The EMBO Journal (2006) 25, 533-543 | © 2006 European Molecular Biology Organization | All Rights Reserved 0261-4189/06

www.embojournal.org

THE

EMBO

JOURNAL

Membrane and soluble substrates of the Doa10
ubiquitin ligase are degraded by distinct pathways
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The yeast Doal0 ubiquitin (Ub) ligase resides in the
endoplasmic reticulum (ER)/nuclear envelope (NE),
where it functions in ER-associated degradation (ERAD).
Doal0 substrates include non-ER proteins such as the
transcription factor Mata2. Here, we expand the range of
Doal0 substrates to include a defective kinetochore com-
ponent, a mutant NE membrane protein, and a substrate-
regulated human ER enzyme. For all these substrates,
Doal0 requires two Ub-conjugating enzymes, Ubc6 and
Ubc?7, as well as the Ubc? cofactor Cuel. Based on a novel
genomic screen of a comprehensive gene deletion library
and other data, these four proteins appear to be the only
nonessential and nonredundant factors generally required
for DoalO-mediated ubiquitination. Notably, the Cdc48
ATPase facilitates degradation of membrane-embedded
Doal0 substrates, but is not required for any tested soluble
Doal0 substrates. This distinction is maintained even
when comparing membrane and soluble proteins bearing
the same degradation signal. Thus, while Doal0 ubiquiti-
nates both membrane and soluble proteins, the mechan-
isms of subsequent proteasome targeting differ.
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Introduction

Protein degradation plays an essential role in many biological
processes. In eukaryotes, the most common mechanism
for degrading intracellular proteins is by the ubiquitin
(Ub)-proteasome system (Hochstrasser, 1996; Pickart, 2001;
Varshavsky, 2005). Polymers of Ub are ligated to the substrate
protein, leading to the recognition and destruction of the
substrate by the 26S proteasome. For Ub-protein conjugation,
Ub is first activated in an energy-dependent reaction by Ub-
activating enzyme (E1), followed by transfer of the Ub to a
Ub-conjugating enzyme (E2). The E2, together with a third
factor, a Ub-protein ligase or E3, transfers Ub to the target
protein. E3s are enzymes that stimulate E2-dependent ubi-
quitination of substrates; because they usually bind directly
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to substrates, E3s are often the principal factors dictating
substrate recognition (Pickart, 2001).

Substrates contain degradation signals or degrons that
are recognized by an E3 or E3-E2 complex (Laney and
Hochstrasser, 1999). Degrons vary greatly between sub-
strates, and only a few have been characterized in detail.
The Saccharomyces cerevisiae Mata2 transcription factor is
a nuclear protein that is degraded by the Ub system. Two Ub
pathways are required for normal rates of o2 degradation
(Chen et al, 1993; Swanson et al, 2001). The first involves the
E2s Ubc4 and Ubc5. The second pathway utilizes the endo-
plasmic reticulum (ER)-localized E2s Ubc6 and Ubc7 and
the ER/nuclear envelope (NE) transmembrane E3 DoalO.
The latter pathway recognizes a well-defined degron called
Degl (Johnson et al, 1998).

Whereas o2 degradation serves a regulatory purpose
(Laney and Hochstrasser, 2003), many misfolded or other-
wise faulty proteins are detected by ‘quality-control’ mechan-
isms and are also rapidly degraded by the Ub system. Failure
of such quality control leads to the accumulation of misfolded
proteins, which is associated with multiple human degenera-
tive disorders (Ciechanover and Schwartz, 2004). A well-
known site of protein quality control is the ER, where both
luminal and membrane proteins, if not correctly folded or
assembled, are degraded in a process called ER-associated
degradation (ERAD). ERAD of membrane proteins involves
their ubiquitination and retrotranslocation to the cytosol for
degradation by the proteasome (Hampton, 2002; Hirsch et al,
2004).

Unexpectedly, some of the same Ub enzymes that partici-
pate in the proteolysis of soluble cytosolic or nuclear proteins
also mediate membrane protein degradation at the ER. Mata:2
was the first identified substrate for Ubc6, Ubc?7, and Doal0,
but these enzymes also have membrane protein substrates.
Two mutant plasma-membrane transporters, Pmal-D378N
and Ste6-166, are rapidly degraded in the ER by the Doal0
pathway, as is Ubc6 itself (Swanson et al, 2001; Wang and
Chang, 2003; Huyer et al, 2004; Vashist and Ng, 2004). The
other major yeast ERAD pathway involves the Hrd1/Der3 E3
and Ubc?7 E2, which also targets both naturally short-lived
and aberrant proteins, the latter including a mutant vacuolar
carboxypeptidase Y called CPY* (Hampton, 2002; Hirsch
et al, 2004). However, one apparent difference between
yeast Doal0 and Hrd1 is that the Doal0 pathway recognizes
both membrane proteins and soluble proteins of the cyto-
plasm/nucleus, whereas Hrd1 recognizes only membrane or
luminal substrates.

The ability of the Doal0 pathway to recognize both mem-
brane and nonmembrane proteins raises the question
of whether both substrate classes have the same types
of degrons. One difficulty in addressing this has been that
all the known membrane substrates of Doal0 were aberrant
proteins (except Ubc6, which is part of the Doal0 complex),
while no soluble quality-control substrate had been identi-
fied. The recognition of regulatory and quality-control
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substrates might involve distinct features regardless of
whether they are membrane or soluble proteins. To help
untangle these factors, we sought and now report a number
of new Doal0 targets, including a mutant nonmembrane
protein subject to quality control and a functional membrane
protein. Conversely, we have constructed a matched set of
soluble and membrane proteins with the same degron and
show that they are all efficient Doal0 substrates.

