the in vitro assay. Hrd 1p was immunoprecipitated with polyclonal anti-Hrd 1p
antiserum. T, total reaction mix; S, supernatant; P, pellet; MIC, microsomes; CYT, cytosol.

tion allowed us to accomplish this separation. This was done by
running the “ubiquitination phase” with cdc48-2 microsomes
and cdc48-2 cytosol with ATP present. After a reaction period,
we recovered the cdc48-2 ubc7A microsomes from the reaction
by centrifugation and initiated the second “retrotranslocation
phase” by adding CDC48 cytosol from a ubc7A null to those
microsomes. This CDC48 ubc7A cytosol was supplemented
with either ATP or AMP-PNP, along with a control in which
buffer was added to the microsomes. The reaction mixes were
then fractionated to evaluate soluble and membrane-bound
ubiquitinated Hmg2p-GFP (Fig. 4B). The reaction with AMP-
PNP did not support retrotranslocation, but did allow contin-
ued ubiquitination when compared with the buffer control. In
contrast, the cytosol with ATP did retrotranslocate Hmg2p-
GFP and also supported further ubiquitination. Clearly, a B—y
ATP bond is needed for Cdc48p-dependent retrotranslocation.

asEvie
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How does the Cdc48p complex engage the HRD complex at
the ER surface? It has been proposed that the ER membrane
protein Ubx2p serves as an ER-localizing “receptor” or docking
site for the Cdc48p complex (43-45). However, in vivo, loss of
Ubx2p only partially blocks ERAD. This is clear in previous
reports (43—45), and is demonstrated in Fig. 54, with Hmg2p-
GFP cycloheximide chase. Thus, there may be other ways for
Cdc48p to get to the ERAD process in vivo, since a complete
null of the Ubx2p “receptor” has a less strong effect on Hmg2p-
GFP ERAD than the partially functioning hypomorph of
cdc48-2 (Fig. 3A). Furthermore, ubx2A null strains have numer-
ous physiological alterations, such as a highly elevated unfolded
protein response’ that may obscure studies of the molecular

7 B.K. Sato and R. Y. Hampton, unpublished observations.
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actions of Ubx2p in vivo. Thus, we used the in vitro assay to
directly test the role of this adaptor in Cdc48p-dependent
retrotanslocation.

When the assay was run with ubx2A cells, retrotranslocation
was completely abrogated, as shown by the lack of immunore-
activity in the soluble fraction (Fig. 5B). Furthermore, cytosol
from a wild-type UBX2 strain did not allow retrotranslocation
from membranes prepared from a ubx2A null strain (data not
shown). However, ubx2A microsomes also showed unexpected
ubiquitination of Hmg2p-GFP in the absence of added Ubc7p.
This Hrd1p-dependent ubiquitination of Hmg2p-GFP is pres-
ent in the microsome fraction before the reaction is initiated
and was observed when Hmg2p-GFP was directly immunopre-
cipitated from lysates of the ubx2A ubc7A double null micro-
some strain (data not shown). This ubx2A-caused “preubiquiti-
nation” was highly reproducible and implies that Ubx2p may
have roles at other positions in the ERAD pathway, at least of
Hmg2p-GFP. At present, we do not know how this process
occurs.

We confirmed the generality of the requirement for Ubx2p in
retrotranslocation by examining Hrdlp itself as a substrate.
Hrd1p levels were sufficiently elevated to allow in vitro Hrd1p
self-ubiquitination, mediated by the RING domain of Hrd1p
(28). In vitro Hrd1p retrotranslocation occurred and was also
dependent on Ubx2p (Fig. 5C). The block to retrotranslocation
caused by ubx2A was strong with either Hmg2p-GFP or Hrd1p.

A number of studies have implicated the set of adaptor pro-
teins Dsk2p and Rad23p that facilitate transfer of ubiquitinated
ERAD substrates to the proteasome. These adaptors have both
ubiquitin-binding Uba motifs and proteasome-binding Ubl
motifs (46, 47). Although these adaptors are proposed to func-
tion in proteasome delivery, they in fact had a strong role in
Hmg2p-GFP retrotranslocation (Fig. 64).

