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The yeast ERAD-C ubiquitin ligase Doa10

recognizes an inframembrane degron

Gregor Habeck, Felix A. Ebner, Hiroko Shimada-Kreft, and Stefan G. Kreft

Department of Biology, University of Konstanz, 78457 Konstanz, Germany

berrant endoplasmic reticulum (ER) proteins are

eliminated by ER-associated degradation (ERAD).

This process involves protein retrotranslocation
into the cytosol, ubiquitylation, and proteasomal degrada-
tion. ERAD substrates are classified into three categories
based on the location of their degradation signal/degron:
ERAD-L (lumen), ERAD-M (membrane), and ERAD-C
(cytoso|) substrates. In Saccharomyces cerevisiae, the mem-
brane proteins Hrd1 and Doal0 are the predominant
ERAD ubiquitin-protein ligases (E3s). The current notion
is that ERAD-L and ERAD-M substrates are exclusively

Introduction

In a eukaryotic cell, most membrane and secretory proteins are
synthesized at the ER. A sophisticated quality-control machin-
ery at the ER ensures that only properly folded and assembled
proteins continue along the secretory pathway. Misfolded or un-
assembled proteins are eliminated by ER-associated degrada-
tion (ERAD; Vembar and Brodsky, 2008; Hirsch et al., 2009;
Hegde and Ploegh, 2010; Christianson and Ye, 2014; Ruggiano
et al., 2014; Zattas and Hochstrasser, 2015). ERAD substrates
are retrotranslocated into the cytosol and undergo proteasomal
degradation. In most cases, substrates are ubiquitylated con-
comitantly with their retrotranslocation. Ubiquitylation involves
the covalent attachment of ubiquitin monomers or polymers to
a substrate protein and is accomplished by a series of enzymatic
reactions featuring three classes of enzymes: ubiquitin-activating
(E1), ubiquitin-conjugating (E2), and ubiquitin-ligating (E3)
enzymes (Hochstrasser, 2009). E3 ligases thereby facilitate the
transfer of ubiquitin from an E2 to a substrate protein. Within
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handled by Hrd1, whereas ERAD-C substrates are recog-
nized by Doa10. In this paper, we identify the transmem-
brane (TM) protein Secé1 B-subunit homologue 2 (Sbh2)
as a Doal0 substrate. Sbh2 is part of the trimeric Ssh1
complex involved in protein translocation. Unassembled
Sbh2 is rapidly degraded in a Doa10-dependent man-
ner. Intriguingly, the degron maps to the Sbh2 T™ re-
gion. Thus, in contrast to the prevailing view, Doa10 (and
presumably its human orthologue) has the capacity for
recognizing intramembrane degrons, expanding its spec-
trum of substrates.

ERAD, the attached ubiquitin chain promotes substrate ret-
rotranslocation and proteasomal degradation. Substrate recogni-
tion and membrane extraction are coordinated by ER-embedded
E3s, which together with membrane-associated E2s catalyze
substrate ubiquitylation on the cytosolic face of the ER mem-
brane. The two major ERAD E3 complexes in yeast are the
Hrdl complex and the DoalO complex, centered around the
polytopic E3 ligases Hrd1/Der3 (Bays et al., 2001; Deak and
Wolf, 2001) and Doal0 (Swanson et al., 2001), respectively. A
third E3 ligase, the cytosolic Ubrl protein, has recently been
implicated in ERAD of some substrates (Stolz et al., 2013).
ERAD substrates are classified into three categories: ERAD-L
(lumen), ERAD-M (membrane), and ERAD-C (cytosol), de-
pending on the localization of the folding lesion or degradation
signal (degron; Vashist and Ng, 2004; Carvalho et al., 2006).
Recently, a fourth class of ERAD substrates was described;
ERAD-T (translocon) substrates are proteins that stall co- or
posttranslationally in the translocon (Rubenstein et al., 2012).
For Saccharomyces cerevisiae, the prevailing notion,
which is based on a limited number of investigated ERAD sub-
strates, is that ERAD-L and ERAD-M (and ERAD-T) substrates
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are exclusively handled by the Hrd1 complex, whereas ERAD-C
substrates are recognized by the DoalO complex (Hirsch et al.,
2009; Brodsky and Skach, 2011; Finley et al., 2012; Rubenstein
et al., 2012; Christianson and Ye, 2014; Ruggiano et al., 2014;
Zattas and Hochstrasser, 2015).

Little is known about the exact nature/structure of intra-
membrane degrons. In some cases, unassembled subunits of
membrane protein complexes are targeted for degradation by
exposing a charged amino acid within a transmembrane (TM)
domain that would normally interact with and be masked by
a binding partner as has been shown for unassembled T cell
receptor a-chain (TCR-a; Bonifacino et al., 1989, 1990). In
other cases, the overall conformation of a TM region, rather
than its sequence per se, is recognized by the ERAD machin-
ery. For example, the TM region of the Hmg2 protein, a key
enzyme in the sterol pathway, becomes misfolded when ste-
rol pathway products are high, resulting in recognition by the
Hrd1 complex and degradation of Hmg2 (Gardner and Hampton,
1999; Sato et al., 2009).

The ERAD E3 Doal0 is a large membrane protein with
a cytosolic N-terminal RING (really interesting new gene)-CH
domain and a total of 14 TM domains (Swanson et al., 2001;
Kreft et al., 2006). DoalO orthologues are present in most
sequenced eukaryotic genomes, and the human DoalO ortho-
logue is MARCHG6/TEB4 (Swanson et al., 2001; Kreft and
Hochstrasser, 2011; Stuerner et al., 2012). Doal0 localizes to
the ER membrane as well as to the inner nuclear membrane
(Swanson et al., 2001; Deng and Hochstrasser, 2006). It has a
remarkable substrate range comprising soluble nuclear and cy-
toplasmic substrates as well as ER and nuclear envelope integral
membrane proteins with cytosolic (or nuclear) degrons (Huyer
et al., 2004; Ravid et al., 2006; Deng and Hochstrasser, 2006).

All eukaryotes contain a trimeric Sec61 complex in the
ER membrane consisting of the polytopic membrane protein
Sec61, the Sec61 v subunit (Sss1 in yeast), and the Sec61 3 sub-
unit (Sbh1 in yeast; Shao and Hegde, 2011; Park and Rapoport,
2012; Mandon et al., 2013). The heterotrimeric Sec61 complex
is implicated in co- and posttranslational protein translocation
into the ER. S. cerevisiae contains a second, structurally related
translocon complex for cotranslational translocation, the Sshl
complex, consisting of the polytopic membrane protein Sshl
(Sec61 homologue 1), Sss1 and the B-subunit Sbh2 (Fig. 1 A;
Finke et al., 1996). Sshl and Sbh2 share homology to Sec61
and Sbhl, respectively (Finke et al., 1996; Toikkanen et al.,
1996). The B-subunits Sbh1 and Sbh2 are tail-anchored (TA)
proteins (Hegde and Keenan, 2011), and their TM domains bind
Sec61 and Sshl, respectively (Van den Berg et al., 2004; Becker
et al., 2009).