We were also interested in whether the proteolytic path-
ways for soluble and membrane DoalO substrates showed
any divergence. Our data indicate that membrane-embedded
Doal0 substrates, but not soluble ones, require the Cdc48-
Ufd1-Npl4 ATPase complex and the Rad23 and Dsk2 poly-Ub
receptors for their degradation. The distinction is maintained
even if the membrane and soluble proteins carry the same
degron. This is the first identified substrate property that
predicts the proteasomal targeting route among different
substrates sharing the same Ub ligase. For both classes of
substrate, the same four proteins—Doal0, Ubc6, Ubc7, and
Cuel—are necessary for ubiquitination. A novel genome-
wide screen with a Degl-based substrate as well as further
analysis of a previous selection that used a mutant nuclear
substrate (Kopski and Huffaker, 1997) both yielded only these
factors. Our results indicate that a diverse array of substrates,
both membrane and nonmembrane, can be recognized by
an ER-embedded Doal0 complex, and they also suggest
that naturally short-lived regulatory proteins and aberrant
quality control targets are likely to share related recognition
determinants.

Results

As a way to find new Doal0 substrates, we scanned the
literature for proteins whose degradation in yeast appeared to
depend strongly on both Ubc6 and Ubc?7 because previously
identified substrates of DoalO required both of these E2s.
Three candidate proteins were identified: mutant versions of
yeast Ndc10 and Mps2, and the human type II iodothyronine
deiodinase. A series of synthetic degron fusions were also
regarded as potential targets.

The Ndc10-2 kinetochore protein is a Doa10 pathway
substrate

One potential substrate was the mutant Ndcl0-2 protein
(Kopski and Huffaker, 1997). Ndcl0 is a subunit of the
centromeric DNA-binding CBF3 complex and also associates
with intranuclear mitotic spindle microtubules (Muller-
Reichert et al, 2003). The temperature sensitivity of the
ndcl0-2 mutant is suppressed by loss of Ubc6 or Ubc?
(Kopski and Huffaker, 1997). This might reflect metabolic
stabilization of a partially functional Ndc10-2 protein.

We combined the ndcl0-2 allele with either cuelA (Cuel
anchors Ubc7 to the ER) or doalOA to determine if these
Doal0 pathway components also suppressed ndcl0-2 tem-
perature sensitivity. This was indeed observed (not shown).
To address whether suppression correlated with changes in
the degradation of Ndcl0-2, we analyzed its rate of disap-
pearance after protein synthesis was blocked (Figure 1A).
Minimal degradation of wild-type NdclO protein occurred
during the 1h chase, but mutant Ndcl0-2 protein rapidly
disappeared under these conditions. Most importantly,
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degradation of Ndcl0-2 protein was strongly inhibited by
the deletion of either CUEI or DOAIO.

Extragenic ndc10-2 suppressor mutations in DOA10
and CUE1

Kopski and Huffaker (1997) found four complementation
groups in their screen for suppressors of ndci0-2. Two of
them, kisI and kis2, had mutations in UBC7 and UBCG6,
respectively (Table I). The genes affected by the kis3 and
kis4 mutations were not identified. To test if kis3 and kis4
strains also harbored mutations in known or unknown
components of the Doal0 pathway, we transformed them
with a plasmid encoding Degl-Ura3, a convenient reporter for
Doal0 pathway function. Wild-type cells rapidly degrade the
reporter protein. Ura3 is required for uracil synthesis, and its
rapid degradation prevents cells from growing on medium
lacking uracil (SD-ura) (Chen et al, 1993). Doal0 pathway
mutants are strongly impaired in Degl-Ura3 turnover, allow-
ing growth on SD-ura. As shown in Figure 1B, the kis3 and
kis4 mutants also grew well under these conditions. We next
tested whether the kis3 and kis4 strains might have muta-
tions in Cuel or DoalO. The Degl-Ura3-based growth assay
was used for complementation analysis. Growth on SD-ura
was observed only for the crosses between doal0OA and
kis3-66 and between cuelA and kis4-14 (Figure 1C). These
data suggested that kis3-66 is a mutant allele of DOAI0 and
kis4-14 is a mutation in CUEI (Table I). In support of this,
no Doal0 protein was detected by anti-Doal0 immunoblotting
in kis3-66 cells, unlike wild-type or kis4-14 cells (Figure 1D),
and sequencing of the CUEI gene from the kis4-14 strain
revealed a single C-to-T transition at nucleotide 250 in the
ORF, changing Q84 to a stop codon.

Synthetic degron-protein fusions are Doa10 substrates
Another group of short-lived proteins that were identified as
Ubc6/Ubc7/Cuel-dependent substrates were the artificial
SL17/CL degron fusions of Gilon et al (2000). Short peptides
derived from a library of random yeast DNA inserts fused
downstream of either the Escherichia coli gene for -galacto-
sidase (Bgal) or yeast URA3 conferred rapid degradation on
the encoded proteins. Degradation of a fgal-SL17 fusion was
strongly impaired in doalOA cells (Figure 2A). Consistent
with this, when wild-type and doalOA cells expressing a
Ura3-SL17 fusion were compared for growth on SD-ura,
robust growth was only seen in doalOA (Figure 2B).
Growth analysis of six different Ura3-CL degron fusions
gave similar results. Interestingly, these fusions with Ura3
localized to the cytoplasm and were apparently excluded
from the nucleus (Figure 2C), in contrast to Degl-protein
fusions, which concentrate in the nucleus.