Both Rad23p and Dsk2p are soluble proteins (48) and might
be expected to be supplied from the cytosolic fraction. How-
ever, the actions of the pair were more complex and indicated
that they may have multiple roles in the ERAD pathway. It
appeared that Rad23p/Dsk2p functioned both in the extent of
Hmg2p-GFP ubiquitination and retrotranslocation (Fig. 6B,
compare first and third sets). Furthermore, these two actions
were to a large extent separable between the cytosolic and
membrane fractions used in the assay. When the rad23A dsk2A
double null was present in both the microsomes and cytosol,
retrotranslocation was severely curtailed, and the extent of
Hmg2p-GFP ubiquitination (compare total reaction lanes from
all-WT and all-null sets) was lessened. Use of individual frac-
tions with or without Rad23p and Dsk2p showed that the ret-
rotranslocation was significantly restored (but not completely)
by the presence of these factors solely in the microsome strains
(Fig. 6B, second set, MIC: RAD23 DSK2 with CYT: rAdA UBC?),
without alleviation of the lessened extent of ubiquitination.
Conversely, the presence of Rad23p and Dsk2p in only the
cytosol fraction allowed for ubiquitination of the higher molec-
ular weight conjugates, but retrotranslocation was still poor
(Fig. 6B, fourth set, MIC: rad23A dsk2A with CYT: RD UBC?).
Thus, it is likely that Rad23p and Dsk2p have functions at a
number of points along the ERAD pathway and distinct func-
tions at the ER surface and in the cytosolic fractions.
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FIGURE 6. Rad23p and Dsk2p were required for in vitro Hmg2p-GFP ret-
rotranslocation. A, Hmg2p-GFP in vitro retrotranslocation was evaluated in
reaction mixtures prepared from WT (RAD23 DSK2) or rad23A dsk2A strains.
WT cytosol was reacted with WT microsomes, and double null cytosol was
incubated with double null microsomes. B, role of cytosolic or microsomal
Rad23p and Dsk2p in Hmg2p-GFP retrotranslocation. Reaction mixtures were
composed of WT (RAD23 DSK2) or mutant (rad23A dsk2A) microsomes mixed
with WT (RD UBC?7) or mutant (rAdA UBC7) cytosol as indicated. Cytosol lack-
ing Ubc7p (A) was also reacted with the specified microsomes in A and B. T,
total reaction mix; S, supernatant; P, pellet; MIC, microsomes; CYT, cytosol.

It is widely thought that a pore or channel is required for the
removal of ERAD substrates. The most often proposed candi-
dates for such a pore include members of the derlin family (49,
50), or the anterograde pore Sec61p. Yeast expresses two der-
lins, the original Derlp protein and its homologue Dfm1p that
has demonstrable Cdc48p-binding activity (51), but the double
null has no in vivo defect on Hmg2p-GFP ERAD. In vivo anal-
ysis of the role of Sec61p in ERAD or retrotranslocation has
been challenging, because hypomorphs of this essential gene
have a variety of effects on ER processes. Nevertheless, a sec61-2
mutant has small but reproducible deficiencies in ERAD of
Hmg2p-GFP. We wondered if the highly sensitive retrotrans-
location assay would reveal any roles for these factors that are
harder to observe in vivo, as appears to be the case for the ubx2A
null above. We tested membranes from a derIA dfmiA double
null strain in the retrotranslocation assay (Fig. 7A) and mem-
branes from the sec61-2 strain (Fig. 7B). As a control, we
included the ubx2A null that had blocked Hmg2p-GEFP retro-
translocation. In no case was there any effect of these mutants
on in vitro retrotranslocation of Hmg2p-GFP. Furthermore,
assay of sec61-2 function in microsomes at the nonpermissive
temperature (37 °C) had no effect on in vitro retrotranslocation
(data not shown).

These results led us to wonder if Hrd1p itself was providing
channel function in addition to its role as the E3 ligase. Hrd1p
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FIGURE 7. Direct evaluation of channel candidates derlins Der1p/Dfm1p
or Sec61p in Hmg2p-GFP retrotranslocation. In vitro Hmg2p-GFP retro-
translocation reactions consisting of WT derlins (DERT DFMT) or der1A dfm1A
microsomes in A and the anterograde channel SEC67 or sec61-2 microsomes
in B were reacted with ubc7A (A) or UBC7 cytosol. T, total reaction mix; S,
supernatant; P, pellet; MIC, microsomes; CYT, cytosol.

has a multispanning membrane domain N-terminal to its RING
ligase domain, which would allow simultaneous coupling of
protein dislocation and ubiquitination.

