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Background: Yeast sterol regulatory element-binding protein (SREBP) proteolytic activation requires the Golgi Dsc E3

ligase and the proteasome.

Results: Genetic selection identified additional genes required for SREBP activation.
Conclusion: UBX domain protein Dsc5 and AAA ATPase Cdc48 are Dsc E3 ligase subunits required for SREBP proteolysis.
Significance: Dsc5 and Cdc48 provide a mechanistic link between the Dsc E3 ligase and proteasome in SREBP proteolysis.

Schizosaccharomyces pombe Srel is a membrane-bound tran-
scription factor that controls adaptation to hypoxia. Like its
mammalian homolog, sterol regulatory element-binding pro-
tein (SREBP), Srel activation requires release from the mem-
brane. However, in fission yeast, this release occurs through a
strikingly different mechanism that requires the Golgi Dsc E3
ubiquitin ligase complex and the proteasome. The mechanistic
details of Srel cleavage, including the link between the Dsc E3
ligase complex and proteasome, are not well understood. Here,
we present results of a genetic selection designed to identify
additional components required for Srel cleavage. From the
selection, we identified two new components of the fission yeast
SREBP pathway: Dsc5 and Cdc48. The AAA (ATPase associated
with diverse cellular activities) ATPase Cdc48 and Dsc5, a ubiq-
uitin regulatory X domain-containing protein, interact with
known Dsc complex components and are required for SREBP
cleavage. These findings provide a mechanistic link between the
Dsc E3 ligase complex and the proteasome in SREBP cleavage
and add to a growing list of similarities between the Dsc E3 ligase
and membrane E3 ligases involved in endoplasmic reticulum-
associated degradation.

Mammalian cellular cholesterol homeostasis is maintained
through the action of the well characterized SREBP* pathway.
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SREBP is a membrane-bound transcription factor that is
inserted into the endoplasmic reticulum (ER) membrane, with
its N and C termini facing the cytosol and spaced by a short ER
luminal loop (1). SREBP forms a stable complex with a second
multiple transmembrane domain protein, SREBP cleavage acti-
vating protein (Scap), such that sufficient cellular cholesterol
levels maintain SREBP in an inactive state through ER retention
of the SREBP-Scap complex (2). When cholesterol is depleted
from membranes, Scap undergoes a conformational change,
and the SREBP-Scap complex traffics to the Golgi apparatus.
There, two sequential proteolytic cleavage events mediated by
the Golgi-resident site-1 protease (S1P) and site-2 protease
(S2P) release the N-terminal transcription factor domain of
SREBP from the membrane. The soluble N-terminal SREBP
transcription factor travels to the nucleus and up-regulates
genes involved in sterol biosynthesis and uptake from the envi-
ronment (3). Consequently, cellular sterols return to sufficient
levels, SREBP activity is repressed, and cholesterol homeostasis
is maintained.

Fission yeast employs a conserved SREBP system for main-
taining sterol homeostasis (4). However, there are several dif-
ferences. For instance, Schizosaccharomyces pombe has
co-opted the SREBP pathway as a principal regulator of the
hypoxic response (5-7). Further, fission yeast employs a unique
mechanism for SREBP processing. Surprisingly, S. pombe lacks
identifiable homologs of S1P and S2P required for mammalian
SREBP cleavage. Given the absence of canonical SREBP cleav-
age machinery, we reasoned that SREBP cleavage in S. pombe
must proceed through a S1P- and S2P-independent mecha-
nism. Through a genetic screen of the fission yeast non-essen-
tial haploid deletion collection, we identified four genes that,
when deleted, confer a defect for SREBP cleavage, and we
named these genes dscl—dsc4 (8). dscl was the only dsc gene
with a characterized homolog, Saccharomyces cerevisiae TUL1

regulatory X; ER, endoplasmic reticulum; ERAD, ER-associated degrada-
tion; MMS, methyl methanesulfonate; 5-FOA, 5-fluoroorotic acid; SRH, sec-
ond region of homology; S1P and S2P, site-1 and -2 protease, respectively.
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(9). Like Tullp, Dscl is an integral membrane, Golgi E3 ubiq-
uitin ligase that has a C-terminal RING domain. Dsc2—-Dsc4 are
also integral membrane proteins but with largely uncharacter-
ized functions. Dsc1-Dsc4 forms a stable Golgi-localized ubiq-
uitin E3 ligase complex that is required for SREBP activation
insomuch as the Dsc complex binds SREBP and the RING
domain function of Dscl is essential for proper SREBP cleavage
(8). In addition, Dsc-mediated SREBP cleavage required the E2
ubiquitin conjugating enzyme Ubc4 and the proteasome. Bioin-
formatic analysis revealed similarities between the Dsc com-
plex and the ER-localized Hrd1 ligase complex involved in ER-
associated degradation (ERAD) (8), but the mechanistic link
between the Dsc E3 ligase and the proteasome is unknown.

In ERAD, the Hrd1 E3 ligase complex recognizes misfolded
proteins and marks them via ubiquitination for proteasomal
degradation in the cytosol (10 —-12). Misfolded proteins that are
located in the ER lumen or integral to the ER membrane must
first be extracted from the ER and released into the cytosol. The
mechanical force for substrate dislocation from the ER is pro-
vided by the AAA ATPase, Cdc48, also known as mammalian
p97, which forms a homohexameric complex and uses cycles of
ATP hydrolysis to generate energy for a variety of cellular pro-
cesses (13). The specific recruitment of Cdc48/p97 to these
protein complexes often requires the activity of UBX domain-
containing proteins. In the case of the Hrd1 ligase, the UBX
domain-containing protein Ubx2p couples Cdc48p to the com-
plex. Given the similarities between the Hrd1 complex and the
Dsc complex, we examined whether additional components of
the Dsc E3 ligase complex existed to bridge substrate recogni-
tion and substrate processing.