Diverse membrane protein targets of Doa10

The preceding data are consistent with the idea that Doal0 is
principally involved in recognizing degradation determinants
on the cytosolic side of the ER membrane, while Hrd1 may
mostly monitor luminally exposed structural features (Vashist
and Ng, 2004). Relatively few proteins have been analyzed,
however, so it is not certain that this will be generally true.
Specificity for the Hrd1 and DoalO E3s might arise through
their recognition of substrate features on the same side of the
membrane or the partitioning of E3s and substrates to
different membrane subdomains. A broader range of mem-

©2006 European Molecular Biology Organization



Substrates of the Doa10 ubiquitin ligase
T Ravid et al

A Q
Qﬁv cuelA doa10A
O(," ndc10-2 ndc10-2 ndc10-2 NDC10
W 0 30 60 0 30 60 0 30 60 0 30 60 min
100 — — — e e e = | NIC10
80 —

|- E— c——

|
i
|

—-|_*

B SD-leu

SD-ura

kis3

kis4
wr ! x cuelA

x doa10A
WT kis4

kis3

D WT  kis3 kisd
250 —
150 —| e— S - Doa10
100 —

Figure 1 The Ndc10-2 kinetochore protein is a short-lived substrate of the Doal0 pathway. (A) Degradation of Ndc10-2 protein in doal0A and
cuelA cells. Cycloheximide was added 15 min after shifting them to 37°C, and aliquots of cells were removed at the indicated times. Lysates
were analyzed by anti-Ndc10 immunoblotting. A strain with the chromosomal NDC10 tagged with the TAP-tag coding sequence (lane 1) was
used as a control for antibody specificity. Asterisk, a crossreacting protein that served as a loading control. (B) Two previously isolated
suppressors of ndcl0-2 are also defective for Degl-mediated proteolysis. Strains carrying the suppressor mutations kis3-66 and kis4-14 were
transformed with a LEU2 plasmid expressing the fusion Degl-Ura3. Failure to degrade this protein rapidly allows growth on uracil.
(C) Complementation analysis demonstrates that kis3-66 has a mutation in DOA10 and kis4-14 a mutation in CUEI. The strains on the
upper half of the plate were mated to cuelA, while those on the bottom half were mated to doal0OA cells. Two diploids from each cross were
streaked on each plate. (D) Anti-Doal0 immunoblot analysis of kis mutants.

Table I Gene assignments for the ndc10-2 suppressors (Kopski and
Huffaker, 1997)

Complementation Alleles Gene Reference

group

kisl 10 UBC7 Kopski and Huffaker (1997)
kis2 3 UBC6 Kopski and Huffaker (1997)
kis3 10 DOAIO  This study

kis4 1 CUEI This study

brane substrates for both E3s will be needed to determine the
relative importance of these different mechanisms.

One candidate membrane substrate for Doal0 was the
mutant Mps2-1 protein (McBratney and Winey, 2002).
Mps2 is a single-pass membrane protein that helps tether
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the spindle pole body (SPB), the yeast equivalent of the
vertebrate centrosome, to the NE. The thermolabile Mps2-1
point mutant is short-lived; when cells are shifted to high
temperature, the protein disappears from SPBs (McBratney
and Winey, 2002). The growth defect of mps2-1 cells at 36°C
is suppressed by deleting CUE1, UBC6, or UBCZ7, but not
HRDI, and the rapid degradation and SPB depletion of Mps2-
1 protein is also strongly inhibited by cuelA. We deleted
DOAI10 from mps2-1 cells to determine if this would also
suppress mps2-1 temperature sensitivity (Figure 3A). Four
independent mps2-1 doalOA strains were tested. All showed
strong suppression of the mps2-1 growth defect at 36°C,
consistent with stabilization of a partially functional protein.

The human deiodinase D2 (Dio2) has its N-terminal end
inserted in the ER membrane (Botero et al, 2002). This short-
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Figure 2 Doal0 substrates include a series of cytoplasmic synthetic
degron fusions. (A) Degradation of a fusion of the SL17 degron with
Bgal measured by pulse-chase analysis at 30°C. (B) Growth on SD-
ura of wild-type (WT) and doalOA (A) cells expressing fusions of
the indicated degrons to Ura3. (C) Cytoplasmic localization of Ura3-
HA-SL17 detected by anti-HA immunofluorescent staining in
doalOA. Staining was similar in WT and doalOA cells, but much
brighter in the latter; three fusions (SL17, CL1 and CL2) were tested
and gave similar results. Scale bar, 5pm.

lived enzyme converts the thyroid hormone thyroxine (T4) to
its active form; high levels of T4 increase the rate of Dio2
degradation. Dio2 proteolysis shows similar features when
expressed in human and yeast cells. In particular, Ubc6 and
Ubc?7 have been implicated in Dio2 ubiquitination in both
organisms, and T4 stimulates Dio2 degradation in yeast as
well (Botero et al, 2002). We therefore asked whether Doal0
was important for Dio2 degradation (Figure 3B). As expected,
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Figure 3 Degradation of a mutant transmembrane NE protein and
a human ER-localized enzyme requires Doal0. (A) Mps2-1 is
degraded by the Doal0O pathway. The DOAI0 locus was deleted in
an mps2-1 strain; the double mutant is shown alongside the original
mps2-1 mutant and a wild-type (WT) control. Cells were grown on
YPD for 3 days. (B) Degradation of the human ER-localized Dio2
requires Doal0 in yeast. Anti-FLAG immunoblotting was carried out
for the indicated strains expressing the deiodinase D2-FLAG from a
galactose-regulated promoter. The two selenocysteine codons in
Dio2 were changed to cysteine for expression in yeast (Botero
et al, 2002). Last lane, WT strain transformed with empty vector.

deletion of either Ubc6 or Ubc7 caused much greater accu-
mulation of Dio2 than in wild-type cells, where the protein
was barely detectable. Similarly, high levels of Dio2 were
observed in doalOA and doalOA hrdIA cells, but not in
hrdIA. We conclude that the naturally short-lived Dio2
deiodinase is a substrate of Doal0 in yeast.