Here, we show that Sbh2 is rapidly turned over in cells
lacking its binding partner Sshl. We identify the ERAD E3 li-
gase Doal0 to be responsible for the fast degradation of unas-
sembled Sbh2. Unexpectedly, and in contradiction to the accepted
view, the degron is located within the membrane-spanning TA
sequence of Sbh2. This establishes unassembled Sbh2 as the
first ERAD-M substrate. It can be expected that other Doal0Q
ERAD-M substrates exist as well.
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Results

Sbh2 is a Doa10 substrate and
association with Ssh1 protects it

from degradation

Sbh2 is a subunit of the trimeric Ssh1 complex in S. cerevisiae
(Fig. 1 A). It was reported previously (Finke et al., 1996) that
upon deletion of SSHI, Shb2 levels are strongly reduced, sug-
gesting rapid Sbh2 turnover in the absence of Sshl. It therefore
seemed likely that association with Sshl protects Sbh2 from
degradation. To investigate whether unassembled Sbh2 is in-
deed short lived, we first analyzed the stability of ectopically ex-
pressed N-terminally HA-tagged Sbh2 in wild-type (WT) cells
by cycloheximide (chx) chase analysis (Fig. 1 B). In WT cells,
HA-Sbh2 levels dropped in the first 15 min after chx addition
and remained constant thereafter (Fig. 1, B and C). This is con-
sistent with a scenario in which Ssh1-bound Sbh2 is protected
from degradation, whereas surplus Sbh2 is rapidly degraded. As
Sbh2 is an ER-localized TA protein, we asked whether Sbh2 is
degraded via one of the ERAD pathways. Deletion of the gene
encoding Doal0, one of the two major ERAD E3 ligases in
S. cerevisiae, led to an increase in HA-Sbh?2 steady-state levels
(Fig. 1 B, compare 0 min time points of WT and doal0A cells)
accompanied by an almost complete stabilization of the protein
(Fig. 1 B). In contrast, deletion of the HRDI gene, which en-
codes the second ERAD E3 Hrd1/Der3, had no detectable ef-
fect on HA-Sbh2 stability (Fig. 1 B). The combined deletion of
DOAI0 and HRDI had no additional stabilizing effect beyond
that of the DOA 10 knockout alone (Fig. 1 B).

We next investigated Sbh2 stability in cells lacking its
binding partner, the translocon a-subunit Sshl. As previously
observed (Finke et al., 1996), steady-state levels of ectopically
expressed HA-Sbh2 were strongly reduced in sshlA cells (ap-
proximately fourfold as compared with WT yeast; Fig. 1 C).
Moreover, the entire HA-Sbh2 pool was degraded in these cells
in <30 min (Fig. 1 C). Codeletion of SSH/ and DOA 10 resulted
in a pronounced increase in HA-Sbh2 steady-state levels and
an almost complete stabilization of the entire HA-Sbh2 pool
(Fig. 1 C). HA-Sbh2 was only very moderately stabilized upon
deletion of the second yeast ERAD E3, Hrdl, in cells lacking
Sshl (Fig. 1 C), supporting the notion that HA-Sbh2 is almost
exclusively recognized by the Doal0 complex.

The aforementioned findings indicated that Sbh2 stabil-
ity and consequently Sbh2 quantity are regulated by Doal0. To
test whether association with Ssh1 protects Sbh2 from degrada-
tion, we compared the amounts of metabolically stable (ectopi-
cally expressed) HA-Sbh2 in WT and sbh2A cells (Fig. 1 D). In
WT cells, the ectopically expressed HA-Sbh2 has to compete
with endogenous Sbh2 for incorporation into the Ssh1 com-
plex, whereas in sbh2A cells it represents the only source of
Sbh2. The amount of stable HA-Sbh2 was determined 5 h after
translational inhibition by chx. After such treatment, HA-Sbh2
levels were ~65% higher in sbh2A cells (where the ectopically
expressed HA-Sbh2 does not compete with endogenous Sbh2
for Ssh1 binding) as in WT cells (Fig. 1 D). In cells lacking both
endogenous Sbh2 and Sshl, the entire HA-Sbh2 pool was de-
graded (Fig. 1 D). It was also previously reported that Sbh2 can
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Figure 1. Sbh2 is a Doa10 substrate and association with Ssh1 protfects it from degradation. (A) Schematic of heterotrimeric yeast Sec61 and Ssh1 trans-
locon complexes. The integral membrane protein Sss1, which is part of both complexes, is not depicted in the illustration. N, N terminus; C, C terminus.
(B) Cycloheximide (chx) chase analysis of ectopically expressed (low-copy plasmid; MET25 promoter) HA-Sbh2 (in the presence of endogenous Sbh2) in
WT, doal04, hrd1A, and doal0A hrd1A cells. Pgk1 served as a loading control. The experiment shown is representative of n = 3 experiments. (right)
Quantification of the gel on the left. HA-Sbh2 levels at t = O min were set to 100%. (C) Ssh1 protects Sbh2 from Doa10-dependent degradation. chx chase
analysis of ectopically expressed HA-Sbh2 (as in B) in WT, ssh14, doa10A ssh1A, and hrd1A ssh1A cells. Two different exposures of the anti-HA immuno-
detection are shown. The graph at right shows the mean degradation rates observed from three independent experiments. HA-Sbh2 levels at t = O h were
set to 100%. Error bars represent + SD. exp., exposure. (D) Degradation of unassembled Sbh2. chx chase andlysis (time points t; = 0 h and t, = 5 h) of
ectopically expressed HA-Sbh2 (as in B) in WT, sbh2A, sbh2A ssh1A, and sbh1A ssh1A cells. Relative protein levels listed below the blots were determined
by quantification of pixel densities of HA-Sbh2 bands relative to those of Pgk1. HA-Sbh2 levels of WT cells at = 0 h were set to 100%. (E) HA-Sbh2 is
an integral membrane protein in ssh1A cells. Subcellular fractionation of doal0A ssh1A cells expressing HA-Sbh2 from a plasmid (as in B). HA-Sbh2—
expressing ssh14 doa10A cells and Doa10-13MYC-expressing cells were mixed at a 5:1 ratio before lysis. Lysates were treated with buffer alone or buffer
containing 2.5 M urea, 0.1 M Na,COg, pH 11.5, and 0.5 M NaCl or 1% Triton X-100 (TX-100) and 0.5 M NaCl, and divided into microsomal pellet
(P) and supernatant (S) fraction by centrifugation. Fractions were examined by immunoblotting with appropriate antibodies. (F) Fluorescence microscopy of
WT, ssh1A, ssh1A doal0A, and get2A cells overexpressing HA-mCherry-Sbh2 from a low-copy plasmid under the strong TEF2 promoter. Bars, 1 pm.
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Figure 2. Sbh2 degradation requires Doa10 E3 ligase activity and proceeds via the 26S proteasome. (A) Doa10 E3 ligase activity is required for Sbh2
degradation. chx chase assay of ectopically expressed (low-copy plasmid; MET25 promoter) HA-Sbh2 in WT, doa 104, and doa10-C39S cells (DF5 strain
background). (B) Sbh2 is ubiquitylated in cells. In vivo ubiquitylation of HA-Sbh2: HA- or FLAG-tagged Sbh2 was ectopically expressed (low-copy plasmid;
GPD promoter) in ssh1A and doa10A ssh1A cells together with MYC-ubiquitin. HA-Sbh2 was precipitated from the cell lysates with anti-HA agarose beads.
Precipitates were analyzed by immunoblotting with anti-HA and anti-MYC. Asterisks indicate cross-reactive bands (IgG heavy and light chain, respectively)
recognized by the secondary antibody (anti-rabbit peroxidase). IB, immunoblotting. (C) Proteasomal degradation of Sbh2. ssh1A pdr5A cells ectopically
expressing HA-Sbh2 (low-copy plasmid; MET25 promoter) were grown to log phase (O h time point), divided into two cultures, and treated for 3 h with
either the proteasome inhibitor MG 132 (50 yM) or the solvent DMSO. Samples were normalized for equal amounts of the stable protein Pgk1 before gel
loading. (D) Ubcé and Ubc? are required for efficient Sbh2 degradation. Degradation of ectopically overexpressed HA-Sbh2 (low-copy plasmid; GPD
promoter) in WT, ubcéA, ubc7A, and ubcéA ubc7A cells (DF5 strain background). chx chase analysis was performed as in Fig. 1 B. Relative protein levels
listed below the blots were determined by quantification of pixel densities of HA-Sbh2 bands relative to those of Pgk1. O h time point was in each case
set to 100%. (E) The AAA-ATPase Cdc48 is required for Sbh2 degradation. Degradation of ectopically overexpressed HA-Sbh2 (low-copy plasmid; GPD
promoter) in WT and cdc48-3 cells (W303-1A strain background). Cells were grown to log phase at 25°C and shifted to the nonpermissive temperature
of 37°C 30 min before addition of chx.

bind to Sec61, but only in the absence of both Ssh1l and Sbhl, treatments that strip off peripheral membrane proteins (Fig. 1 E).
the B subunit of the Sec61 complex (Finke et al., 1996). We Neither did an alkaline solution, sodium carbonate (pH 11.5),
found a significant fraction of ectopically expressed HA-Sbh2 which liberates peripheral membrane proteins as well as ER-
to be stable in sbhlA sshlA cells, consistent with association luminal proteins, lead to extraction of HA-Sbh2 (Fig. 1 E).
with and protection by Sec61 (Fig. 1 D). We conclude that unas- As expected, the soluble protein Pgkl was found in all cases

sembled Sbh2 is an endogenous Doal0 substrate. in the supernatant.