The simple experiment of removing Hrd1p to test its role in
retrotranslocation was not feasible, because it is also necessary
for Hmg2p ubiquitination, which is a prerequisite for retro-
translocation. To separate the Hrd1p ligase function from other
possible activities, we devised a “self-destructive” substrate that
employs the Hrd1p RING domain in the absence of its trans-
membrane region. We prepared a coding region that expresses
the C-terminal Hrd1p cytosolic RING domain fused to the
N-terminal transmembrane domain of the normally stable
Hmglp HMG-CoA reductase isozyme; the resulting fusion is
called Hmgl-Hrd1lp (Fig. 84). The Hmglp transmembrane
region had an epitope tag inserted in the first lumenal domain,
in the same position used to study the in vivo and in vitro folding
state of Hmg2p by limited proteolysis in earlier work (26). We
confirmed that the lumenal Myc tag showed the expected pro-
tection in limited proteolysis (Fig. 8B), and the HA cytosolic tag
disappeared with trypsin addition (not shown), consistent with
the fusion being correctly inserted in the ER membrane. n1 vivo,
Hmg1-Hrd1p behaved in all ways like a HRD pathway substrate
but did not require the presence of Hrd1p due to its in cis RING
domain. Hmgl-Hrd1p degradation was very rapid and strongly
dependent on both Ubc7p (Fig. 8C) and its intact RING domain
(not shown). A lighter exposure of the ubc7A lanes is shown
below the original lanes to demonstrate the slower degrada-
tion in this strain. Rapid Hmg1-Hrd1p degradation occurred in an
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FIGURE 8. The self-destructive substrate, Hmg1-Hrd1p. A, depiction of
fusion protein Hmg1-Hrd1p. The transmembrane Hmglp domain has a
lumenal Myc epitope, and the cytosolic domain of Hrd1p has three HA
epitopes. B, Hmg1-Hrd1p fusion protein was correctly inserted into ER mem-
brane. Microsomes prepared from strain expressing Hmg1-Hrd1p were
digested with trypsin for the indicated times and immunoblotted with anti-
Myc. C and D, degradation behavior of Hmg1-Hrd1p was assayed by cyclo-
heximide chase. C, degradation of Hmg1-Hrd1p was dependent on Ubc7p.
D, degradation of Hmg1-Hrd1p was dependent on cdc48-2 and hrd2-1. The
ubc7A and hrd2-1 lanes include lower intensity exposures to facilitate com-
parison with the wild-type lanes. E, in vitro retrotranslocation of Hmg1-Hrd 1p
fusion was dependent on Cdc48p. Reactions with Ubc7p from WT (CDC48
UBC7) or cdc48-2 (cdc48-2 UBC7) and without Ubc7p (A) were carried out with
hrd1A microsomal strains CDC48 (WT) or cdc48-2 expressing Hmg1-Hrd1p
from the TDH3 promoter. Fusion protein was immunoprecipitated with anti-
Hrd1p antiserum and immunoblotted with anti-ubiquitin and anti-HA anti-
bodies. Anti-ubiquitin (anti-UB) panels were derived from the same gel, as
were anti-HA panels. Extraneous lanes were removed. M, mutant cdc48-2.
F, Usp2-cc ubiquitin protease treatment revealed that full-length Hmg1-
Hrd1p was retrotranslocated in vitro. Supernatant fractions from in vitro reac-
tions were treated either with buffer or with ubiquitin-specific protease Usp2-
cc. The arrows point to mobility of unmodified Hmg1-Hrd1p. T, total reaction
mix; S, supernatant; P, pellet; MIC, microsomes; CYT, cytosol.

hrdIA null mutant (Fig. 8C) and in the hrdIA doalOA double
mutant (data not shown). Hmgl-Hrd1p degradation was also
slowed by mutations cdc48-2 or the proteasomal RPN hypo-
morph hrd2-1 (Fig. 8D). Again, a lighter exposure of the hrd2-1
mutant at a similar initial intensity to the wild-type is included
to facilitate comparison. The rapid, Cdc48p-dependent degra-
dation of Hmgl-Hrd1p implied that the autonomously degrad-
ing fusion protein undergoes retrotranslocation. We tested this
directly in vitro. Hmgl-Hrd1p underwent Ubc7p-dependent in
vitro ubiquitination and showed the expected movement to the
soluble supernatant fraction (Fig. 8E). Furthermore, Hmgl-
Hrdlp retrotranslocated from microsomes derived from a
hrd1A null strain. Hmgl-Hrdlp retrotranslocation was par-
tially blocked in an assay run with both cytosol and supernatant

JOURNAL OF BIOLOGICAL CHEMISTRY 14719

6002 ‘S JOGUISAON UO ‘Uonnyisul umouyun 1 610°0q Mmm wol) papeojumoq


http://www.jbc.org/

ASBMB

The Journal of Biological Chemistry

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2009/03/27/M809607200.DC1.html

Hrd1p-dependent Retrotranslocation of HMG-CoA Reductase

from the cdc48-2 mutant (Fig. 8E). Finally, use of the Usp2-cc
ubiquitin protease demonstrated that full-length Hmgl-Hrd1p
was being retrotranslocated (Fig. 8F). Thus, Cdc48p-mediated
retrotranslocation of this HRD pathway substrate can occur in
the complete absence of the Hrd1p transmembrane domain.