Together with earlier data on membrane protein substrates
of Doal0, the new findings with Mps2-1 and Dio2 indicate
that many structurally diverse membrane proteins can be
ubiquitinated by Doal0. Some of these can be considered
quality-control substrates, whereas others are wild-type
proteins that are rapidly degraded as part of their normal
regulation.

A genomic screen for genes required for Doa10 pathway
function

Besides E2 and E3 enzymes and the proteasome, additional
proteins generally are required for efficient degradation of
ERAD substrates. These proteins participate in various stages
of the proteolytic pathway, such as substrate recognition,
retrotranslocation, and trafficking to the proteasome (Hirsch
et al, 2004). Previous genetic screens for factors involved in
the degradation of o2 identified the E2 and E3 enzymes of the
Doal0 pathway as well as proteasome subunits and protea-
some regulators. Only the Ubc6 and Ubc7 E2s (and the Ubc?
cofactor Cuel) and the Doal0 E3 were shown to be crucial for
Degl-mediated ubiquitination. To identify potential addi-
tional factors that contributed to the ubiquitination and
degradation of Degl-bearing substrates, we performed a
high-throughput screen of a library of ~4800 viable yeast
gene deletion strains using synthetic genetic array (SGA)
technology. Our proteolytic reporter was a fusion of Degl to
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Table II Mutants identified from genomic deletion screen with DegI-Ura3-HA3

Systematic name Standard name RG? Functional description
Ubiquitin conjugation
YMRO22W UBC?7 4 Ubiquitin-conjugating enzyme
YMR264W CUE1 4 Recruits Ubc7 to the ER
YILO30C DOA10 4 E3 ubiquitin ligase
Proteasome
YDL020C RPN4 2 Transcriptional activator for proteasome genes
YBR173C UMP1 3 20S proteasome maturation factor
YDR363W-A SEM1 3 26S proteasome regulatory subunit
Chromosome/cell cycle/DNA replication
YGR188C BUBI1 3 Protein kinase that functions in spindle checkpoint
YOR026W BUB3 3 Spindle checkpoint protein; binds Bubl
YPLOOSW CHL1 2 Helicase, required for sister chromatid cohesion
YPR141C KAR3 3 Kinesin related, required for sister chromatid cohesion
YHR191C CTF8 2 Replication factor, required for sister chromatid cohesion
Telomerase
YLR233C EST1 2 Telomerase holoenzyme subunit
YLR318W EST2 2 Telomerase catalytic subunit
YILO09C-A EST3 2 Telomerase holoenzyme subunit
Other
YPR131C NAT3 3 Catalyzes acetylation of N-terminal methionine of proteins
YJL092W SRS2 3 DNA helicase, disassembles Rad51 filaments

“Relative growth value was based on three to four independent growth assays (scales 1-4, 4 = fastest).

Ura3 and a triplicated HA epitope (Degl-Ura3-3HA). Rapid
degradation of the fusion protein in wild-type cells prevents
them from forming colonies on SD-ura, but mutations that
hinder its degradation lead to uracil prototrophy.

The chromosomally integrated Degl-URA3-3HA reporter
was introduced into each of the single gene deletion yeast
strains by the SGA method (Materials and methods). Over
99% of the 4753 deletion strains were successfully crossed
and selected to carry both the reporter and the individual
gene deletion. These were then pinned onto SD-ura plates.
In all, 47 strains grew on the selective media. These strains,
along with a negative control ArdIA strain, were transferred
to a master plate and rescreened on SD-ura, leaving 17
mutants that consistently grew faster than controls
(Table II; Supplementary Figure S1A). Four strains grew
much faster than the rest: cuelA, doalOA, ubc7A, and
nupl20A. The first three inactivate known components of
the Doal0O ubiquitination pathway (ubc6A was not in the
library), while the fourth lacks the nuclear pore protein
Nup120.

Among the deletion strains that grew on SD-ura plates but
more slowly were strains lacking subunits or regulators of the
proteasome: the Sem1 regulatory subunit, the Ump1 matura-
tion factor, and the Rpn4 proteasomal gene regulator. Most
proteasome components are essential for viability and were
therefore not present in the deletion library. Deletions of two
nonessential proteasome subunits, Pre9 and Rpnl0, do not
impair Degl-mediated proteolysis (Velichutina et al, 2004;
Verma et al, 2004), explaining why they were not isolated in
our screen. Some strains showed very weak growth enhance-
ments on SD-ura, but intriguingly, the mutations affected
proteins from a very limited number of cellular regulatory
systems (Table II). Three telomerase subunits were identified,
as were several proteins linked to the mitotic checkpoint and
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chromatid cohesion. Loss of the Nat3 N*-acetyltransferase
also enhanced growth. These findings suggest that these
factors might modulate Doal0 pathway function, possibly
indirectly.

For representative candidate strains, degradation of
Ubc6-HA and Degl-Bgal test substrates was monitored
(Supplementary Figure S1B). As predicted, degradation
rates of the test substrates showed an inverse relationship
with colony growth on SD-ura. Further analysis of the
nupl20A strain revealed that an unlinked lesion was respon-
sible for the degradation defect (not shown). Based on
complementation analysis and anti-Doal0 immunoblotting,
the strain had a cryptic mutation in DOA10 (Supplementary
Figure S1C).

In summary, a comprehensive screen of the nonessential
genes in S. cerevisiae has identified a very small number
that are required for Degl-mediated degradation, and these
are precisely the same genes previously shown to encode the
Ub-ligation enzymes of the Doal0 pathway. Not insignificantly,
the identical set of genes was identified in the selection for
ndcl10-2 suppressors (Table I).