We also investigated the subcellular localization of Sbh2
Proper membrane insertion of HA-Sbh2 by confocal microscopy. Sbh2 with an N-terminal HA-mCherry
in ssh1A cells tag was overexpressed ectopically from the strong TEF2 pro-
To exclude that degradation of HA-Sbh2 in sshlA cells is moter. The HA-mCherry-Sbh2 protein displayed proper ER
caused by an incomplete membrane insertion of HA-Sbh2, localization in WT, sshlIA, and doalOA sshiA cells, respec-
its membrane association was analyzed biochemically and tively, (Fig. 1 F). (Note, HA-mCherry-Sbh2 is detectable even
microscopically. HA-Sbh2 was expressed in doal0A sshiA in sshiA cells under these strong overexpression conditions.)
cells, and a crude microsomal fraction was prepared and sub- Consistent with an earlier study (Schuldiner et al., 2008), dele-
jected to various treatments before separation into pellet and tion of Get2, which is required for insertion of TA proteins into
supernatant fractions by centrifugation (Fig. 1 E). In this assay, the ER membrane, resulted in accumulation of HA-mCherry-

HA-Sbh2 behaved similarly to the polytopic ER-membrane Sbh2 in a single cytosolic aggregate (Fig. 1 F). Together, these
protein Doal0-13MYC, which served as a control (Fig. 1 E). results establish that HA-Sbh2/HA-mCherry-Sbh2 is correctly
HA-Sbh2 was efficiently extracted from membrane pellets inserted into the ER membrane even in the absence of Sshl,
upon solubilization of membranes with detergent and salt to- suggesting that Sbh2 recognition and degradation occurs after
gether (Triton X-100 and NaCl), but not by salt or urea alone, membrane insertion.

JCB « VOLUME 209 « NUMBER 2 « 2015
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Degradation of Sbh2 requires Doa10 E3
ligase activity and occurs via the

26S proteasome

Doal0 usually decorates its substrates with a polyubiquitin chain,
which is a signal for proteasomal degradation (Nakatsukasa
et al., 2008). To test whether Sbh2 degradation depends on the
E3 ligase activity of Doal(Q, Sbh2 stability was investigated in
cells expressing an inactive Doal0 variant, doal0-C39S, which
contains a mutated RING-CH domain (Swanson et al., 2001).
HA-Sbh2 steady-state levels were strongly increased, and the
protein was completely stabilized in doal0-C39S cells (Fig. 2 A),
indicating that Sbh2 degradation is strictly dependent on Doal0Q
ligase activity. Next, we analyzed whether Sbh2 is ubiquity-
lated in cells. Overexpressed HA-Sbh2 was immunoprecipi-
tated from cell lysates prepared from sshlA and doalOA sshiA
cells expressing MYC-tagged ubiquitin (Fig. 2 B). After pre-
cipitation from sshlA cells, a ladder of ubiquitylated HA-Sbh2
was detected. In contrast, a much weaker and shorter ubiqui-
tin ladder was detected when HA-Sbh2 was precipitated from
doalOA sshiA cells, demonstrating that Doal0 is the major E3
ligase for Sbh2. The residual Sbh2 ubiquitylation observed in
the absence of Doal0 is likely performed by Hrdl, given its
minor role in HA-Sbh2 turnover (Fig. 1 B). Importantly, no
ubiquitylation was observed after anti-HA immunoprecipitation
(IP) from sshiA cells overexpressing FLAG-Sbh2 (Fig. 2 B).
Next, we investigated whether Doal(0-dependent Sbh2 degrada-
tion proceeds via the 26S proteasome. To that end, HA-Sbh2
stability was studied upon proteasome inhibition with MG132
(Lee and Goldberg, 1998). HA-Sbh2—-expressing cells lack-
ing Sshl and the multidrug exporting ATP-binding cassette—
transporter Pdr5 were treated with MG132 or DMSO (mock),
and HA-Sbh2 levels were determined immediately before and
3 h after drug addition (Fig. 2 C). MG132 treatment led to a
strong (>20-fold) increase in HA-Sbh2 levels, indicating that
Sbh2 is degraded via the 26S proteasome.

Accessory factors required for efficient
Sbh2 degradation

Ubiquitylation of most DoalO substrates depends on the two
E2s Ubc6 and Ubc7 (Swanson et al., 2001). To test the E2 re-
quirements for efficient Sbh2 degradation, we analyzed Sbh2
stability in sshlA cells lacking either one or both E2s. Deletion
of UBC6 or UBC7 alone resulted in a detectable stabilization of
HA-Sbh2, whereby deletion of UBC7 had the stronger stabiliz-
ing effect (Fig. 2 D). No further stabilization was observed in
cells lacking both E2s as compared with the ubc7A single
deletion. Therefore, as for the majority of Doal( substrates
(Zattas and Hochstrasser, 2015), Doal0-dependent degradation of
HA-Sbh2 is dependent on both Ubc6 and Ubc7 with Ubc7 play-
ing the major role.

Efficient ER extraction and degradation of Doal0O mem-
brane protein substrates requires the Cdc48 AAA-ATPase in
complex with Npl4 and Ufd1 (Ravid et al., 2006). To determine
whether degradation of Sbh2 is dependent on a functional
Cdc48 complex, we analyzed Sbh2 stability in a cdc48-3 strain
expressing a temperature-sensitive (ts) Cdc48 protein (Ye et al.,
2001). At nonpermissive temperature, overexpressed HA-Sbh2

was significantly stabilized in cdc48-3 cells (Fig. 2 E), consis-
tent with a role for Cdc48 in Sbh2 degradation.

The cytosolic domain of Sbh2 is
dispensable for Sbh2 degradation

Next, we aimed to localize the degron within Sbh2. We first
tested whether the degron is contained within the C-terminal
half of the 88-residue Sbh2 polypeptide by analyzing the stability
of a fusion protein consisting of the soluble Ura3 protein, a HA
epitope tag, and the last 48 residues of Sbh2 (Ura3-HA-Sbh2(aa
41-88); Fig. 3 A). The Sbh2 moiety included the TA sequence
(Sbh2 residues 62-88) and the 21 preceding residues (residues
41-61). This Sbh2 segment was sufficient to render the other-
wise stable Ura3 protein short lived, with a half-life of ~30 min
in sshlA cells (Fig. 3 B). Degradation of the Ura3-HA-Sbh2(aa
41-88) fusion depended on Doal0 in otherwise WT or sshiA
cells (Fig. 3 B).

The destabilizing effect on Ura3 is a specific property of
the Sbh2 sequence, as a similar fusion protein containing the
last 42 amino acids of the TA protein Prm3, was previously
shown to be stable (Kreft and Hochstrasser, 2011). We next
analyzed a fusion protein that contained only five Sbh2 residues
upstream of the Sbh2 TM domain (Ura3-HA-Sbh2(aa 57-88);
Fig. 3 A). This fusion protein was also degraded in a Doal0-
dependent manner in both WT and ssh/A cells (Fig. 3 C), al-
beit more slowly than HA-Sbh2 and Ura3-HA-Sbh2(aa 41-88).
Importantly, the Sbh2 moiety of the Ura3-HA-Sbh2(aa 57-88)
fusion protein was sufficient to confer proper ER membrane
insertion as judged by subcellular fractionation (Fig. 3 D). Cells
lacking SBHI and SBH?2 display a strong growth defect at an
elevated temperature (Finke et al., 1996), which is suppressed
by expression of the TM domain of Sbh1 or Sbh2 (Feng et al.,
2007; Leroux and Rokeach, 2008). Ura3-HA-Sbh2(aa 57-88)
was able to suppress the ts growth phenotype of sbhlA sbh2A
cells (Fig. 3 E), providing additional evidence for correct inser-
tion into the ER membrane.