DISCUSSION

In this study, we have successfully reconstituted Hrd1p-de-
pendent retrotranslocation of a multispanning membrane sub-
strate of the HRD pathway, Hmg2p-GFP. By multiple criteria,
we have shown the ubiquitinated, full-length Hmg2p-GEP is
moved to the supernatant fraction. The ability to observe this
process with Hmg2p-GFP both defines the capacity of this
transfer mechanism and allows its intimate mechanistic study
in ways that are not possible using intact cells.

In our approach, we have used sufficient Hrd1p levels to
drive ubiquitination of Hmg2p-GFP without need for Hrd3p or
Usalp. Thus, we are examining the minimal requirements for
in vitro ubiquitination and retrotranslocation. Importantly, in
vitro ERAD of Hmg2p-GFP by this method has all of the fea-
tures of in vivo Hmg2p-GFP degradation.® Ubc7p and its
anchor Cuelp are required, as is the critical lysine 6 of Hmg2p-
GFP (52, 53). Furthermore, Hrd1p-dependent ubiquitination of
Hmg2p-GFP is specifically blocked by chemical chaperones as
is in vivo degradation of this substrate (52). These studies also
reinforce the idea that Hrd1p is a central organizer of ERAD,
consistent with multiple observations that Hrd1p alone can
drive ERAD of membrane-anchored substrates (32, 54).*

A recent, elegant study of ERAD using radioiodinated ubiq-
uitin provides a distinct approach for the biochemical study of
these processes (55). The radiochemical analysis therein is
more sensitive and somewhat more flexible in analysis of input
strains. However, the ubiquitination state of the substrates at
the start of the assay is available in our approach and cryptic in
the radiochemical method. Furthermore, the higher amount of
retrotranslocated material in our studies allows for direct
detection of the retrotranslocated substrate in the soluble frac-
tion, thus providing direct evidence of full dislocation of a poly-
topic ERAD substrate. In addition, the elevated levels of Hrd1p
in our protocol provide a useful internal control, since Hrd1p
undergoes Ubc7p-dependent self-ubiquitination in addition to
transfer to substrates under study. Thus, both approaches have
distinct advantages, and the successful analysis of ERAD mech-
anisms will benefit from the use of each.

In both mammals and yeast, the AAA-ATPase Cdc48p/p97
is a key component of the postubiquitination step in ERAD of
multiple substrates. Cdc48p was similarly required for the com-
plete removal of Hmg2p-GFP from the ER membrane. Despite
there being an ER-bound pool of Cdc48p/p97 (37), the cytosolic
Cdc48p was the most important source of this activity. Perhaps
Cdc48p plays a role in stabilizing the retrotranslocated Hmg2p-
GFP, so it must be replenished from the soluble pool as the
reaction proceeds, as has been proposed from structural studies
of the mammalian p97 protein’s role in ERAD (56).

Cdc48p AAA-ATPase is thought to power retrotransloca-
tion. By capitalizing on the cell biology of the retrotranslocation
reaction and the differing requirements for ATP by E1 and
Cdc48p, we directly demonstrated an ATP requirement for
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Hmg2p-GFP retrotranslocation. This separation depended on
using AMP-PNP during the retrotranslocation phase of an
experiment to show the specific need for a B—vy bond in this
step. Interestingly, the simple method of separating ubiquitina-
tion from retrotranslocation by use of AMP-PNP instead of
ATP in the complete reaction was not feasible, because AMP-
PNP only poorly supported Hmg2p-GFP ubiquitination in the
reconstituted HRD reactions.

This unexpected, HRD-specific requirement for the B-—y
bond of ATP may be due to a requirement for Cdc48p in initi-
ating Hmg2p-GFP ubiquitination. Consistent with this idea, in
vitro Hmg2p-GFP ubiquitination was lower in reactions with
cdc48-2 preparations. It has been posited that Cdc48p may play
arole in major histocompatibility complex I recognition as well
as retrotranslocation in the US2- and US11-dependent path-
way (35), and other AAA-ATPases have been implicated in the
recognition of misfolded proteins for destruction (57, 58). This
additional role for Cdc48p will be investigated in the future. It is
also possible that Cdc48p-dependent retrotranslocation allows
the movement of lumenal lysines to the cytoplasmic face during
ubiquitination, thus increasing the extent of ubiquitination
observed when Cdc48p is fully functional. The in vitro
approach makes the separation of such intertwined functions
feasible.