Here, we describe a genetic selection in S. pombe that iden-
tified new components of the Dsc E3 ligase complex required
for fission yeast SREBP activation: Dsc5, a UBX domain-con-
taining protein, and Dsc6/Cdc48. The discovery of these new
members of the Dsc complex expands the similarities between
the Dsc E3 ligase and the Hrd1 E3 ligase complex involved in
ERAD. These findings provide a mechanism for delivery of pro-
teins from the Dsc E3 ligase to the proteasome and establish the
Dsc E3 ligase complex as an important system for understand-
ing how cells identify and process specific membrane proteins.

EXPERIMENTAL PROCEDURES

Standard molecular biology techniques, genetic manipula-
tions, and SREBP cleavage assays were performed as described
previously (6, 14, 15). General chemicals and materials were
obtained from Fisher and Sigma with other sources as indi-
cated: Edinburgh minimal medium from MP Biomedicals; yeast
extract, peptone, agar from BD Biosciences; digitonin from
EMD Chemicals; oligonucleotides from Integrated DNA Tech-
nologies; alkaline phosphatase and mouse anti-GFP monoclo-
nal antibody from Roche Applied Science; horseradish peroxi-
dase-conjugated, affinity-purified donkey anti-rabbit and anti-
mouse IgG from Jackson ImmunoResearch; anti-Myc
monoclonal 9E10 IgG from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA); anti-Myc polyclonal IgG (catalog no. 06-549)
from Upstate Biotechnology; and prestained protein standards
from Bio-Rad.
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Strains and Media—Wild-type haploid S. pombe KGY425
and derived strains were grown to log phase at 30 °C in YES
medium (5 g/liter yeast extract plus 30 g/liter glucose and sup-
plements, 225 mg/liter each of uracil, adenine, leucine, histi-
dine, and lysine) unless otherwise indicated (16). Strains used in
this study are described in supplemental Table 1 (17). Strains
ESY58 (h™, his3-D1::7xSRE-lacZ-kanMX6, leul-32, ade6-
M210, ura4-D18::7xSRE-ura4” -kanMX) and ESY79 (h™,
his3-D1::7xSRE-lacZ-kanMX6, leul-32, ade6-M210, ura4-D18::
7xSRE-ura4" -kanMX) were generated as described previously
using seven tandem copies of the Tf2—1 sterol-regulatory ele-
ment to drive reporter gene activation (18). The dsc5*“5X:
kanMX6 strain was made by deleting sequences coding for
amino acids 324 — 427 using standard techniques (14).

Yeast Mutagenesis and Selection—Fission yeast were mut-
agenized using methyl methanesulfonate (MMS) with minor
modifications as described (15). ESY58 cells were grown over-
night to a cell density of 1 X 10 cells/ml, washed in Edinburgh
minimal medium plus supplements (MM) (20 g/liter glucose,
225 mg/liter each of uracil, adenine, leucine, histidine, and
lysine), and resuspended at a concentration of 1 X 10 cells/ml
in MM containing 0.024% (w/v) MMS. These cultures were
grown for 3 h at room temperature. Cells were washed three
times with sterile MilliQ water and resuspended with sterile
MilliQ water at a cell density of 5 X 10° cells/ml. Mutagenized
cells were plated onto selection medium (Edinburgh minimal
medium, 2% (w/v) agar, 20 g/liter glucose, 225 mg/liter each of
adenine, leucine, and histidine, 50.25 mg/liter uracil, 0.1% (w/v)
5-fluoroorotic acid (5-FOA), 0.2 mm CoCl,) at a cell density 5 X
10° cells/plate. Plates were wrapped in foil and incubated at
30°C.

Colonies from the initial mutagenesis were picked and
streaked onto selection medium to isolate single colonies.
These cells were patched onto selection medium and then
streaked onto YES medium, containing 1.6 mm CoCl, to test for
CoCl, sensitivity. CoCl,-sensitive isolates were then streaked a
second time onto selection medium to isolate single colonies.
To test whether strains contained mutations in srel™ and
scpl™, CoCl,-sensitive isolates were co-transformed with plas-
mids expressing srel ™ and scpl™ from the cauliflower mosaic
virus promoter or the corresponding empty vector control plas-
mids pSLF101 and pSLF102 (19). Transformants were screened
for CoCl, sensitivity. Parental isolates of strains whose growth
on CoCl, was not rescued by plasmids expressing srel™ and
scpl™ were evaluated by Western blotting for Srel cleavage and
B-galactosidase activity. B-Galactosidase activity was deter-
mined from cultures grown for 12 h under anaerobic conditions
to a cell density of 1 X 107 cells/ml as described previously (7).
Isolates that demonstrated impaired Srel cleavage and low
B-galactosidase activity were transformed with plasmid pAHO05
expressing the soluble N-terminal transcription factor domain
of Srel (amino acids 1-440) (6). Isolates whose CoCl, sensitiv-
ity was rescued by expression of SreIN were backcrossed to
ESY79. These backcrossed strains were used to perform linkage
analysis.

An additional selection was performed as described above,
using 0.012% MMS. 5-FOA-resistant isolates were character-
ized using a combination of the above approachesleading to the
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identification of additional known and unknown components
of the Dsc E3 ligase complex.

Linkage Analysis—To facilitate linkage analysis, both 7~ and
k" strains were isolated for each of the ESY58-derived mutants
of interest during backcrossing to ESY79. The progeny from the
backcross were mated to one another as well as to dscl—4A,
srelA, and scpIA cells. All strains tested were CoCl,-sensitive.
To assay linkage, a suspension of haploid spores from the mat-
ing was plated on YES or YES containing 1.6 mm CoCl,. The
inability to recover CoCl,-resistant spores indicated linkage
between the mutations. Positive and negative controls were
included to control for variation in mating and sporulation
efficiency.