A similar fusion in which the Ura3-HA sequence was fused
to the last 33 residues of the other yeast Sec61 B-subunit Sbhl,
Ura3-HA-Sbh1(aa 50-82) (Fig. 3 A), was stable in WT, doal0A,
and sshlA as well as doal0A sshlA cells (Fig. 3 F). Consistent
with an earlier study (Biederer et al., 1996), full-length HA-Sbh1
was also stable in WT cells (Fig. 3 G). Together, these results
demonstrated that the degron is contained within the tail anchor
(residues 57-88) of Sbh2.

TM and ER-luminal segments of Sbh2

are required for degradation

To provide additional evidence that the degron is contained
within the C-terminal membrane anchor of Sbh2, a chimeric
protein consisting of the cytosolic domain of the stable Sbhl (aa
1-53) and the last 28 residues of Sbh2 (aa 61-88), HA—Sbh-122 (for
nomenclature, see legend of Fig. 4), was analyzed (Fig. 4 A). In
the absence of Sshl, the HA-Sbh-122 chimera was degraded
with comparable kinetics as the HA-Sbh2 protein (compare
t1p = ~7 min for HA-Sbh2 vs. t;, = ~10 min for HA-Sbh-122;
Figs. 1 C and 4 B). Degradation of the fusion protein was also
evident in WT cells (#;, = ~~13 min), but unlike full-length

Recognition of ERAD-M substrates by Doa10 ¢ Habeck et al.

265

920z Atenige g0 uo 1senb Aq ypd 88080110z A0l/z2588G L/192/2/60Z/4Ppd-alome/qol/Bio ssaidnyy/:dny wol pspeojumoq



266

A

:[21 aa I5aa I5aa

cytosol
ER lumen ‘-‘c h‘c ¢
Ura3-HA- Ura3-HA- Ura3-HA-

Sbh2(41-88) Sbh2(57-88)  Sbh1(50-82)

B WT doa10A ssh1A  doa10A ssh1A

0 30 60120 0 30 60120 0 30 60120 0 30 60120 [min]
kD g g gt | Ura3-HA-
34 Lz Sbh2(41-88)
434__——___-_ _____ _.___|pgk1
C WT doa10A ssh1A  doa10A ssh1A
ko 0 30 60 120 0 30 60120 0 30 60120 0 30 60 120 [min]

- - XF-5 I I = — Ura3-HA-
34*‘ T SR DT EEPRE - = =W= — sbh2(s7-88)

e e — — — — —|Pgk1

D Ura3-HA-Sbh2(57-88) in doa10A ssh1A
— O” _ 8 _
£ b O © %o
= bt © © X ©
o E z =z -z
S P S P S P S P S P
kDJ — ‘
— -— — —— Doa10-13MYC
170 — 0a10-13
434 = -— — -— — | Pgk1
34* - = i Ura3-HA-
s Sbh2(57-88)

empty
vector

HA-Sbh2

Ura3-HA-
Sbh2(41-88)

Ura3-HA-
Sbh2(57-88)

SD-his, 3d incubation

F WT doa10A ssh1A  doa10A ssh1A

0 30 60 120 0 30 60120 0 30 60120 0 30 60 120 [min]
'sﬂ ________________ Ura3-HA-

Sbh1(50-82)
e s ——— e ———— — |Pgk1
G
WT doa10A
kD O 1 2 4 0 1 2 4 [h]

Figure 3.  Mapping of the degron within Sbh2. Analysis of Ura3-HA-Sbh2 fusion proteins. (A) Schematic depiction of Ura3-HA-Sbh2 and Ura3-HA-Sbh1
fusion proteins used in this study. Sequence regions derived from Sbh1 are in light blue, and Sbh2 derived sequences are depicted as double black lines.
(B) The last 48 residues of Sbh2 promote degradation of a stable protein. Degradation of ectopically expressed Ura3-HA-Sbh2(aa 41-88) (low-copy
plasmid; MET25 promoter) in WT, doal0A, ssh1A, and doal0A sshi1A cells. chx chase was performed as in Fig. 1 B. (C) The last 32 residues of Sbh2
promote degradation of a stable protein. Degradation of ectopically expressed Ura3-HA-Sbh2(aa 57-88) as in B. (D) Ura3-HA-Sbh2(aa 57-88) is an inte-
gral membrane protein in ssh1A cells. Subcellular fractionation of doa10A ssh1A cells expressing Ura3-HA-Sbh2(aa 57-88) as in Fig. 1 E. S, supernatant;
P, pellet; TX-100, Triton X-100. (E) Suppression of growth defect of sbh14 sbh2A cells at a high temperature by HA-Sbh2 and Ura3-HA-Sbh2 fusion pro-
teins. Cells were transformed with an empty vector (p413MET25) or a p413MET25-based plasmid encoding HA-Sbh2 or the indicated Ura3-HA-Sbh2
protein. Serial dilutions (sixfold) of cultures were spotted onto plates, and plates were incubated as indicated. Empty vector and HA-Sbh2 lanes are from
one plate (one plate for 30°C and a second one for 38°C). Both Ura3-HA-Sbh2(aa 41-88) and Ura3-HA-Sbh2(aa 57-88) lanes are from plates that were
incubated parallel to the empty vector and HA-Sbh2 plates. (F) The Ura3-HA-Sbh1(aa 50-82) fusion protein is stable. chx chase with ectopically expressed
Ura3-HA-Sbh1(aa 50-82) as in B. (G) Sbh1 is a stable protein. chx chase with ectopically expressed HA-Sbh1 (as in B) in WT and doa10A cells.

HA-Sbh2, nearly the entire HA-Sbh-122 pool was degraded
(Fig. 4 B). In each case, turnover of the fusion protein was depen-
dent on DoalO (Fig. 4 B). This demonstrated that the Sbh2 TA
region consisting of the TM domain and the short ER-luminal do-
main can target an otherwise stable protein for DoalO-dependent
degradation. This is remarkable as all as-of-yet described Doal0O
substrates harbor a cytosolic degron (Hirsch et al., 2009; Brodsky
and Skach, 2011; Finley et al., 2012; Ruggiano et al., 2014,
Christianson and Ye, 2014; Zattas and Hochstrasser, 2015).

To investigate the individual contribution of the Sbh2 TM
and ER-luminal regions to the degron, they were exchanged with
the corresponding Sbh1 sequences (Fig. 4 A). Sbh1 and Sbh2 TA
sequences exhibit strong homology over the TM helix (76%
identity and 24% homology) but differ in primary sequence in the
short ER-luminal tail (albeit both tails share an overall hydrophobic

character; Fig. 4 A). Swapping of the TM helix or the ER-luminal
domain alone, resulting in chimeras HA-Sbh-121 and HA-Sbh-
112 (Fig. 4 A), respectively, failed to destabilize the Sbh1 protein
in sshiA cells (Fig. 4 C), indicating that both contribute to the
functional degron. In support of this notion, replacement of only
the ER-luminal part of Sbh2 with the ER-luminal Sbh1 sequence,
HA-Sbh-221, resulted in nearly complete stabilization in ssh/A
cells (Fig. 4 D). Furthermore, replacement of both TM and ER-
luminal domains of Sbh2 with the Sbh1 sequence also resulted in
a stable protein (HA-Sbh-211; Fig. 4 E). Collectively, these data
strongly implied that the Doal0-specific degron is contained in
the TA sequence of Sbh2 and that both the TM domain and the
short ER-luminal domain contribute to the degron. It is notewor-
thy that each of the aforementioned Sbh1/Sbh2 chimeric con-
structs suppresses the ts phenotype of sbhlA sbh2A cells and
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Figure 4. Investigation of Sbh1/Sbh2 chimeric proteins. Both Sbh2 TM and ER-luminal regions contribute to the degron. (A) Schematic representation of