The above analyses suggest that Doal0 pathway substrates
require a common set of factors, including Doal0, Ubc6,
Ubc?7, and Cuel. Surprisingly, Cuel was reported to have
a much more limited role than Ubc6 or Ubc7 in degrading
o2 itself (Lenk and Sommer, 2000). Cuel is a transmembrane
ER receptor for Ubc7. We re-examined the contribution of Cuel
to a2 degradation by deleting CUEI or both CUEI and UBC4
(Supplementary Figure S2). The half-life of «2 increased ~ 2-
fold in cuelA cells, similar to what was seen in ubc7A (Chen
et al, 1993). Moreover, a synergistic impairment of degrada-
tion was observed in cuelA ubc4A cells, as expected, if both
major o2 ubiquitination pathways were blocked. The ~ 8-fold
inhibition was similar to that previously observed in ubc4A
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ubc7A mutants. We conclude that Cuel is required in the
Doal0 pathway of a2 ubiquitination.

Membrane and soluble Doa10 substrates differ in their
Cdc48 dependence

All of these genetic analyses suggested that Doal0, Ubco,
Ubc7, and Cuel were the only nonessential and nonredun-
dant factors encoded in the yeast genome that were required
for efficient DoalO-dependent protein ubiquitination.
However, it was possible that there were essential (or redun-
dant) proteins—other than the proteasome—that also con-
tributed to DoalO-dependent proteolysis. We examined the
role of one such essential protein complex directly and also
asked whether different classes of substrates shared all steps
between Ub addition and proteolysis by the proteasome.

Different ubiquitinated proteins have distinct adaptors that
bind to polyubiquitinated substrates and may ferry them
to the 26S proteasome (Kim et al, 2004; Verma et al, 2004).
Membrane substrates ubiquitinated by Hrd1l or DoalO need
the three-component Cdc48-Npl4-Ufdl ATPase complex for
their degradation (Bays et al, 2001; Wang and Chang, 2003;
Huyer et al, 2004). The Cdc48 AAA ATPase can help extract
proteins from the membrane (Ye et al, 2001), but the com-
plex, which binds both poly-Ub and the proteasome, might
also act more generally as a proteasome adaptor (Dai et al,
1998). Consistent with this latter idea, Cdc48 is also required
for degradation of some nonmembrane proteins (Johnson
et al, 1995; Cao et al, 2003).

To test the involvement of the Cdc48 complex in the
degradation of nonmembrane Doal0 substrates, we mea-
sured the turnover of o2 and a series of short-lived Degl
fusion proteins in various mutants. As expected, in cells
lacking the DoalO pathway (ubc6A), a2 was stabilized ~2-
3-fold relative to wild-type cells (Figure 4A). In contrast,
mutations in CDC48, NPL4, or UFDI had no detectable effect
on its degradation. Similarly, mutations in these same Cdc48
complex components failed to alter the degradation of either
Degl-Bgal or Degl-Ura3 (Figure 4B and not shown).
Simultaneous measurement of Degl-Bgal and CPY*-HA de-
gradation in cdc48 cells showed that the latter was stabilized,
as expected (Figure 4C).

We also tested the degradation of fusions of the Degl
degron to a single GFP, Degl-GFP (Bays et al, 2001), or a
tandem pair of GFPs, DegI-GFP, (Lenk and Sommer, 2000).
Both proteins still required the Doal0 pathway for maximal
degradation, although this dependence was notably weaker
than for the above Degl reporters, presumably because an
additional degradation pathway(s) can recognize the GFP
constructs (Supplementary Figure S3). Although we consider
these less than ideal test substrates, neither Degl-GFP nor
Deg1-GFP, was degraded more slowly in any tested mutant of
the Cdc48 complex. Others had previously tested the same
GFP fusions in Cdc48 complex mutants. Our data agree with
those of Bays et al (2001) and Medicherla et al (2004), but not
Verma et al (2004) or Neuber et al (2005). The reason for
the discrepancies is unknown, but might reflect effects on
Doal0O-independent pathways acting on these fusions.

Until recently, mutant versions of the Pmal and Ste6
transporters were the only Doal0 membrane substrates tested
for Cdc48-dependent degradation (Wang and Chang, 2003;
Huyer et al, 2004), so it was possible that their Cdc48
dependence was unusual, perhaps reflecting their large size
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or large number of TM segments. We therefore tested Ubc6,
a small single TM substrate of Doal0. Unlike the different
soluble substrates we tested, this short-lived enzyme was
strongly stabilized in the cdc48, npl4, ufd1, and ubx2 mutants
(Figure 4E and F). This is consistent with a very recent report
on the same substrate (Neuber et al, 2005). Ubx2, an ER
membrane protein, helps dock Cdc48 to the ER (Schuberth
and Buchberger, 2005; Neuber et al, 2005). Turnover of Degl-
Bgal in cells lacking Ubx2 was not impaired (Figure 4E).
Notably, Ubc6-HA was stabilized in ufdI-2 cells, whereas
Degl-Bgal coexpressed in the same cells was unaffected
(Figure 4F). Finally, loss of the Rad23 and Dsk2 proteins,
which function as (partially redundant) adaptors between
polyubiquitinated substrates and the proteasome, also speci-
fically stabilized Ubc6-HA, but not coexpressed soluble Degl-
Bgal (Figure 4G).

From the above data and from published results with
mutant membrane transporters, it appears that the Cdc48
ATPase complex and Rad23/Dsk2 are crucial for the degrada-
tion of membrane protein substrates of Doal0, but not for
the degradation of soluble substrates ubiquitinated by the
same E3.

A Deg1 membrane substrate of Doa10 requires Cdc48
for its degradation

The preceding analyses used membrane substrates with
different and largely uncharacterized degrons. To pinpoint
a function for the Cdc48 complex that is specific for membrane
substrates of the Doal0 pathway, one would ideally use
a matched set of substrates in which exactly the same degron
and Ub machinery are utilized, and the only difference
is whether or not the substrate is inserted in the membrane.
We therefore sought to create a Degl-bearing substrate
that inserts in the ER membrane and is degraded by the
Doal0 pathway. Importantly, several Degl membrane protein
fusions had been made previously, but none of them is
degraded primarily by the Doal0 pathway (Mayer et al,
1998; Wilhovsky et al, 2000; our unpublished data).