Identification of cdc48 Mutant Alleles—A strain harboring
dsc6-1 was backcrossed to ESY58. Two dsc6-1 isolates were
selected and backcrossed for an additional 5 generations using
standard mating techniques. Genomic DNA was prepared from
one isolate from each backcross, and genomic DNA was
sequenced using a Helicos single molecule sequencer using the
manufacturer’s protocol as described previously (20). Single
nucleotide polymorphism (SNP) data for the two strains were
filtered using several parameters to generate a list of potential
genes of interest (supplemental Fig. 1). To confirm the presence
of mutations in cdc48, genomic DNA was prepared from each
member of the dsc6 linkage group, the c¢dc48 locus was PCR-
amplified with primers 0JB444 and oJB460, and PCR products
were sequenced with primers 0JB446-0JB449, 0]B453, 0JB460,
and o0]B466-0]B467.

Antibody Preparation—Antisera to Srel(1-240), Sre2(1-
426), Dscl(20-319), Dsc2(250-372), Dsc3(1-190), and
Dsc4(150-281) have been described previously (6, 8). Hexahis-
tidine-tagged recombinant Dsc5(251-427) antigen was puri-
fied from Escherichia coli using Ni*"-NTA (Qiagen) according
to the manufacturer’s instructions. Dsc5 antiserum was gener-
ated by Covance based on a standard protocol. Antiserum to
Cdc48 was the kind gift of R. Hartmann-Petersen (University of
Copenhagen) (21).

Immunoprecipitation—Exponentially growing S. pombe cells
were washed in phosphate-buffered saline (PBS; 1 mm KH,PO,,
3 mMm Na,HPO,-7H,0, pH 7.4, 155 mm NaCl) and resuspended
in 25 ml of PBS containing 2 mm dithiobis-succinimidyl propi-
onate (Thermo Scientific). After a 30-min incubation at 30 °C,
the reaction was quenched in 20 mm Tris-HCI, pH 7.5, for 15
min at 30 °C. Cells were then lysed with glass beads (0.5 mm;
Sigma) in digitonin lysis buffer (50 mm HEPES, pH 6.8, 1% (w/v)
digitonin, 50 mm KOAc, 2 mm Mg(OAc),, 1 mm CaCl,, 200 mm
sorbitol, 1 mm NaF, 0.3 mm Na;VO,) supplemented with pro-
tease inhibitors. Protease inhibitors included leupeptin (10
pg/ml), pepstatin A (5 ug/ml), PMSF (1 mMm) from Sigma and
the Complete EDTA-free protease inhibitor (Roche Applied
Science). Lysate was rotated at 4 °C for 40 min. Insoluble cellu-
lar debris was removed by centrifugation at 100,000 X g for 10
min at 4 °C. Cell lysate (1.5 mg of protein) in 0.7 ml was incu-
bated with 1 ug of anti-Myc 9E10 IgG for 15 min at 4 °C prior to
nutation with 40 ul of protein A beads (RepliGen) for 16 h at
4 °C. The beads were washed three times with 1 ml of digitonin
lysis buffer, and immunopurified protein was eluted by boiling
in SDS-PAGE loading buffer (6). For Dsc2 immunoprecipita-
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tion, the cleared lysate was incubated with 5 ul of Dsc2 antise-
rum (8).

In Vitro Binding Assay—GST was expressed using pGEX-KG
in DH5a E. coli cells (22), induced by 0.6 mm isopropyl-1-thio-
[B-galactopyranoside, and purified using glutathione-Sepharose
beads (GE Healthcare) according to the manufacturer’s proto-
col. The sequence for Dsc5(251-427) containing the UBX
domain was cloned into pGEX-KG and named GST-UBX. To
generate GST-UBX lysate, E. coli cells were induced for GST-
UBX expression as above and lysed by sonication in PBS plus
protease inhibitors. After the addition of 1% (w/v) Triton
X-100, the GST-UBX lysate was cleared by centrifugation at
15,000 X g for 20 min at 4 °C.

For the binding assay, MagneGST beads (25 ul) (Promega)
were blocked in PBS containing 1% bovine serum albumin and
then incubated with either GST-UBX lysate (1 mg) or purified
GST (50 pg) in 0.5 ml of PBS for 1 h at 4 °C. Beads were washed
three times with PBS and once with binding buffer (20 mm
Hepes, pH 7.2, 150 mm KOAc, 5 mm Mg(OAc),, 250 mm sorbi-
tol, 0.2% Nonidet P-40, protease inhibitors) and incubated with
wild-type S. pombe cytosol (1.4 mg) in 0.1 ml of binding buffer
for 30 min at 4 °C. After three washes with binding buffer,
bound proteins were eluted by boiling in SDS-PAGE loading
dye, separated by SDS-PAGE, and evaluated by Coomassie
stain and Western blotting with anti-Cdc48 antibody. S. pombe
cytosol was prepared by lysing exponentially growing cells with
a high pressure emulsifier (EmulsiFlex-C-3, Avestin) in B88
buffer (20 mm Hepes, pH 7.2, 150 mm KOAc, 5 mm Mg(OAc),,
and 250 mu sorbitol) plus protease inhibitors and subjecting
lysate to centrifugation at 100,000 X g for 10 min at 4 °C. Final
concentration of protein was 14 mg/ml.

RESULTS

Mutagenesis and Selection of Genes Required for Srel Proteo-
lytic Activation—To identify genes required for Srel cleavage,
we developed reporter systems that rely on the N-terminal
transcription factor domain of Srel (SrelN) for activity. We
generated an Sre1N-dependent promoter by placing seven tan-
dem copies of the sterol regulatory element from the S. pombe
Tf2—1 transposon upstream of a minimal promoter from the
nmtl™ gene (18, 23). This promoter directed expression of two
different integrated reporter genes, ura4™ and lacZ (Fig. 14). In
this way, the activity of the reporter genes was dependent on the
amount of the SrelN in the cell.