A number of studies have implicated the ER-localized Ubx2p
as an ER receptor for soluble Cdc48p. We directly tested this
idea and found that microsomal Ubx2p is required for retro-
translocation of both Hmg2p-GFP and Hrd1p itself. Although
the effects of Ubx2p are quite clear in vitro, in vivo Hmg2p-GFP
degradation was slowed more by the partial loss of function
cdc48-2 mutant than by a complete ubx2A null (Fig. 34 com-
pared with Fig. 54). This implies that other ways are available
for Cdc48p to engage the ERAD machinery, consistent with the
observation that loss of Ubx2p does not completely remove
Cdc48p association with the ER membrane (44). Nevertheless,
our results directly implicate Ubx2p as a Cdc48p receptor (43,
45). Perhaps our assay is more sensitive due to the dilution of
the cytosol rendering the system more dependent on the ability
of the Ubx2p microsomes to attract Cdc48p. Ubx2p functions
are probably broader than Cdc48p anchoring, since we have
observed that a ubx2A null has a profound up-regulation of the
unfolded protein response that is much greater than that
caused by strong ERAD-inhibiting mutants of Cdc48p.® The in
vitro assay is particularly useful when this is considered, since in
intact cells, a ubx2A null mutant is causing ongoing strong reg-
ulatory responses that may cloud observation of its direct
ERAD functions.

We examined the involvement of the ubiquitin-binding, pro-
teasome delivery adaptors Rad23p and Dsk2p in vitro.
Although current models predict that these soluble adaptors
would have a role only after retrotranslocation, we observed
that their absence caused a strong block to retrotranslocation.
The Rad23p and Dsk2p adaptors are predicted soluble proteins,
but we saw significant restoration of retrotranslocation when
the microsomal fraction was the sole source of Rad23p and

8R. M. Garza, B. K. Sato, and R. Y. Hampton, unpublished observation.
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Dsk2p. Furthermore, cytosol devoid of Rad23p and Dsk2p sup-
ported a lesser extent of Hmg2p-GFP ubiquitination whether
the microsome fraction was wild-type or double null. This
could be due to a role in recruiting the “E4” Ufd2p, which has
been posited to enhance ubiquitination of ERAD substrates,
including Hmg2p-GFP (39), or altered recruitment of the
ERAD-implicated ubiquitin protease Ufd3p (59). Thus, it
appeared that these adaptors have added roles in ERAD that
impact both the extent of ubiquitination and retrotransloca-
tion, in addition to their proposed role as proteasomal adaptors.
One possibility is that these upstream effects are all caused by
proteasome recruitment to the ER. The 26S proteasome has
both associated E3 ligases and multiple AAA-ATPase activities
that could affect the degree of substrate ubiquitination and
assist in Cdc48p-dependent extraction of ERAD substrates,
respectively. Whatever the mechanism, it is clear that these
adaptors have more complex functions than previously appre-
ciated from genetic analysis of intact cells.

One of the challenging open questions concerning ERAD is
the mechanism of exit from the ER membrane, and a number of
candidate channels have been proposed (60, 61). We directly
examined both the pair of derlins, Derlp and Dfmlp, and
Sec61p in our assay and confirmed that neither the double
mutant derIA dfimlA nor the temperature-sensitive sec61-2
mutant had any detectable effects on in vitro retrotranslocation
of Hmg2p-GEFP. This is consistent with our in vivo studies that
similarly showed a lack of effect of the derIA dfim1A mutant or
even the derIA dfmiIA sec61-2 triple mutant on in vivo degra-
dation of Hmg2p-GFP (51).

One appealing idea is that the large transmembrane domain
of Hrd1p functions as a channel. We tested this idea for Hrd1p
by formation of the “self-destructive” Hmgl-Hrd1lp protein
with the ubiquitination activity of Hrd1p but lacking the Hrd1p
transmembrane domain. Hmgl-Hrd1p underwent ERAD that
required Cdc48p and the proteasome (Fig. 8). However, Hmg1-
Hrd1p degradation was unaffected in both a srdIA null and a
doalOA hrdIA double null, indicating that delivery to the pro-
teasome could occur without either of these ER ligase trans-
membrane regions being present in the cell. Consistently, full-
length Hmgl-Hrdlp underwent Cdc48p-dependent in vitro
retrotranslocation in an srdIA null.