We fused Degl to the N-terminus of Vmal2, a resident ER
protein with both termini facing the cytoplasm (Figure 5A)
(Jackson and Stevens, 1997). A protein A (PrA) or GFP tag
was present at the C-terminus (Materials and methods). With
the GFP-tagged derivative, we observed typical cortical and
perinuclear ER staining (Figure 5B). By cell fractionation,
Degl-Vmal2-PrA (Degl-VP) behaved as an integral membrane
protein, only being solubilized by detergent (Figure 5C); both
the N- and C-terminal domains faced the cytosol based on
protease digestion of microsomes (not shown). In pulse-
chase analyses, Degl-VP was rapidly degraded (half-life
7-8min) in a manner strictly dependent on Doal0, but not
Hrdl (Figure 5D). Degradation also required both Ubc6 and
Ubc?7 (not shown). Introduction of point mutations known
to inactivate Degl (designated Degl*), in soluble proteins
(Johnson et al, 1998), also completely blocked Degl-VP
degradation (Figure S5E). Therefore, the degron and Ub
enzyme requirements for Degl-VP turnover are identical
to those for soluble Degl-bearing substrates.

We then determined whether Degl-VP degradation was
dependent on Cdc48. By pulse-chase analysis in cdc48 cells,
a striking stabilization of DegI-VP was observed (Figure 5F).
This contrasts to the lack of an observable defect in the
degradation of soluble Degl substrates (Figure 4). Thus, the
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Figure 4 The Cdc48 ATPase complex is required for Doal0 membrane

substrates, but not a2 and soluble Degl-bearing substrates. (A) Pulse-

chase analysis of o2 degradation in Cdc48 complex mutants. Proteins were precipitated with anti-a2 antibodies. (B) Loss of Degl-pgal is not
affected in mutants lacking specific Cdc48 complex components. Loss of fgal activity was followed after the addition of cycloheximide. Three
transformants of each strain were assayed. Error bars are obscured by symbols at some data points. (C) Degradation of DegI-fBgal is not
impaired in cdc48-3 cells, in contrast to that of CPY*-HA. Cells cotransformed with plasmids encoding the respective proteins were assayed by
cycloheximide chase and immunoblotting with antibodies to fgal and HA. (D) Degradation of the Ubc6-HA membrane protein requires the
Cdc48 complex. Degradation was assayed by cycloheximide chase and anti-HA immunoblotting. (E) Degradation of Ubc6-HA, but not DegI-
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but not Degl-Bgal degradation. Strains cotransformed with expression

transplantation of Degl to a membrane protein created a new
requirement for Cdc48 for DoalO-mediated degradation, as
predicted from the previous correlative analyses. These data
argue that the Cdc48 complex does not function as a general
proteasome adaptor in the DoalO pathway, but rather is likely
to function primarily if not exclusively in substrate displace-
ment from the membrane.

©2006 European Molecular Biology Organization

plasmids for the two proteins were assayed at 30°C as in (C).

Discussion

The work presented here combines three related sets of
results: (1) a genomics-based analysis that identified most
or all nonredundant and nonessential factors necessary for
general DoalO-dependent ubiquitination; (2) an expansion
of known proteolytic substrates of DoalO to include both
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both Doal0 and Cdc48. (A) Schematic of the predicted topology of
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ER. The PrA moiety in Degl-VP was replaced with GFP to allow
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short-lived substrate of the Doal0 pathway as measured by pulse-
chase analysis. Proteins were precipitated with antibodies to a2. (E)
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tion. Analysis was performed as in (D). (F) Degradation of Degl-VP
requires the Cdc48 complex. Analysis was carried out as in (D),
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quantitation is shown on the right.

soluble quality-control substrates and naturally short-lived
membrane proteins; and (3) a demonstration that membrane
and nonmembrane Doal0Q substrates differ in a predictable
manner in their requirements for subsequent proteasome
targeting.

A novel genome-wide screen for Ub pathway
components

Previously, classical genetic screens with Degl-based repor-
ters identified various genes that participate in the degrada-
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tion of the o2 regulator (see Swanson et al, 2001). For Degl-
dependent protein ubiquitination, mutations in the EI
(Ubal), E2s (Ubc6 and Ubc?7), E3 (Doal0), and an E2-
anchoring factor (Cuel) were identified. However, because
it has not yet been possible to reconstitute o2 or Degl-
reporter ubiquitination with purified components, it is not
clear whether this represents the full list of Degl-dependent
ubiquitination factors. Moreover, it was still possible that
these enzymes functioned indirectly and that other E2s and
E3s were directly responsible for Degl-mediated Ub ligation
in vivo.

Our screen of ~4800 viable yeast deletion strains for
defects in Degl-mediated proteolysis provides insight into
these issues. We found only three mutants—doal0A, cuelA,
and ubc7A—that caused strong stabilization of Degl-based
reporters. The ubc6A mutant was not in the library, but Ubc6
function in the degradation in Degl-containing proteins is
well established. Therefore, this screen suggests that Doal0,
Ubc6, Ubc7, and Cuel could well be the only nonessential
and nonredundant factors strictly required for Degl-depen-
dent ubiquitination. Factors with more ancillary or substrate-
specific roles may exist. The failure to find any additional E2
or E3 candidates in our genomic screen also provides an
argument against the idea that Doal0 and Ubc6-Ubc? only
function indirectly in Degl-mediated ubiquitination. We have
now tested all 11 Ub E2s as well as the Rubl E2, and only
Ubc6 and Ubc? emerged as relevant factors (Chen et al, 1993;
this study).