To select for mutants defective in Srel activation, we took
advantage of the 7xSRE-ura4™ reporter. The ura4™ gene prod-
uct, orotidine-5’-phosphate decarboxylase, initiates the con-
version of 5-FOA to the toxic compound 5-fluorouracil (24). In
7xSRE-ura4™ wild-type cells, the basal amount of SrelN gen-
erates enough Ura4 to prevent growth on minimal medium
containing 5-FOA (Fig. 1B). Cells expressing 7xSRE-ura4™
were mutagenized with MMS and selected for growth on min-
imal medium containing 5-FOA (Fig. 1B). Cells lacking a func-
tional Srel pathway fail to grow on medium containing CoCl,
(25). As a secondary screen, we tested growth of the 5-FOA-
resistant mutants on rich medium containing CoCl, and iso-
lated 116 mutants that were both 5-FOA-resistant and CoCl,-
sensitive. To eliminate strains with mutations in srel™ and
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FIGURE 1. Identification of genes defective for Sre1 cleavage. A, diagram of integrated Sre1 reporter genes where seven tandem copies of the sterol
regulatory element (sequence is shown for a single copy) are fused to the nmt1* minimal promoter and drive expression of ura4™ or lacZ. B, wild type and the
indicated mutants (1000 cells) were grown on rich medium or minimal medium containing 5-FOA. C, wild type and the indicated mutants (1000 cells)
containing plasmids expressing Sre1 and Scp1 or empty vectors were grown on rich medium or rich medium containing CoCl,. D, wild type and the indicated
mutants (1000 cells) containing a plasmid expressing Sre1N(1-440) or the empty vector were grown on rich medium or rich medium containing CoCl,. E,
Western blot probed with anti-Sre1 IgG of phosphatase-treated whole cell lysates from wild type and the indicated mutant strains grown for 6 h in the presence
or absence of oxygen. P and N, precursor and nuclear forms of Sre1, respectively. F, wild type and the indicated mutants were grown for 12 h in the presence

or absence of oxygen and assayed for -galactosidase activity. Error bars, S.D. of three biological replicates.

scpl™, we assayed the ability of cotransformed plasmids
expressing srel” and scpl™ to rescue growth of mutants on
CoCl, (Fig. 1C). Finally, to identify mutants with defects
upstream of SrelN, we tested the ability of a plasmid expressing
SrelN to rescue growth on CoCl, (Fig. 1D). Together, these
assays yielded nine mutant strains with defects in SrelN
activity.

A second selection was performed with a lower concentra-
tion of MMS, producing an additional 162 5-FOA-resistant and
CoCl,-sensitive mutants. To determine the number of genes
identified and address whether the selection mutants repre-
sented novel components of the Srel pathway, we performed a
linkage analysis. Each of the 5-FOA-resistant and CoCl,-sensi-
tive mutants was mated individually to one another and to
strains harboring gene deletions of the known SREBP pathway
components srel, scpl, and dscI-4. Spores from these matings
were tested for the ability to grow on rich medium containing
CoCl,. Isolation of CoCl,-resistant spores indicated that the
two mutations were in different genes. Conversely, failure to
isolate CoCl,-resistant spores indicated genetic linkage. In
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total, we tested 278 mutants and identified mutations in known
Srel pathway components, including srel ™, scpl™, dsc1™, and
dsc3™. In addition, we found a number of mutants that were
unlinked to known genes and thus represented potentially
novel components of the Srel pathway. Linkage tests among
these mutants revealed new linkage groups, including two (dsc5
and dsc6) that were characterized further. Sequence-verified
mutants from the linkage analysis are summarized in Table 1.

To confirm a defect in the production of SrelN from the
precursor, we performed Srel cleavage assays on these
mutants. A representative Srel cleavage blot is shown in Fig. 1E.
Wild-type cells showed robust accumulation of SreIN when
grown for 6 h under anaerobic conditions (Fig. 1E, lane 2).
However, under the same conditions, the mutants failed to
accumulate SrelN (Fig. 1E, lanes 3—10). Consistent with this
defect in SrelN production, mutants failed to induce 3-galac-
tosidase expression from the 7xSRE-lacZ reporter under low
oxygen (Fig. 1F). Collectively, these data demonstrate the abil-
ity of this selection scheme to isolate mutants with defects in
Srel cleavage.
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TABLE 1

Sequenced dsc mutations

Strain Allele Nucleotide change” Amino acid change
ESY58-75 dscl-1 C2085T Q673X
ESY58-119 dscl-2 A857-1097 M286T ... stop
ESY58-120  dscl-3 G1746A W582X
ESY58-46 dsc3-1 G289T G97X
ESY58-59 dsc3-2 A661 R221G. .. stop
ESY58-121  dsc5-1 C518T Q111X
ESY58-53 dsc5-2 A478-1422 A97-411
ESY58-118 dsc5-3 T insertion at 557 T126Y ... stop
ESY58-29 cdcd8-1  A1729T N5581
ESY58-17 cdc48-2  G2249T E731D
ESY58-40 cdc48-3  C1813T A586V
ESY58-67 cdcd8-4  G1029A E325K

“ Nucleotide position in unspliced mRNA relative to start codon.

dsc5/ucpl0 Is Required for Srel Cleavage—Genetic analysis
revealed that one of the two new linkage groups was linked to
ucpl10™, which codes for a protein we identified by mass spec-
trometry as a candidate Dsc E3 ligase-interacting protein (Fig.
2A) (8, 26). Deletion of ucpl0™ resulted in an Srel cleavage
defect and a CoCl,-sensitive phenotype, and thus we named the
genedsc5™ . dsc5™ codes for a 427-amino acid protein predicted
to contain a transmembrane domain as well as UAS and UBX
domains toward the C terminus (Fig. 24). Although the func-
tion of the UAS domain remains unclear, there is significant
evidence that UBX domains mediate interaction with Cdc48/
p97 (13, 21, 27). Subsequently, the complete set of new mutants
was tested for linkage to dsc5A, and this analysis identified three
dsc5 mutants. DNA sequencing of the dsc5 alleles revealed
mutations that result in truncations of the protein (Fig. 24 and
Table 1). In each instance, Dsc5 is disrupted after its predicted
transmembrane region, resulting in deletion of both the UAS
and UBX domains (Fig. 24).