Sbh1, Sbh2, and Sbh1/Sbh2 chimeric proteins used in this study. Sbh1-derived regions are depicted in light blue, and Sbh2-derived regions are shown
in black. The nomenclature for Sbh1/Sbh2 chimeric proteins is as follows: “Sbh-XYZ" designates a chimeric protein in which the number at position X
indicates the source of the cytosolic domain (“1”: Sbh1; or “2": Sbh2), the number at position Y indicates the source of the TM helix, and the number at
position Z indicates the source of the ER-luminal domain, respectively. (right) Comparison of Sbh1, Sbh2, and Sbh1/Sbh2 chimera TA sequences. Residues
depicted bold in red represent identical residues shared between Sbh1 and Sbh2; residues depicted in light blue are Sbh1-specific residues, and residues
depicted in black indicate residues specific for Sbh2; the black horizontal line indicates the TM helix, and the asterisks indicate Sbh2 residues Seré1 and
Ser68, respectively. N, N terminal; C, C terminal. (B) Degradation of HA-Sbh-122. chx chase as in Fig. 1 B. Note: There are different chase times for WT
and ssh1A strains (30-min chase) and doa10A and doa10A ssh1A strains (120-min chase). (C) Degradation of HA-Sbh1, HA-Sbh-121, and HA-Sbh-112.
All blots are from same experiment/gel but were cropped for clarity (dashed line). (D) Degradation of HA-Sbh-221. (E) Degradation of HA-Sbh-211.

behaves like a membrane protein in subcellular fractionation ex-
periments (Fig. S1, A-C), indicating that each chimera is cor-
rectly inserted into the ER membrane.

Sbh2 TM residue Ser68 is part

of the degron

Having mapped the degron to the TA region (residues 61-88) of
Sbh2, we wanted to investigate the degron at a higher resolution.
Strong sequence conservation exists in the TM helices of Sbhl,
Sbh2, and Sec61 3 subunits in other species (Fig. S2 A; Kinch
et al., 2002). A highly conserved proline is present at the cytosol/
ER membrane interface (e.g., S. cerevisiae Sbh1 Pro54; Fig. 4 A).
Strikingly, unlike the translocon (3 subunit from most other spe-
cies, S. cerevisiae Sbh2 has a serine at this position (Sbh2 Ser61).
Moreover, most eukaryotic Sec61 3 subunits contain a strictly
conserved serine residue within the TM helix (Sbh2 Ser68), ex-
cept for S. cerevisiae Sbh1, where an alanine is present at this po-
sition (Sbh1 Ala61). Sbh2 residues Ser61 and Ser68 are both
predicted to face Sshl (Fig. 5 A; Becker et al., 2009). To investi-
gate the role of Ser61 and Ser68 in Sbh2 degradation, they were
mutated to the corresponding residues present in Sbh1 (S61P and

S68A, respectively), and turnover of each Sbh2 single point mu-
tant was analyzed in sshA cells (Fig. 5 B). Mutation of either of
the two residues resulted in a partial stabilization (Fig. 5 B). The
observed residual degradation was in each case dependent on
Doal0 (Fig. 5, C and D). The combination of the two mutations
(Sbh2(S61P,S68A)) led to a complete stabilization (presumably
through binding to Sec61—see following paragraph; Fig. 5 E).
The introduced point mutations are not likely to have interfered
with proper membrane insertion because the mutant proteins all
suppressed the ts growth defect of sbhlA sbh2A cells (Fig. 5 F).
These data demonstrated that a stepwise conversion of the
Sbh2 TM region into the Sbhl sequence results in progressive
stabilization of the Sbh2 mutant protein. However, neither Sbhl
nor Sbh2 are “free”/unbound inside the cell. Sbhl binds to Sec61,
and Sbh2 binds to Sshl. Binding of Sbh2 to Sshl protects Sbh2
from degradation as does its association with Sec61 (Fig. 1 C;
Finke et al., 1996). This made it difficult to judge whether the
observed stabilization of the analyzed Sbh2 mutants was caused
by an inactivation of the degron itself or whether it resulted
from an acquired capacity to associate with Sec61. To examine
to what extent each Sbh2 mutant binds Sec61, a series of co-IP
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Figure 5. TM-residue Ser68 of the Sbh2 tail anchor is a part of the degron. (A) Sbh2 TA sequence in complex with Ssh1 TM helices 1 and 4. Top view
of the interface of Sbh2 and Ssh1. Sbh2 residues 58-79 and Ssh1 residues 26-53 (TM1) and 148-179 (TM4) are shown. Sbh2 Ser61 and Ser68 are
depicted in red in ball and stick mode. Picture was generated with PyMOL using the atomic coordinates from Protein Data Bank accession no. 2WWA
(Becker et al., 2009). (B) Degradation of HAtagged Sbh2 WT and S61P and S68A point mutants in ssh1A cells. A representative blot is shown. chx chase
was performed as in Fig. 1 B. The graph at right shows the mean degradation rates observed from at least three independent experiments. Error bars
represent + SD (C and D) HA-Sbh2(S61P) and HA-Sbh2(S68A) are stable in doa10A ssh1A cells. chx chase analysis of HA-Sbh2(S61P) and HA-Sbh2(S68A)
stability. (E) HA-Sbh2(S61P,S68A) is stable even in ssh1A cells. chx chase analysis of HA-Sbh2(S61P,S68A) stability. (F) Suppression of growth defect of
sbh1A sbh2A cells at high temperature by mutant Sbh2 variants (S61P), (S68A), and (S61P,S68A), respectively. Growth assay as in Fig. 3 E. Empty vector
and HA-Sbh2 lanes are from one plate. (G) Co-IP analysis of digitonin-solubilized microsomes to investigate the interaction between Sec61 B subunits and
Sec61. WT or mutant HA-Sbh2 was ectopically expressed in doa10A ssh1A cells and was precipitated with anti-HA agarose beads. Precipitates were ana-
lyzed by immunoblotting with the indicated antibodies. The TA Ubcé protein served as a negative control. (H) Co-IP analysis to investigate the interaction
between Secé1 B subunits and Sec61. WT HA-Sbh1 or HA-Sbh2 or mutant HA-Sbh2 was ectopically expressed in SEC61-9MYC ssh1A cells (W303-1B
strain background), and Sec61-9MYC was precipitated with an anti-MYC antibody (rabbit polyclonal). Precipitates were analyzed by immunoblotting with
indicated antibodies. IB, immunoblot.
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experiments were conducted. The three HA-tagged Sbh2 point mu-
tants as well as HA-Sbh1 and HA-Sbh2 were expressed in doal0A
sshlA cells, and corresponding digitonin-solubilized microsomes
were subjected to anti-HA precipitation followed by analysis of
the amount of coprecipitating Sec61 protein (Fig. 5 G). Both,
the HA-Sbh2(S61P) single mutant and the HA-Sbh2(S61P,
S68A) double mutant interacted strongly (comparable to Sbh1)
with Sec61 as judged by the amounts of coprecipitated Sec61
(Fig. 5 G). In stark contrast, HA-Sbh2(S68A), showed only a
weak interaction with Sec61, and the HA-Sbh2 control showed
an even weaker interaction with Sec61 (Fig. 5 G). The specificity
of the co-IP protocol is demonstrated by the fact that the endog-
enous TA protein Ubc6 did not copurify with any of the Sbh2/
Sbh1 proteins (Fig. 5 G). A similar outcome was observed when
the co-IP was reversed in sshlA SEC61-9MYC cells (Fig. 5 H).
Moreover, consistent with the observed individual stabilities of
the different Sbh2 variants, WT Sbh2 interacted most strongly
with a ligase-inactive Doal0 variant (doal0(C39S)-13MYC)
and the S61P,S68A double mutant interacted the weakest with
Doal0 (Fig. S3, A and B). The two single mutants, S61P and
S68A, displayed an intermediate interaction. Furthermore, the
observed interaction for each Sbh2 variant with DoalO corre-
lated with their ubiquitylation efficiency (Fig. S3 C).