These studies indicate that none of the channel candidates
show a role in Hmg2p-GFP retrotranslocation. Perhaps there is
a yet undiscovered protein required for retrotranslocation that
is essential to cells or a poor genetic target, making its isolation
by screening difficult. It may further be that there are redun-
dant routes of extraction, thus masking the effects of the loss of
any one. Finally, it is possible that retrotranslocation of Hmg2p-
GEFP occurs in a way that does not require a channel but instead
involves the recruitment of lipids to form a soluble intermedi-
ate. One version of this idea has been suggested in a recent essay
(62). Although we find this possibility unlikely, it cannot be
ruled out until the route or exit is understood by either discov-
ery of the still cryptic channel or the complete reconstitution of
the process in a pure system devoid of channel candidates.

Our studies directly demonstrated retrotranslocation of full-
length Hmg2p-GFP. Recent work on the Ste6-166p transmem-
brane DoalOp substrate implied that this multispanning mem-
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brane protein was similarly moved to the soluble fraction (55).
Combined, these results indicate that movement of entire
transmembrane substrates is commonly occurring in ERAD, as
has been suggested from in vivo studies with CFTR-A508 in
mammalian cells (63). It is not clear how the 8-spanning inte-
gral membrane protein Hmg2p-GFP remains soluble in the
cytosol. It will be important to analyze the physical state and
binding partners of this molecular species to gain insight into
what processes and proteins are responsible for this heroic
thermodynamic event.

This and other in vitro approaches will allow detailed mech-
anistic analysis of the ERAD pathway. Our future directions will
include the analysis of the nature and composition of the retro-
translocated Hmg2p-GFP and the role of the sterol regulatory
signals that control Hmg2p and Hmg2p-GFP degradation in
coordinating this key step with the earlier events that are
required for movement of substrates from the ER to their pro-
teasomal destruction.
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Table S1. Yeast strains used. Background genotype for cytosol and microsome strains in bold.
Mutant strains used in the in vitro retrotranslocation assay were derived from this ubc7A, hrdIA,

and pep4A background.
Name Genotype
RHY 4288 a ade2-101 met2 lys2-801 his3A200 trpl1::hisG leu2A pep4A::HIS3

RHY 4295

RHY 2923

RHY 5549

RHY 5550

RHY 5551

RHY 5040

RHY 4929

RHY 6660

RHY 6397

RHY 6394

RHY 6065

RHY 6066

RHY 7207

RHY 7370

hmg2A::Imyc-HMG2 hrdIA::kanMX ubc7A::LEU2
t}”pl 2hisG::TDH3proy-UBC7-2HA

ura3-52::URA3:: TDH3PROM -HMG2-GFP
t}”pl 2hisG::TDH3proy-HRD1-3HA

hrd3A::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-HRDI1-3HA

cdc48-2::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-HRDI1-3HA

cdc48-2::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-UBC7-2HA

cdc48-3::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-HRDI1-3HA

cdc48-3::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-UBC7-2HA

ubx2A::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-HRDI1-3HA

rad23A dsk2A::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-HRDI1-3HA

rad23A dsk2A::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-UBC7-2HA

dfmilA derlA::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-HRDI1-3HA

sec61-2::NatR ura3-52::URA3::TDH3proy -HMG2-GFP
t}”plhlSG TRPI::TDH3proy-HRDI1-3HA

ura3-52::URA3:: TDH3PROM —Imyc—HMGI TM—HRDIR[N6-3HA

cdc48-2::NatR
ura3-52::URA3:: TDH3PROM —Imyc—HMGI TM—HRDIR[N6-3HA



RHY 3970

RHY 5548

RHY 3082

RHY 5380

RHY 7521

RHY 7522

RHY 7205

RHY 7439

RHY 7257

RHY 7258

a ade2-101 met2 lys2-801 his3A200 trpl::hisG leu2A
ura3-52:: URA3TDH3PROM-HMG2-GFP

a ade2-101 met2 lys2-801 his3A200 trpl::hisG leu2A
ura3-52::URA3::TDH3proy-HMG2-GFP cdc48-2::NatR

aade2-101 met2 lys2-801 his3A200
ura3-52::URA3:: TDH3PROM-HMG2-GFP

aade2-101 met2 lys2-801 his3A200
ura3-52::URA3::TDH3proy-HMG2-GFP ubx2A::NatR

aade2-101 met2 lys2-801 his3A200
ura3-52::URA3:: TDH3PROM-1myC-HMGI TM—HRDIR[N6-3HA