To confirm that dsc5 mutants were defective for Srel cleav-
age, we grew wild-type, srelA, and dscSA cells along with each
of the mutants for 6 h in the presence or absence of oxygen.
Wild-type cells showed robust cleavage of Srel under low oxy-
gen (Fig. 2B, lanes I and 2). However, each of the dsc5 mutants
had a block in Srel cleavage under low oxygen that was equiv-
alent to the defect in a dsc5A strain (Fig. 2B, lanes 3—10). dsc5
mutant cell extracts showed no detectable Dsc5 protein due to
the deletion of the region recognized by the Dsc5 antiserum
(Fig. 2B, bottom).

cdc48 Is Required for Srel Cleavage—Linkage tests among
the mutants identified the dsc6 linkage group that contained
four independently isolated, CoCl,-sensitive mutants. Multiple
attempts to clone dsc6 using plasmid library complementation
of the CoCl, growth defect failed. As an alternative approach to
identify dsc6, we sequenced the genomes of two backcrossed
strains harboring the dsc6-1 allele. Comparison of the two
genomes with the wild-type reference genome revealed 741
SNPs present in both isolates (28). In analyzing the data, we
made several assumptions to reduce the number of SNPs to a
manageable number (see supplemental Fig. 1). As a result, we
identified 10 candidate genes that contained open reading
frame SNPs that satisfied our criteria. cdc48 was among these
10 genes. Given the central role of Cdc48 in the ubiquitin-pro-
teasome system and the role of the Dsc E3 ubiquitin ligase com-
plex in Srel processing, we considered cdc48™ a strong candi-
date for dsc6™. Linkage tests using tetrad analysis between an
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FIGURE 2. Sre1 cleavage requires dsc5. A, diagram of Dsc5, where the black
box indicates a predicted hydrophobic region of the protein. Gray boxes, UAS
and UBX domains identified by conserved domain prediction programs.
Mutant alleles are indicated above and below the diagram. B, Western blots of
phosphatase-treated whole cell lysates from wild type and the indicated
mutant strains grown for 6 h in the presence or absence of oxygen probed
with anti-Sre1 1gG and anti-Dsc5 serum.

existing cdc48-353 temperature-sensitive mutant and dsc6-1
demonstrated that dsc6-1 was an allele of cdc48 (29). Next, we
sequenced the cdc48 locus for each dsc6 mutant and found that
each allele harbored a missense mutation in cdc48 (Fig. 3A and
Table 1). cdc48 is an essential gene, possibly explaining the
absence of nonsense mutations (29). Reconstitution of the indi-
vidual ¢dc48 mutations in an otherwise wild-type background
conferred a CoCl,-sensitive phenotype to the strains (data not
shown). Thus, dsc6 is cdc48.

To confirm that each cdc48 mutation was defective for Srel
cleavage, we grew wild-type and srelA cells along with each of
the cdc48 mutants for 6 h in the presence or absence of oxygen
to induce Srel cleavage. Wild-type cells accumulated SrelN
under low oxygen (Fig. 3B, lanes 1 and 2). In contrast, each
cdc48 mutant failed to accumulate SrelN (Fig. 3B, lanes 3—10).
Although each cdc48 mutant possessed a clear defect in Srel
cleavage, variation existed among the cdc48 alleles with respect
to the severity of the defect. dsc6-1 and dsc6-4 strains showed a
complete block in Srel cleavage, whereas dsc6-2 and dsc6-3
strains showed a low level of Srel cleavage under low oxygen
(Fig. 3B, lanes 3—-10). Together, these data demonstrate that
cdc48 is required for proper function of the Srel pathway.

dsc5 and cdc48 Are Required for Sre2 Cleavage—To further
characterize the requirement of dsc5 and cdc48 for Srel cleav-
age, we performed a series of low oxygen time course experi-
ments, in which we monitored Srel cleavage in wild-type,
dsclA, dscSA, and cdc48-1 cells. In wild-type cells, Sre1N was
produced by 30 min and accumulated throughout the course of
the experiment (Fig. 4, A—C, lanes 1-6). In dscIA cells, SreIN
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FIGURE 3. Sre1 cleavage requires cdc48/dsc6. A, diagram of Cdc48/Dsc6
from S. pombe. The substrate and cofactor binding N domain as well as the
AAA domain containing D1 and D2 domains are outlined in light gray boxes.
The D1 and D2 domains each contain three important highly conserved
domains. These domains, the Walker A, Walker B, and SRH, are indicated by
gray, dark gray, and black boxes, respectively. These functional regions of the
protein are based on alignments with the Mus musculus VCP/p97 homolog of
Cdc48/Dsc6. Mutation for each allele is represented above the diagram. B,
Western blot probed with anti-Sre1 IgG of phosphatase-treated whole cell
lysates from wild type and the indicated mutant strains grown for 6 h in the
presence or absence of oxygen. *, nonspecific, cross-reacting protein.

was not detected at any time point (Fig. 44, lanes 7-12). In
contrast, in both dsc5A and cdc48-2 cells, a low level of SrelN
was transiently detected at around 2—4 h (Fig. 4, Band C, lanes
7-12).