In summary, the very weak interaction of Sbh2(S68A) with
Sec61 (Fig. 5, G and H) indicated that the stabilization of the
Sbh2(S68A) mutant in sshlA cells is caused by the (partial) in-
activation of the degron per se and not to a novel, protective as-
sociation with Sec61. The TM residue Ser68 of Sbh2 is a critical
part of the DoalO-dependent degron. Therefore, Doal0 can func-
tion in ERAD-M.

Discussion

Here, we establish the TA protein Sbh2, which is a subunit of the
heterotrimeric Sshl translocon complex in S. cerevisiae, as the
first ERAD-M substrate that is recognized by the ERAD E3

Figure 6. Model for Sbh2 quantity control via
a Doa10-dependent inframembrane degron.
(A) The TA Sbh2 protein associates with the
Ssh1 protein in the ER membrane (1). Together
with a third integral membrane protein, Sss1
(not depicted), Ssh1, and Sbh2 form the het-
erofrimeric Ssh1 complex implicated in cotrans-
lational protein translocation in S. cerevisiae
(besides the heterotrimeric Secé1 complex).
Assembled Sbh2 is stable/protected from deg-
radation. In contrast, unassembled Sbh2 (e.g.,
in ssh1A cells or surplus Sbh2 in WT cells)
is readily degraded via a Doal0-dependent
ERAD pathway involving ubiquitylation (2),
retrofranslocation, and proteasomal degrada-
tion of Sbh2 (3). Ub, ubiquitin. (B) Schematic
depiction of the Doa10-dependent intramem-
brane (ERAD-M) degron of Sbh2. The degron
encompasses the Sbh2 TM domain and the
short ER-luminal domain. The serine residue at

Doa10 Hrd1

+ position 68 (S68) located within the Sbh2 TM

helix is a crucial part of the degron. (C) Assign-

ment of the two major S. cerevisiae ERAD E3

ligases to different ERAD substrate classes. The

+ identification of a Doa10-dependent ERAD-M
substrate, Sbh2, allows assigning Doal0 to
the ERAD-M pathway.

+ +

ligase Doal0. The identification of a Doal0-dependent ERAD-M
degron shows that DoalO has the capacity for recognizing intra-
membrane degrons and allows for the first time to place Doal0 in
the ERAD-M pathway (Carvalho et al., 2006; Hirsch et al., 2009;
Brodsky and Skach, 2011; Finley et al., 2012; Christianson and
Ye, 2014; Ruggiano et al., 2014; Zattas and Hochstrasser, 2015).

Sbh2 is a quantity control substrate

It was previously observed that Sbh2 levels are drastically re-
duced in cells lacking Ssh1, the primary binding partner of Sbh2
(Finke et al., 1996). Here, we show that, under normal condi-
tions, Sbh2 levels are dictated by the quantity of its binding part-
ner Sshl (Fig. 1). Sbh2 can also be stabilized by association with
Sec61, which, however, occurs only in the absence of SSH/ and
SBHI (Fig. 1; Finke et al., 1996). Hence, Sbh2 represents a quan-
tity control substrate, which is rapidly degraded if it fails to as-
sociate with Ssh1 (Fig. 6).

Other unassembled membrane proteins are destroyed
via ERAD. For example, the TCR-a in mammals is degraded
in the absence of the TCR-f chain (Bonifacino et al., 1989).
In yeast, the polytopic Vphl protein, a subunit of the vacuolar
H*-ATPase, is degraded in the absence of the ER resident pro-
tein Vma22 (Hill and Cooper, 2000). Likewise, the yeast 4-TM
Derl1 protein is turned over if it fails to assemble with the Hrd1
ligase complex (Mehnert et al., 2014). The existence of a quan-
tity control pathway for Sbh2 suggests that elevated Sbh2
levels (i.e., in excess over Ssh1l) might be deleterious under
some conditions. Although strong overexpression of Sbh2 did
not result in a detectable growth phenotype under standard
conditions (unpublished data), there could be other circum-
stances under which excess unassembled Sbh2 negatively im-
pacts cell growth.

Sbh2 degradation is Doa10 dependent

HA-Sbh2 degradation is strongly dependent on Doal0 (Fig. 1).
In sshiA cells, HA-Sbh2 steady-state levels are strongly
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decreased, and HA-Sbh? is rapidly degraded. Deletion of DOAI0
in sshlA cells results in an almost complete stabilization of
HA-Sbh2. The second yeast ERAD E3, Hrdl, plays only a minor
role in Sbh2 turnover (Fig. 1). It is not known whether DoalQ
and Hrdl target different pools or conformations of Sbh2. Re-
cently, a third E3, Ubrl, was found to play an ancillary role in
ERAD in yeast (Stolz et al., 2013), but it is unlikely to play a
prominent role in Sbh2 degradation given the nearly complete
stabilization of Sbh2 in doal0A sshiA cells.

Sbh2 contains an intramembrane degron
Analysis of truncated Sbh2 variants fused to Ura3-HA (Fig. 3)
and chimeric proteins in which regions or individual residues
of Sbh2 were replaced by the corresponding Sbhl sequence
(Figs. 4 and 5) allowed us to place the degradation signal within
the TA region of Sbh2. Both the predicted TM helix and the
short intraluminal stretch of Sbh2 are required for formation
of the functional degron (Fig. 4). Several independent lines
of evidence further indicate that the degron is recognized by
Doal0 after membrane insertion of Sbh2, i.e., in context of the
membrane. First, subcellular fractionation experiments demon-
strated that the investigated Sbh2 proteins insert properly into
the membrane even in the absence of Ssh1 (Figs. 1, 3, and S1),
indicating that the turnover of the various Sbh2 variants ana-
lyzed is not caused by defects in membrane insertion. Second,
the analyzed Sbh2 variants are all able to suppress the ts growth
phenotype of sbhlA sbh2A cells (Figs. 3, 5, and S1), which
requires proper insertion into the ER membrane and interaction
with Sec61 or Sshl (Feng et al., 2007; Zhao and Jintti, 2009).
Third, efficient Sbh2 turnover is strongly dependent on the Cdc48
complex (Fig. 2), which is a general requirement for turnover
of membrane-embedded (but not soluble) Doal( substrates
(Ravid et al., 2006).

It was recently reported that the C-terminal hydropho-
bic motifs of a subset of GPI (glycosylphosphatidylinositol)-
anchored proteins are sometimes recognized in the cytosol
before their insertion/translocation and are targeted for deg-
radation via a DoalO-dependent, ERAD-C-like pathway (Ast
et al., 2014). It was also shown that TM segments of low hy-
drophobicity, such as the TCR-a TM helix, often fail to stay
embedded/inserted in the ER membrane and translocate into
the ER lumen where they are recognized and subjected to
ERAD (Feige and Hendershot, 2013). Although the degron is
formally contained within the TM segment in the aforemen-
tioned cases, it is recognized by the ERAD machinery in the
ER lumen or cytoplasm. In contrast, the Sbh2 degron is very
likely to be recognized in the context of the membrane. Turn-
over of what would normally be GPI-anchored proteins occurs
before their membrane insertion and, in contrast to Sbh2, does
not require Cdc48 (Ast et al., 2014). Furthermore, the fact that
the Sbh2 homologue Sbh1, whose ER membrane insertion can
be expected to be identical as that of Sbh2, is a stable protein
(Fig. 3; Biederer et al., 1996) further argues against preinser-
tional degradation of Sbh2. Importantly, unlike the TCR-oo TM
helix, the TM segments of Sbhl, Sbh2, and Sbh2(S68A) all
share a high hydrophobicity (Fig. S2 B), making mislocaliza-
tion as described for unassembled TCR-o subunits unlikely. It
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can thus be concluded that the Sbh2 TM degron is recognized
by Doal0 in context of the membrane.

Additional evidence for a direct contribution of the intra-
membrane region to the degron comes from an Sbh2 variant,
Sbh2(S68A), which bears a single point mutation in the center
of the TM helix at the face of the helix predicted to be in con-
tact with Sshl (Fig. 5). Like WT Sbh2, the Sbh2(S68A) protein
showed only a weak interaction with Sec61 (in sshIA cells), yet it
was significantly more stable than WT Sbh2 (Fig. 5). It is tempt-
ing to speculate that Ser68 is part of the degron/interface recog-
nized by Doal0. As Ser68 is predicted to interact with Sshl, it
seems likely that the DoalO-dependent degron at least partially
overlaps with the Sshl binding interface of the Sbh2 TM helix.
Such a scenario would readily explain why an association with
Sshl protects Sbh2 from being recognized by Doal0.