aade2-101 met2 lys2-801 his3A200 hrdIA::kanMX
ura3-52::URA3:: TDH3PROM-1myC-HMGI TM—HRDIR[N6-3HA

aade2-101 met2 lys2-801 his3A200 trpl::hisG leu2A
ura3-52:: TDH3PROM-HMG26d.' JURA3:: TDH3PROM-1myC-HMGI TM—HRDIR[Ng-
3HA hmglIA::LYS2 hmg2A::HIS3

aade2-101 met2 lys2-801 his3A200 trpl::hisG leu2A
ura3-52:: TDH3PROM-HMG26d.' JURA3:: TDH3PROM-1myC-HMGI TM—HRDIR[Ng-
3HA hmgIA::LYS2 hmg2A::HIS3 cdc48-2::NatR

a ade2-101 met2 lys2-801 his3A200
ura3-52:: TDH3PROM-6myC-HMG2.' JURA3:: TDH3PROM' Imyc—HMGI ™~
HRDIpivg-3HA hmgIA::LYS2 hmg2A:: HIS3

a ade2-101 met2 lys2-801 his3A200
ura3-52:: TDH3PROM-6myC-HMG2.' JURA3:: TDH3PROM-ImyC-HMGI ™~
HRDIping-3HA himgIA::LYS2 hmg2A::HIS3 hrd2-1



Strain generation

Standard yeast techniques were used to integrate plasmids. The Hmg2p-GFP and Hmg1-
Hrd1p plasmids were linearized with Stul and integrated at the ura3-52 locus. HRDI constructs
Prpus-HRD1 and Prpy;-HRDI1-C399S (RING mutant) were linearized with Bsgl and integrated at
the trp1 locus. Microsome and cytosol donor strains had deletions of PEP4, HRD1, and UBC7
that were each plasmid-mediated. The remaining gene deletions were PCR product-mediated.
Primers were designed to incorporate sequences specific to the 5' and 3' genomic regions of gene
to be deleted into sequences that flank the nourseothricin resistance marker (NatR) in pRH1838.
PCR was used to confirm deletions. Mutants cdc48-2, cdc48-3 and sec61-2 were introduced into
strains using two PCR products. One PCR product is an amplification of the mutant allele
synthesized with a primer that carries sequence that overlaps with the nourseothricin resistance
marker PCR product. The second PCR product is an amplification of the nourseothricin resistance
marker with a primer that carries sequence found downstream of the mutant allele. Instead of
transforming with one PCR product amplified from the two individual products', both PCR
products were simultaneously introduced to the cell by standard transformation techniques. Cells
were selected for nourseothricin resistance, and then screened for temperature sensitive
phenotype at the restrictive temperature 37°C, and confirmed by PCR. All primer sequences are

available upon request.

In vitro Ubiquitination. Microsomes from a ubc7A null yeast strain expressing 3HA-Hrd1p
from the TDH3 promoter and Hmg2p-GFP from the TDH3 promoter were prepared by glass bead
lysis. For each 10 ODgg units of log-phase cells, 200 pl of MF buffer (20 mM Tris pH 7.5, 100
mM NacCl, 300 mM sorbitol, with the following protease inhibitors (PIs): 1 mM
phenylmethylsulphonyl fluoride, 260 M 4-(2-aminoethyl) benzenesulfonyl fluoride

hydrochloride, 100 M leupeptin hemisulfate, 76 M pepstatin A, 5 mM -aminocaproic



acid, 5 mM benzamidine, and 142 M N-tosyl-L-phenylalanine chloromethyl ketone) was
added. At4 °C, cells were lysed using hand vortexing for 6 x 1-minute intervals with 1-minute
intervals on ice between each vortexing. The lysate was collected and pooled with two bead
rinses with MF to give the crude microsomal lysate. The crude lysate was centrifuged for 5
seconds at room temperature at full speed (16,000 g). The resulting supernatant was transferred to
a fresh tube. This was repeated until no cellular debris could be seen. Next, the microsomes were
pelleted at 14,000 g for 45 minutes at 4 °C. The pellets were resuspended in B88 buffer (20 mM
Hepes pH 6.8, 250 mM sorbitol, 150 mM KOAc, 5 mM MgOAc, 1 mM DTT, and PIs listed
above), to a final concentration of 0.3 OD equivalent units/uL of B88.