S. pombe has a second SREBP homolog called Sre2 that pos-
sesses a similar domain structure and membrane topology as
Srel, but Sre2 lacks the C terminus that imparts sterol regula-
tion to Srel cleavage (6). As a result, Sre2 is constitutively
cleaved. We previously reported that deletion of dscl—dsc4
impaired Sre2 cleavage (5). To determine whether Dsc5 and
Cdc48 are required for Sre2 cleavage, we performed an immu-
noblot analysis of the low oxygen time course experiments
described above, using Sre2 antiserum. In wild-type cells, the
nuclear form of Sre2 (Sre2N) was initially the predominant spe-
cies, decreasing slightly over the course of the experiment (Fig.
4, A-C, bottom panels, lanes 1-6). dsclA cells had a severe
defect in Sre2 cleavage in the presence of oxygen and began to
accumulate the precursor form at ~4— 6 h after shifting to low
oxygen (Fig. 4A, bottom, lanes 7—12). Both dscSA and cdc48-1
cells demonstrated a similar Sre2 cleavage defect as observed in
dscIA cells with a decrease in the production of Sre2N and an
accumulation of the precursor form beginning at ~4 -6 h. Col-
lectively, these experiments illustrate that Dsc5 and Dsc6 are
required for normal cleavage of fission yeast SREBPs in the
presence and absence of oxygen.

Dsc5 and Cdc48 Interact with Dsc Complex—Dscl—Dsc4
form a stable complex required for SREBP activation (8). Given
the role of Dsc5 and Dsc6 in SREBP cleavage, we sought to
determine whether these proteins interacted with known Dsc
complex components. To this end, we grew wild-type cells or
cells expressing a Myc-tagged Dsc2 and the Golgi membrane
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FIGURE 4. Sre2 cleavage requires dsc5 and cdc48. A, Western blot probed
with anti-Sre1 IgG (top) or anti-Sre2 serum (bottom) of phosphatase-treated
whole cell lysates from sre2-GFP and sre2-GFP dsc1A cells grown for the indi-
cated times in the absence of oxygen. B, Western blot probed with anti-Sre1
IgG (top) or anti-Sre2 serum (bottom) of phosphatase-treated whole cell
lysates from sre2-GFP and sre2-GFP dsc5A cells grown for the indicated times
in the absence of oxygen. C, Western blot probed with anti-Sre1 IgG (top) or
anti-Sre2 serum (bottom) of phosphatase-treated whole cell lysates from sre2-
GFPand sre2-GFP cdc48-1 cells grown for the indicated times in the absence of
oxygen. For each immunoblot, sreA denotes sreTA and sre2A strains for the
anti-Sre1 and anti-Sre2 blots, respectively.

protein Anpl-GFP in the presence of oxygen. Dsc2-13xMyc-
interacting proteins were purified from digitonin-solubilized
cell extracts and subjected to immunoblot analysis with anti-
bodies directed against Dsc1-Dsc5, Cdc48, and GFP. Consis-
tent with our previous results, Dsc2 bound Dscl, Dsc3, and
Dsc4 but not the cis-Golgi membrane protein, Anpl (Fig. 5,
lanes 5 and 6). Dsc2 also bound both Dsc5 and Cdc48 (Fig. 5,
lanes 5 and 6), demonstrating that Dsc5 and Dsc6 are compo-
nents of the Dsc E3 ligase complex.
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FIGURE 5. Dsc5 and Cdc48 interact with Dsc2. Digitonin-solubilized extracts
were prepared from cross-linker-treated, wild-type, and dsc2-13xMyc anp1-
GFP cells. Dsc2-13xMyc and its interacting proteins were immunopurified (/P)
with anti-Myc IgG-9E10 monoclonal antibody. Equal amounts of input (lanes
1 and 2), unbound (lanes 3 and 4), and 10-fold bound (/anes 5 and 6) fractions
were analyzed by immunoblot with anti-Dsc1 1gG, anti-Myc IgG, anti-Dsc3
serum, anti-Dsc4 serum, anti-Dsc5 serum, anti-Cdc48 serum, and anti-GFP
Ig9G.

Dsc5 UBX Domain Binds Cdc48 but Is Not Required for Srel
Cleavage—Dsc5 is predicted to contain a UBX domain, a
known Cdc48-interacting motif (30). To determine whether
the Dsc5 UBX domain was functional, we expressed it as a GST
fusion protein (GST-UBX) and examined its ability to bind
Cdc48. GST or GST-UBX was purified from E. coli, immobi-
lized on magnetic beads, and incubated with wild-type
S. pombe cytosol. Bound proteins were eluted and evaluated by
SDS-PAGE with Coomassie staining. Comparison of the elu-
ates from the GST-UBX and GST-only loaded beads showed a
protein of ~100 kDa that was present specifically in the GST-
UBX eluate (Fig. 64, lanes 1 and 3). To determine whether the
100 kDa band was Cdc48, we performed an immunoblot on the
bound and unbound fractions from the experiment in Fig. 64
with anti-Cdc48 serum. Cdc48 bound specifically to the GST-
UBX-loaded and not the GST only-loaded beads (Fig. 6B, lanes
3 and 5), indicating that the Dsc5 UBX domain binds Cdc48.