Our analysis of the Sbh2(S61P) mutant (Fig. 5) indicates
that the amino acid at position 61 of Sbh2, which is located at
the cytosol/ER membrane boundary, is a decisive factor deter-
mining which translocon « subunit is bound. WT Sbh2, with
serine at this position, preferentially associates with Sshl and
only weakly interacts with Sec61 (Fig. 5; Finke et al., 1996).
Exchange of this serine to proline, the corresponding residue in
Sbhl, led to a strong increase in Sec61 binding (in sshIA cells).
Molecular modeling of the Sec61-Sbh2 complex and predic-
tion of binding affinity changes by single point mutations in
Sbh2 supports the hypothesis that the residue at the cytosol/ER
membrane boundary dictates which o subunit Sbh2 binds to
(Fig. S4). In silico, mutating Sbh2 Ser61 to proline increases the
predicted affinity to Sec61 (AAGg;,q = —0.5 kcal/mol). In con-
trast, mutating Sbh1 Pro54 into serine (residue 54 in Sbhl is
equivalent to residue 61 of Sbh2) results in a decreased calcu-
lated affinity for Sec61 (AAGg;yq = +1.17 kcal/mol).

An obvious question is how the Sbh2 ERAD-M degron is
recognized by Doal0O. Recently, it has been shown that Hrd1l
directly recognizes ERAD-M degrons via its TM region (Sato
et al., 2009). ERAD-M degrons are believed to display some
hydrophilicity in the TM region, and selected hydrophilic TM
residues of the Hrd1 polypeptide have been shown to be crucial
for substrate recognition (Sato et al., 2009). Like Hrd1, Doal0O
also contains several hydrophilic TM residues. It is therefore
tempting to speculate that the Sbh2 intramembrane degron is
directly recognized by DoalO TM residues. Future work will
show whether or not this is true.

Our data reveal that the short ER-luminal stretch of Sbh2
is part of the degron (Fig. 4). Replacement of the last five resi-
dues of Sbh2 by the last six residues of Sbh1 resulted in a stable
chimera (Fig. 4). Because the ER-luminal tail of Sbh2 is pre-
sumably too short (and too close to the membrane) to be bound
by luminal factors such as the Hsp70 chaperone Kar2, it seems
likely that the short luminal sequence of Sbh2 is also recog-
nized directly by Doal0. Considering the hydrophobic nature
of the last five residues of Sbh2 (FTHII), it is possible that this
region remains largely within the membrane bilayer.

The human orthologue of Doal0, MARCHG6/TEBA4, is
a member of the mammalian membrane-associated RING-
CH (MARCH) protein family (Bartee et al., 2004). Most viral
and mammalian MARCH proteins are characterized by an
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N-terminal RING-CH domain and only two TM domains, and
many of these are involved in ubiquitylation of surface recep-
tors to trigger their endocytosis or function as ERAD E3s (Wang
et al., 2008; Nathan and Lehner, 2009). For several MARCH
proteins, TM interactions between the MARCH protein and its
substrate are essential for substrate down-regulation (e.g., for
the viral kk3 and mk3 [Coscoy and Ganem, 2001; Wang et al.,
2004] and the mammalian MARCHI1 protein [Corcoran et al.,
2011]). Our data suggest that MARCHG6 may also be able to rec-
ognize some of its substrates via intramembrane interactions.

Comparison of Sbh2 and UbcB

TA sequences

Sbh2 is not the only TA protein known to interact with DoalO.
The TA E2 enzyme Ubc6 is one of two E2s functioning with
Doal0 and is also a DoalO substrate (Swanson et al., 2001).
DoalO-dependent degradation of Ubc6 requires both the tail an-
chor and the E2 activity of Ubc6 (Walter et al., 2001). However,
the Ubcb6 tail anchor does not represent a degron as the Ubc6
TA sequence alone is not sufficient to confer a short half-life to
Ubc6 or an otherwise stable reporter (Fig. S5; Walter et al.,
2001; Kreft and Hochstrasser, 2011; a degron is defined as a
minimal element within a protein that is sufficient for recogni-
tion and degradation by a proteolytic apparatus [Varshavsky,
1991]). In contrast, the TA sequence of Sbh2 is sufficient to
confer a short half-life to an otherwise stable reporter (Figs. 3
and S5) and hence represents a de facto (ERAD-M) degron
(making Sbh2 the first ERAD-M substrate of Doal0). The dif-
ferential behavior of DoalQ toward the Sbh2 and Ubc6 TA se-
quences further highlights the multifaceted interactions of DoalO
with TA sequences and intramembrane degrons.

This study describes the first intramembrane degron that
is recognized by the ERAD E3 ligase DoalO. The Doal0-
dependent degradation of an ERAD-M substrate challenges the
notion that ERAD-M substrates are exclusively recognized by
Hrdl (Fig. 6). Although Hrd1 might represent the major ERAD-M
E3 ligase (based on the number of ERAD-M substrates already
identified), it is likely that Doal0 recognizes additional, uniden-
tified ERAD-M substrates. Recently, the squalene monooxygen-
ase Ergl has been identified as a Doal0 substrate (Foresti et al.,
2013). The stability of the 2-TM Ergl polypeptide is regulated
by lanosterol. In analogy to the Hrdl ERAD-M substrate Hmg2,
Ergl could represent a DoalO-dependent ERAD-M substrate.
Future work is needed to test this possibility and to identify ad-
ditional Doal0 ERAD-M substrates.

Materials and methods

Yeast and bacterial methods

Yeast rich (YPD [yeast, peptone, dextrose]) and minimal (SD [synthetic dex-
trose]) medium/plates were prepared as described previously (Guthrie
and Fink, 1991); yeast strains and cultures were grown at 30°C unless in-
dicated otherwise. All plasmids and yeast strains used in this study are
summarized in Tables ST and S2. Unless indicated otherwise, yeast strain
background was BY4741.

Antibodies

The following antibodies were used: anti-HA mouse monoclonal antibody
HA.11 (Covance), anti-MYC mouse monoclonal antibody 9E10 (Covance),
anti-MYC rabbit polyclonal antibody sc-789 (Santa Cruz Biotechnology,

Inc.), anti-Pgkl mouse monoclonal antibody 22C5 (Molecular Probes),
anti-Ubcé rabbit polyclonal antiserum (raised against an bacterially ex-
pressed N-terminally His¢tagged version of S. cerevisiae Ubc6™ without
TM domain; Walter et al., 2001), and anti-Sec61 rabbit polyclonal antise-
rum raised against a peptide corresponding to the C terminus of S. cerevi-
siae Sec61 plus an additional N-terminal cysteine (CLVPGFSDLM; Panzner
etal., 1995) were gifts from T. Sommer (Max-Delbriick Center, Berlin, Ger-
many). Secondary antibodies were peroxidase-conjugated goat anti-rabbit
(Dianova) and peroxidase-conjugated goat anti-mouse (IgG; specific; Jackson
ImmunoResearch Laboratories, Inc.).

Preparation of cell extracts

Cell extracts were prepared as previously described (Loayza et al., 1998). In
brief, 2.5 OD4o of log-phase yeast cultures were lysed by g-mercaptoethanol/
NaOH and vigorous vortexing, and proteins were precipitated in 5% TCA.
The pellet was resuspended in SDS gel loading buffer.

chx chase/immunoblot analyses

0.25 mg/ml chx was added to log-phase yeast cultures, and cell aliquots
were removed at the indicated times after addition. Cells were harvested
by centrifugation and resuspended in cold STOP mix (0.5x SD and 10 mM
NaNs). After preparation of lysates (see Preparation of cell exiracts), proteins
were separated by SDS-PAGE and electrotransferred onto a polyvinylidene
fluoride membrane (EMD Millipore). Immunodetection was performed with
appropriate primary antibodies and horseradish peroxidase-conjugated
secondary antibodies. Inmunoreactive species were visualized using the
ECL system (Western Lightning Plus-ECL; PerkinElmer). Protein degradation
rates were determined using an imaging system (LAS-3000; Fujifilm) and
AIDA image analyzer software (Bio Imaging). Values for each time point
were normalized using an anti-Pgk1 loading control.