Unexpected support for the idea that Doal0O, Ubc6, Ubc7,
and Cuel are the primary proteins required for Doal0-depen-
dent ubiquitination comes from the ndcl0-2 suppressors
(Kopski and Huffaker, 1997). The 24 mutants affected four
genes, and our analysis now shows that these genes encode
the four aforementioned Doal0 pathway proteins. This
remarkable convergence of genetic results suggests first that
these proteins represent the core components of the Doal0
ubiquitination machinery, and second that the Ndcl0-2
quality-control substrate and the naturally short-lived o2
protein share a common mechanism of ubiquitination.

The genome-wide selection that we conducted can be
compared to another recently described yeast genomic selec-
tion for proteolytic mutants, one in which mutants in the
Hrdl pathway were sought (Medicherla et al, 2004). In the
earlier study, each of the ~4800 deletion strains was trans-
formed with a plasmid encoding a proteolysis reporter. This
method is more laborious than the SGA method that we
employed, which introduced the reporter into each strain
by simple genetic crosses performed en masse. A chromoso-
mal reporter also reduces the chance of copy-number ampli-
fication that can occur with plasmids when cells are placed
under selective pressure for increased levels of a plasmid
product.

Degrons in protein quality control and regulatory
proteolysis

We now know of seven naturally derived substrates of the
yeast Doal0 pathway and at least this number of synthetic
degron-fusion substrates (Figure 6A). The substrates include
membrane proteins, soluble proteins of the cytoplasm and
nucleus, naturally short-lived regulators, and aberrant pro-
teins subject to quality control. Several issues are raised by
this unprecedented crosscompartment diversity of substrates:
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Are their degrons related? Do fundamental differences exist in
the recognition of membrane and soluble substrates of Doal0
or of regulatory and quality-control substrates? What deter-
mines whether a membrane protein substrate is targeted by
the Doal0 or Hrd1l pathway?

Given the apparent diversity of Doal0 substrates, it would
seem that they could not all share the same mechanism of
recognition. In some cases, recognition might even be indir-
ect. Mutant Pmal-D378N binds to the transmembrane ER
disulfide isomerase Epsl, and this binding appears to occur
prior to Doal0 action (Wang and Chang, 2003). If Epsl also
associates with DoalO0, it could act as a substrate recognition
subunit of the E3. Such ‘indirect recognition’ is less likely for
soluble substrates such as o2 and Ndc10-2 because only the
four E2-E3 complex components emerged from our genome-
wide screen and the ndcl0-2 suppressor selection. Essential
or redundant factors may yet be found (Swanson et al, 2001).

In our original model for Degl degron recognition, we
suggested that the exposed hydrophobic face of an amphi-
pathic helix was the key recognition determinant (Johnson
et al, 1998). We propose here that Doal0 can directly bind
such hydrophobic surfaces in various substrates at the ER
membrane. The importance of a helical structure was inferred
from the fact that Degl is largely helical, and the only
nontolerated residues found on the hydrophilic face in the
Degl determinant were the helix breakers Pro and Gly
(Johnson et al, 1998). Amphipathic helices might be involved
in many cases; however, the SL17/CL degrons all share
regions of strong hydrophobicity, but only a few are ob-
viously amphipathic (Gilon et al, 2000). In the present
model, Doal0 recognition of degrons in naturally short-
lived regulators and quality control substrates is based on
similar principles. This is consistent with mutagenesis studies
of the natural Degl degron and the artificial CL1 degron.
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Importantly, the analysis of DeglI-VP degradation
(Figure 5) formally demonstrates that the same Doal0-
dependent degron can be recognized in the context of both
soluble and membrane substrates. Previously, it was reason-
able to argue that integral membrane substrates required a
distinct type of degron (although not all Doal0 degrons need
be the same). What is recognized in the substrates summar-
ized in Figure 6A? The truncated C-terminal domain of the
mutant Ste6-166 (Ste6*) protein is sufficient for Doal0-
dependent degradation (Vashist and Ng, 2004). We suggest
that loss of the C-terminal segment in Ste6* leads to the
exposure of an amphipathic or hydrophobic helical segment
recognized by Doal0O; a prominent amphipathic sequence
(residues 1123-1136) is present in this domain of Ste6.
Similarly, both Mps2 and Ndc10 have amphipathic segments
with the potential to form coiled coils, and these could serve
as recognition determinants if the mutant proteins misfold.
Doal0 might also recognize some membrane substrates
through binding of a TM segment within the membrane or
after partial dislocation to expose the hydrophobic TM helix
(or both).

A final outstanding question is what determines whether a
membrane ERAD substrate will be targeted by Doal0 or Hrd1
(or another E3). The new data remain consistent with Doal0
recognizing cytosolically exposed elements in its membrane
substrates and Hrdl recognizing luminal determinants,
although this is probably an oversimplification. In apparent
contradiction to this generalization, one Hrdl target, the
thermolabile Sec61-2 translocon subunit (Bordallo et al,
1998), has a lesion on the cytosolic side of the membrane
(Nishikawa et al, 2001). However, the sec61-2 mutation im-
mediately precedes an unusually short TM segment and
might destabilize it, causing a structural change recognized
by the Hrd1l complex on the luminal side of (or within) the
membrane.