To determine whether the UBX domain of Dsc5 is required
to recruit Cdc48 to the Dsc complex in vivo, we generated a
strain expressing a truncated version of Dsc5 lacking the C-ter-
minal UBX domain (amino acids 324 —427) (dsc5*“5%). Digi-
tonin-solubilized lysates from wild-type, dsc5A, dsc5*“#X, and
dsc2A cells were prepared, and Dsc2-interacting proteins were
purified using anti-Dsc2 serum. In wild-type cells, both Dsc5
and Cdc48 bound Dsc2 (Fig. 6C, lane 9), whereas deletion of
dsc5 resulted in a loss of Cdc48 binding to Dsc2 (Fig. 6C, lane
10). In dsc5445X cells, Dsc54“2X bound to Dsc2, but binding
between Dsc2 and Cdc48 was abolished (Fig. 6C, lane 11). Thus,
the Dsc5 UBX domain is required for Cdc48 recruitment to
Dsc2 but not Dsc5 binding to Dsc2.
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Given the requirement for Cdc48 in SREBP cleavage and the
function of the UBX domain in Cdc48 recruitment, we tested
whether Srel cleavage required the Dsc5 UBX domain. Wild-
type, dsc5A, and dsc5*“5X cells were assayed for Srel cleavage
in the presence or absence of oxygen. In wild-type cells, Sre1N
is generated under low oxygen (Fig. 6D, lane 2), but deletion of
dsc5 blocked SrelN cleavage (Fig. 6D, lane 4). Surprisingly,
SrelN accumulates under low oxygen in the dsc5*“#¥ strain,
albeit to a somewhat diminished extent compared with wild-
type cells (Fig. 6D, compare lanes 6 and 2). Collectively, these
data demonstrate that the UBX domain of Dsc5 recruits Cdc48
to the Dsc complex but is not absolutely required for Srel
cleavage.

DISCUSSION

Identification of New Dsc Complex Components—Fission
yeast Srel is a principal regulator of the hypoxic response (6, 7).
Srel indirectly detects oxygen through sterol levels and facili-
tates growth under oxygen-limiting conditions (5). Srel is a
membrane-bound transcription factor, and Srel cleavage acti-
vation occurs through a mechanism that requires Dsc E3 ligase
activity and the proteasome (8). We previously identified the
Dsc E3 ligase complex through a genetic screen of the S. pombe
non-essential haploid deletion collection. Although successful,
the approach ignored essential genes, and the deletion collec-
tion screened was incomplete, containing 75% of the ~3600
non-essential S. pombe genes (31). Here, we used a forward
genetic selection to identify additional components of the fis-
sion yeast Srel pathway. We discovered a number of linkage
groups representing both known and unknown genes that par-
ticipate in Srel cleavage. However, the failure to identify alleles
of dsc2 or dsc4 indicated that the mutagenesis was not saturat-
ing. In this study, we characterized two new linkage groups,
dsc5 and dsc6, coding for a UBX domain-containing protein
and Cdc48, respectively.

Several lines of evidence demonstrate that Dsc5 and Cdc48
are functional components of the Dsc E3 ligase complex
required to cleave full-length Srel. First, the ability of the active
SrelN transcription factor to rescue the CoCl, sensitivity of
dscS and cdc48 mutants indicated that these genes function at
or prior to Srel cleavage (Fig. 1D). Second, mutations in either
dsc5 or cdc48 blocked Srel and Sre2 cleavage (Figs. 2 and 3).
Third, protein interaction studies demonstrated that Dsc2
binds Dsc5 and Cdc48 along with the known binding partners,
Dscl, Dsc3, and Dsc4 (Fig. 5). The majority of Dsc1, Dsc3, Dsc4,
and Dsc5 exist in complexed form. However, only a small frac-
tion of Cdc48 bound to Dsc2 (Fig. 5). This finding was expected
because Cdc48 is an abundant protein and functions in numer-
ous cellular processes (13). Thus, Dsc5 and Cdc48 are new com-
ponents of the Dsc E3 ligase complex.

Function of Dsc5 and Cdc48 in SREBP Cleavage—Dsc5 is
predicted to be a UAS domain- and UBX domain-containing
membrane protein and is the closest S. pombe homolog of
Ubx2p in S. cerevisiae. Ubx2p contains a UBX domain that
recruits Cdc48 to the Hrd1 E3 ligase complex, resulting in dis-
location of ERAD substrates (32, 33). UBX domains bind Cdc48
and provide spatial and temporal control over Cdc48 activity
and are an important feature of many Cdc48-interacting pro-
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FIGURE 6. UBX domain of Dsc5 is required for Cdc48 binding but not for SREBP cleavage. A, the UBX domain of Dsc5 was expressed as a GST fusion protein
(GST-UBX) in E. coli. Purified GST-UBX or GST was bound to magnetic beads and incubated with whole cell lysates prepared from wild-type cells. GST-UBX and
GST along with their interacting proteins were eluted and analyzed by SDS-PAGE and Coomassie staining. B, equal amounts of input (lane 1), unbound (lanes
2 and 4), and 10-fold bound (lanes 3 and 5) fractions from samples in A were analyzed by immunoblot with anti-Cdc48 serum. C, digitonin-solubilized lysates
from wild-type, dsc5A, dsc54Y8% and dsc2A cells treated with cross-linker were prepared, and Dsc2-interacting proteins were immunopurified (/P) using
anti-Dsc2 antibodies. Equal amounts of input (lanes 1-4), unbound (lanes 5-8), and 10-fold bound (lanes 9-12) fractions were analyzed by immunoblot with
anti-Dsc2, anti-Dsc5, and anti-Cdc48 antibodies. An empty lane was included between lanes 8 and 9 on the Cdc48 gel to prevent contamination but was later
removed. The two images are from the same exposure of a single blot. D, whole cell lysates from wild-type, dsc5A, and dsc52Y5 cells grown for 6 h in the

presence or absence of oxygen were prepared and analyzed by immunoblotting with anti-Sre1 IgG or anti-Dsc5 serum.