Ubiquitylation assay

Substrate ubiquitylation was examined essentially as described previously
(Loayza et al., 1998). In brief, cells coexpressing HA-Sbh2 (or FLAG-Sbh2)
together with a copper-induced N-erminally MYC-tagged ubiquitin were
incubated in media containing 100 yM CuSO,. Where indicated (i.e., for
pdr5A strains; Fig. S3 C) proteasome inhibitor MG 132 (Sigma-Aldrich) dis-
solved in DMSO was added to a final concentration of 50 pM 2 h before
cells were harvested. Cell lysates were prepared using the g-mercaptoethanol/
NaOH extraction procedure as described (Preparation of cell exiracts)
with 5 mM N-ethylmaleimide (Sigma-Aldrich) being present throughout the
preparation. After TCA precipitation, protein pellets were resuspended in
TCA sample buffer (3.5% SDS, 0.5 M DTT, 80 mM Tris, 8 mM EDTA,
15% glycerol, and 4 mg/ml bromophenol blue) and boiled. Exiracts were
diluted 30-old with cold dilution buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 5 mM EDTA, and 1% Triton X-100) containing protease inhibitors
(1 pg/ml aprotinin/leupeptin, 2 pM pepstatin, and 1 mM Pefabloc) and
5 mM N-ethylmaleimide. The extract was precleared with protein A-
Sepharose beads (GE Healthcare) before HA-Sbh2 was precipitated with
anti-HA agarose beads (Sigma-Aldrich). Beads were collected and washed
with cold dilution buffer. After addition of sample buffer containing 8 M
urea and 50 mg/ml DTT, samples were boiled before gel loading. Proteins
were visualized by immunoblotting (see chx chase/immunoblot analyses).

Co-lP

Cell lysis and IP were performed as previously described (Stuerner
etal., 2012). After cell lysis, the membrane fraction was solubilized in 1%
digitonin (Serva); for anti-HA IP, anti-HA agarose beads (Sigma-Aldrich)
were used, and for anti-MYC IP, polyclonal rabbit anti-MYC antibody
was first added to the lysate, and antigen—antibody conjugates were
coupled to preequilibrated protein A-Sepharose beads (GE Healthcare).
Proteins were visualized by immunoblotting as described (chx chase/
immunoblot analyses).

Spot growth assay

Overnight precultured cells grown at 30°C were diluted to an OD of Aggo =
0.2 and spotted in a sixfold dilution series (2.5 pl/spot) in parallel onto
SD-His plates. Plates were incubated at 30°C or 38°C for 2-3 d.

Proteasome inhibition

Cells were grown in selective media to mid-log phase. After an aliquot
was taken, the culture was divided into two and proteasome inhibitor
MG132 (dissolved in DMSO; final concentration 50 pM) was added to
one culture, and an equivalent amount of DMSO was added to the second
culture. Cultures were incubated for 3 h before cells were harvested. Ly-
sates were prepared as described (Preparation of cell extracts).
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Fluorescence microscopy

Yeast cells were grown to log phase in minimal medium, and 1 OD¢go of
cells was harvested. Cells were fixed with 4% (vol/vol) paraformaldehyde
in PBS for 30 min at room temperature. Cells were washed twice with PBS
and resuspended in 50 pl PBS. 2.5 pl of the resulting suspension was spot-
ted on a slide and sealed under a coverslip. Confocal microscopy was
performed at the Bioimaging Cenfer at the University of Konstanz, Ger-
many, using a point laser scanning confocal microscope (LSM 510 Meta;
Carl Zeiss) with a 100x (NA = 1.4) Plan Apochromatic correction Carl
Zeiss objective. Images were captured using the internal detectors of the
microscope with Efficient Navigation (ZEN 2008; Carl Zeiss) software at
room temperature and were transferred to Image) (National Institutes of
Health) for background subtraction and Photoshop CS4 (Adobe) for con-
trast and brightness adjustments.

Subcellular fractionation

Yeast subcellular fractionation was performed as previously described
(Swanson et al., 2001) with minor alterations. Log-phase doal0A sshi1A
yeast cells expressing the indicated HA-tagged Secé1 B subunit from a
plasmid were mixed at a 5:1 ratio with log-phase yeast cells expressing
Doa10-13MYC from the DOA10 locus directly before cell harvest (Doa10-
13MYC served as an integral membrane protein control). 25 ODggo of
cells were harvested, and cell pellets were washed with H,O before
cells were resuspended in 500 pl cold fractionation buffer (FB; 200 mM
p-mannitol, 150 mM NaCl, 20 mM sodium phosphate, and 1 mM MgCl,) plus
protease inhibitors. After glass bead lysis, the beads were washed three
times with 200 pl FB plus protease inhibitors. The initial supernatant and
supernatants from washing steps were combined and cleared by centrifu-
gation (600 g for 5 min at 4°C). The resulting supernatant was split into
five aliquots, and each aliquot was subjected to one of the following treat-
ments (1-h incubation on ice with occasional mixing): FB alone, 0.5 M
NaCl, 0.1 M Na,CO;3, pH 11.5, and 2.5 M urea or 1% Triton X-100 and
0.5 M NaCl. After incubation, the lysates were separated into pellet (P)
and supernatant (S) fractions by centrifugation (16,100 g for 30 min at
4°C). Pellet fractions were washed with FB containing the respective
supplements and centrifuged again (16,100 g for 10 min at 4°C). The
resulting supernatant fractions were discarded, and pellet fractions were
resuspended in FB contfaining the appropriate supplements. Both the initial
supernatant and the “washed” and resuspended pellet were subjected to
TCA precipitation (5% TCA). After centrifugation (16,100 g for 10 min at
4°C), the protein pellets were resuspended in 35 pl TCA sample buffer
(3.5% SDS, 0.5 M DTT, 80 mM Tris, 8 mM EDTA, 15% glycerol, and
4 mg/ml bromophenol blue) plus 15 pl of 4x sample buffer. Samples were
incubated for 15 min at 37°C before gel loading.

In some cases, it was only determined whether a given Secé1 g
subunit is present in the crude microsome fraction. As described in the pre-
vious paragraph, log-phase ssh1A doal0A cells expressing the indicated
tagged Sec61 B subunit were mixed with log-phase cells expressing
Doal0-13MYC. Cells were harvested and resuspended in 300 pl cold FB
plus protease inhibitors. After glass bead lysis, the lysate was cleared, and
the resulting supernatant was divided into two (input and fractionation
sample). The fractionation sample was centrifuged (16,100 g for 20 min
at 4°C), the resulting supernatant contained the soluble proteins, and the
pellet represented the crude microsome fraction. The pellet was washed
and resuspended in FB plus protease inhibitors. Proteins in the input, super-
natant, and resuspended pellet (crude microsomes) fractions were precipi-
tated in 5% TCA, resuspended, and evaluated by immunoblotting.

Online supplemental material

Fig. S1 shows analysis of Sbh1/Sbh2 chimeric proteins. Fig. S2 shows a
sequence alignment of Cterminal regions of Secé1 8 subunits and hydro-
phobicity of Sbh1, Sbh2, and Sbh2(S68A) TM domains. Fig. S3 shows
Doa10 interaction with Secé1 B subunits and ubiquitylation of WT and mu-
tant Sec61 B subunits. Fig. S4 shows modeled Sec61 complex with Sbh2.
Fig. S5 shows degradations assays with Ura3-HA-Ubcé6TM and Ura3-HA-
Sbh2(aa 41-88). Table S1 lists plasmids used in this study. Table S2 lists
yeast strains used in this study. Online supplemental material is available

at http://www.jcb.org/cgi/content/full /jcb.201408088/DC1.
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