Function of the Cdc48 complex in the Doa10 pathway

For efficient targeting to the proteasome, polyubiquitinated
substrates utilize a variety of different poly-Ub-binding fac-
tors, of which some can be regarded as proteasome adaptors
and others as transfer factors acting further upstream (Hirsch
et al, 2004; Kim et al, 2004; Verma et al, 2004). No clear rules
for linking particular substrates to particular factors had
emerged from previous studies, even for proteins ubiquiti-
nated by the same E2-E3 pathway (Verma et al, 2004). In
contrast, our data suggest that a substrate ubiquitinated by
Doal0 will require certain poly-Ub-binding factors for routing
to the proteasome only if it is a membrane-embedded protein.
Specifically, the Cdc48-Npl4-Ufdl complex (and the Rad23/
Dsk2 adaptors) is required for the degradation of all Doal0
membrane substrates tested to date, but none of the soluble
substrates (Figure 6B). This suggests that the exclusive role
of the Cdc48 complex in the degradation of Doal0 substrates
is in the extraction or release of those substrates that are
inserted in the membrane, a well-documented biochemical
activity of this ATPase (Ye et al, 2001). Comparison of the
membrane Degl-VP substrate to soluble Degl substrates
demonstrates that even for proteins with the same degron
and the same Ub enzyme requirements, only the membrane
Doal0 substrate requires Cdc48. Our results also support the
suggestion of some kind of mechanistic coupling between
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Cdc48 and the Rad23 and Dsk2 poly-Ub-binding adaptors
(Medicherla et al, 2004; Richly et al, 2005).

Cdc48 is required for the proteolysis of certain soluble
substrates, but its exact role is less well established in these
cases (Johnson et al, 1995; Dai et al, 1998; Cao et al, 2003;
Richly et al, 2005). In the Doal0 pathway, Cdc48 might use its
ATPase activity to help dissociate polyubiquitinated soluble
substrates from the membrane E3 complex. However, our
data indicate that either such an activity is not absolutely
required for soluble Doal0 substrates or there are dissociation
factors that act redundantly with Cdc48. The latter idea
would imply that the Cdc48 complex acts at multiple steps
in the degradation of membrane-bound Doal0 substrates, but
only the membrane extraction step strictly requires it.

With the substrates described in this work, we now know
of 14 proteins (not counting the different Degl fusion var-
iants) that are degraded by the yeast Doal0 pathway. These
offer a rich set of membrane and nonmembrane targets for
further analysis of protein quality control and regulatory
proteolysis.

Materials and methods

Yeast and bacterial methods

Yeast rich (YPD) and minimal (SD) plates were prepared as
described, and standard methods were used for genetic manipula-
tion of yeast (Guthrie and Fink, 1991). Standard techniques were
used for recombinant DNA work.

Plasmids

Plasmids encoding fusions of the Degl degron to various reporters
have been described previously (Hochstrasser and Varshavsky,
1990; Chen et al, 1993; Lenk and Sommer, 2000; Wilhovsky et al,
2000), as have plasmids expressing Ubc6-HA (Walter et al, 2001),
human Dio2 (Botero et al, 2002), and CPY*-HA (Huyer et al, 2004).
PRS305-Degl-URA3-3HA was constructed by a two-step PCR-based
method. The final insert included the entire intergenic region
between MATal and MATa2, and extended through the transcrip-
tional terminator after the URA3 and 3HA segments. The
p414MET25-Degl-Vmal2-PrA plasmid was made by recombination
in yeast between the PCR-amplified VMAI2 ORF and a gapped
p414MET25 plasmid containing the Degl-FLAG-Sec62-PrA coding
sequence (Mayer et al, 1998). This resulted in an exact exchange of
the VMA12 and SEC62 ORFs. The PrA segment was exchanged by a
similar procedure with a GFP coding sequence (W Greenblatt,
unpublished). All ORF inserts were checked by DNA sequencing.

Yeast strains

Strains used in this study are listed in Supplementary Table I, except
those from the Saccharomyces Genome Deletion Project (http://
sequence-www.stanford.edu/group/yeast_deletion_project/), which
were purchased from Open Biosystems. Strains from this library
were used for the genome-wide doa screen and for the analysis of
ubx2. MHY1687 was a segregant from a cross between congenic
cuelA and ubc4A strains. MHY3185 was created by PCR-mediated
replacement of DOAI0 with a doalOA::HIS3 allele in MHY1824.
MHY3272 was derived from a cross between MHY3188 and the
cuelA strain from Open Biosystems, while MHY3273 was from a
cross between MHY3188 and MHY1685 (the a version of
MHY1631). To generate MHY3528, the ufdi-1 allele from PM373
(Johnson et al, 1995) was crossed into the MHYS500 background
followed by an additional backcross. For the genomic screen for doa
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on SD-ura plates and colony growth at 30°C was monitored.
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Pulse-chase and immunoblot analyses

Pulse-chase analysis was carried out as described (Chen et al,
1993). For immunoblot/cycloheximide chases, several methods
were used for cell extraction. Culture aliquots from each time point
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(Covance), affinity-purified anti-Doal0 (unpublished), and anti-
FLAG M2 antibody (Sigma). Proteins were visualized by ECL
(Amersham).

To measure Pgal activity of Degl-fgal in various mutants, cells
were transformed with a 2p-based Degl-lacZ plasmid, and
cycloheximide was added to 0.5mg/ml at time zero to block
protein synthesis. Cell lysis and activity assays were carried out as
described (Plemper et al, 1997). Loss of Pgal activity has been
shown to mirror the loss of Degl-Bgal protein as measured by
immunoblotting (M Deng and M Hochstrasser, unpublished).

For analysis of Cdc48 complex components, partial loss-of-
function mutants (Richly et al, 2005) were grown at 24°C and
shifted to 37°C for 30min prior to pulse-chase, immunoblot/
cycloheximide-chase, or Pgal activity-chase analyses. Radiolabeling
and chase were carried out at 37°C. This protocol was followed for
all but the a2 pulse-chases, where cultures were instead shifted to
30°C for 1.5 h prior to labeling, and pulse-chase analysis was carried
out at 32°C.
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