teins (13). Given the presence of a UBX domain in Dsc5 and the
growing similarities between the Dsc and Hrd1 E3 ligase com-
plexes, we hypothesized that Dsc5 and Ubx2p have equivalent
functions with regard to Cdc48 (5). Indeed, the UBX domain of
Dsch was capable of binding Cdc48 in vitro. Consistent with
this result, deletion of the UBX domain from Dsc5 eliminated
Cdc48 recruitment to the Dsc complex in vivo. Interestingly,
deletion of the UBX domain from Dsc5 resulted in only a mod-
est decrease in SrelN accumulation under low oxygen (Fig. 6)
as compared with the complete block in Srel cleavage in strains
harboring dsc5 alleles that lack both the predicted UAS and
UBX domains (Fig. 2B). This difference suggests a role for the
UAS domain of Dsc5 in SREBP cleavage. The UAS domain
resembles thioredoxin in structure and is also called a thiore-
doxin-like domain (34). Although a significant number of UAS
domain-containing proteins also have UBX domains, the func-
tion of UAS domains is poorly understood. A better under-
standing of the UAS domain function in Dsc5 will yield insight
into the broader roles of UAS domain-containing proteins.
Cdc48 is a versatile, highly evolutionarily conserved molecu-
lar chaperone and the homolog of the mammalian protein p97
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(35). Asan AAA (ATPase associated with diverse cellular activ-
ities) domain-containing protein, Cdc48 is thought to provide
the mechanical force for an array of cellular functions, includ-
ing but not limited to chromosome segregation and cell cycle
regulation, membrane fusion, and ubiquitin and/or protea-
some-mediated protein degradation. Its functional unit is a
homohexamer, comprised of six identical 90-kDa subunits
(13). Each Cdc48 subunit contains three important domains;
the N-terminal region of the protein is a substrate recogni-
tion domain that mediates a number of protein-protein
interactions, followed by two tandem AAA ATPase domains
(D1 and D2). The D1 and D2 domains are highly similar, and
each contains three conserved regions: the Walker A and
Walker B domains and the second region of homology (SRH)
domain (36). The Walker A and Walker B domains are
important for ATP binding and hydrolysis, whereas the SRH
domain is thought to be important for both intersubunit
and intrasubunit communication. Mutations within these
domains impair Cdc48 function, leading to the accumulation
of insoluble proteins, a hallmark of several human diseases
(37, 38).
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In this study, we discovered a role for Cdc48 in fission yeast
SREBP cleavage and identified four mutations, E325K, N558I,
A586V, and E731D, that abrogate its function in the SREBP
pathway. Although each cdc48 allele confers an SREBP cleavage
defect, variation exists in the severity of the block (Fig. 3). Direct
comparison of Srel cleavage in strains harboring these different
cdc48 alleles shows that the N5581 and E325K mutations confer
a complete block in Srel cleavage, whereas the A586V and
E731D mutations are severely impaired for Srel cleavage but
not completely defective. The disparity in SREBP cleavage
among the different mutants is not due to a decrease in steady
state levels of the Cdc48 protein (Fig. 3B, bottom). In the case of
the E325K mutation, it is likely that the Srel cleavage defect can
be attributed to a decrease in ATPase activity because this
mutation corresponds to a previously characterized E305Q
mutation in p97 (39). Given the proximity of the N558I and
A586V mutations to the D2 domain Walker A and Walker B
motifs, respectively, it is possible that these mutations affect
ATP binding or hydrolysis. The E731D mutation is within the
D2 domain but lies outside any subdomain of known impor-
tance. Given that ATP hydrolysis creates a conformational
change that can drive cellular processes, this mutation could
prevent productive translation of the conformational change
within the Cdc48 subunit. With any of these mutants, it is pos-
sible that the observed Srel cleavage defects are due to differ-
ences in catalytic activity or binding to substrates and cofactors.
The mechanistic details of how these mutations impair Cdc48
function remain to be determined.

Previous structure-function studies with Cdc48/p97 have
largely relied on site-directed mutagenesis based on known bio-
chemical or structural data (36, 39). Although practical, these
studies limit themselves to interrogating regions of the protein
already recognized as important. Furthermore, cdc48™ is an
essential gene, and complete loss-of-function mutants would
be inviable (29). The success of our unbiased approach makes it
an attractive platform for identifying important functional res-
idues of Cdc48. A collection of cdc48 mutants would be a valu-
able resource and yield information on the function of Cdc48
within a wide variety of cellular functions.

Parallels between Dsc E3 Ligase Complex and Hrd1 E3 Ligase
Complex—During the initial characterization of the Dsc E3
ligase, we found that the Dsc1-Dsc4 subunits shared organiza-
tional and structural similarities with subunits of the Hrd1 E3
ligase involved in ERAD and that Srel cleavage required the
proteasome (8). However, it was unclear how the Dsc complex
delivered SREBP to its candidate protease, the proteasome.
Dsc5 and Cdc48 may link these two Srel pathway components.
In ERAD, the UBX-domain protein Ubx2p recruits Cdc48 to
the Hrd1 E3 ligase complex to facilitate membrane dislocation
of ubiquitinated substrates for delivery to the proteasome (32,
33). In the Srel pathway, Dsc5 may serve an analogous role to
Ubx2p, facilitating the recruitment of Cdc48 to the Dsc E3
ligase to promote Srel delivery to the proteasome. However,
unlike ERAD substrates, the Srel precursor must be incom-
pletely processed by the proteasome to produce the functional
SrelN transcription factor. Nonetheless, Dsc5 and Cdc48 col-
lectively provide a potential mechanistic link between the Dsc
E3 ligase complex and the proteasome. In addition, Dsc5 and
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Cdc48 may provide a means for regulating SREBP activation
through the differential binding of Dsc5 to the Dsc E3 ligase or
through control of Dsc5-Cdc48 binding. Given the emerging
parallels between the Dsc and Hrd1 E3 ligase complexes, the
future characterization of additional linkage groups from this
genetic selection and a clear understanding of Dsc complex
function will advance our understanding of the ERAD pathway
and protein quality control.
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