Cytosol was prepared from strains overexpressing Ubc7p in a ArdIA ubc7A double null
strain in a similar manner as the Schekman lab”. Control cytosol was prepared in parallel from an
otherwise identical ubc7A null strain. 500 OD equivalents of cells were pelleted, rinsed twice
with water, once with B88 buffer, and resuspended in 500 puL of B88 buffer with Pls. The
resuspended cells were transferred to a chilled mortar containing liquid nitrogen. The frozen cells
were ground with a pestle until a fine powder resulted. The frozen powder was transferred to
microfuge tubes and thawed on ice. Typically, ] mM ATP from a 500 mM stock solution in H,0
pH 7.5 was added to thawed cytosol, however ATP was not added in AMP-PnP (Sigma Aldrich,
St. Louis, MO) experiments. Once thawed, the crude cytosol lysate was centrifuged at 3,000 g for
5 min to remove large debris, and then the supernatant was transferred to a new tube and
centrifuged at 20,000 g for 15 minutes. The resulting supernatant was then ultracentrifuged at
100,000 g for one hour. Protein concentration was measured using Bradford reagent. Cytosol
concentrations were adjusted with B88 to 20-25 mg/mL for ubiquitination and retrotranslocation
asssays. MG-132 (Sigma Aldrich) was added to a final concentration of 300 uM to microsomes
and cytosol preparations.

One in vitro ubiquitination reaction typically consisted of 10 pLL microsomes and 12 pL

cytosol. ATP (500 mM stock) was added to each reaction to a final concentration of 30 mM. The



reactions were incubated for one hour at 30°C. The assay was stopped by solubilization with 200
ul of SUME (1% SDS, 8 M urea, 10 mM MOPS pH 6.8, 10 mM EDTA) with PIs and 5 mM N-
ethylmaleimide (NEM). 600 pL immunoprecipitation buffer (IPB: 15 mM Na,HPO,, 150 mM
NaCl, 2% Triton X-100, 0.1% SDS, 0.5% DOC, 10 mM EDTA, pH 7.5) with PIs and NEM was
added and followed by addition of 15 uL-25 uL rabbit polyclonal antisera (anti-GFP, anti-loop,
or anti-Hrd1p antisera; prepared in collaboration with Scantibodies, Inc., Santee, CA).
Precipitated material was collected by centrifugation and the supernatant was then transferred to a
fresh tube. Immunoprecipitation (IP) incubation was carried out at 4°C for 12-16 hours with
mixing. Protein A sepharose (GE Healthcare, Piscataway, NJ) was added to IPs. IPs were then
incubated for 2-4 hours at 4°C with nutating. Protein A sepharose with bound protein was washed
once with IPB and once with IPW (50 mM NaCl, 10 mM Tris, pH 7.5). Beads were aspirated to
dryness and 55 pL 2X urea sample buffer (2XUSB: 8 M urea, 4% SDS, 10% B-mercaptoethanol,
125 mM Tris, pH 6.8) was added. The slurry was incubated at 50°C for 10 minutes. IPs were
resolved by SDS-PAGE using 8% Tris-glycine gels, and then transferred to nitrocellulose. For
anti-ubiquitin immunoblotting, nitrocellulose membranes were rinsed with water and autoclaved
for 30 minutes at liquid setting and 15 minutes at gravity setting. Blocking and anti-ubiquitin
(Zymed Laboratories, South San Francisco, CA) incubations were carried out with Tris-buffered
saline containing 0.45% Tween-20 (TBS-HT) and 20% heat-inactivated bovine serum’. Blots
were washed with TBS-HT. For anti-GFP or anti-HA blots, nitrocellulose membranes were
blocked with 5% nonfat dried milk in Tris-buffered saline (TBS-T: 10 mM Tris, pH 8.0, 140 mM
NaCl, 0.05% Tween 20) and anti-GFP (BD Biosciences, San Jose, CA) and anti-HA (Covance,
Princeton, NJ) incubations were carried out in 2% non-fat dried milk in TBS-T. Goat anti-mouse
conjugated with HRP (Jackson ImmunoResearch, West Grove, PA) recognized primary
antibodies. Western Lightning chemiluminescence reagents (Perkin Elmer, Waltham, MA) were

used for immunodetection.
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Fig. S1. Time course of in vitro retrotranslocation. In vitro reactions were carried out with
Hmg2p-GFP microsomes incubated with cytosol carrying Ubc7p for indicated number of minutes
(Min), and then fractionated into supernatant (S) or pellet (P) fractions as described. Both
ubiquitinated protein (top panel) and GFP immunoreactivity were immunoblotted to show the
time course of both ubiquitination and the appearance of ubiquitinated Hmg2p-GFP in the S
fraction.
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