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Abstract

Hypoxic growth of fungi requires sterol regulatory element-binding
protein (SREBP) transcription factors, and human opportunistic
fungal pathogens require SREBP activation for virulence. Proteo-
lytic release of fission yeast SREBPs from the membrane in
response to low oxygen requires the Golgi membrane-anchored
Dsc E3 ligase complex. Using genetic interaction arrays, we identi-
fied Rbd2 as a rhomboid family protease required for SREBP prote-
olytic processing. Rbd2 is an active, Golgi-localized protease that
cleaves the transmembrane segment of the TatA rhomboid model
substrate. Epistasis analysis revealed that the Dsc E3 ligase acts on
SREBP prior to cleavage by Rbd2. Using APEX2 proximity biotinyla-
tion, we demonstrated that Rbd2 binds the AAA-ATPase Cdc48
through a C-terminal SHP box. Interestingly, SREBP cleavage
required Rbd2 binding of Cdc48, consistent with Cdc48 acting to
recruit ubiquitinylated substrates. In support of this claim, overex-
pressing a Cdc48-binding mutant of Rbd2 bypassed the Cdc48
requirement for SREBP cleavage, demonstrating that Cdc48 likely
plays a role in SREBP recognition. In the absence of functional
Rbd2, SREBP precursor is degraded by the proteasome, indicating
that Rbd2 activity controls the balance between SREBP activation
and degradation.
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Introduction

Sterol regulatory element-binding proteins (SREBPs) play a key role
in transcriptional regulation of lipid metabolism in response to
intracellular levels of cholesterol and fatty acids in mammals
(Espenshade & Hughes, 2007). SREBPs are synthesized as inactive

precursor proteins containing two hydrophobic transmembrane-
spanning segments for membrane insertion into the endoplasmic
reticulum (ER). In response to cholesterol depletion, SREBP cleav-
age-activating protein (SCAP) escorts SREBP via COPII vesicles to
the Golgi apparatus where it is processed by two proteases: Site-1
protease (S1P; a membrane-bound subtilisin-related serine protease)
cleaves in the lumen and Site-2 protease (S2P; a membrane-bound
zinc metalloprotease) cleaves in the membrane. The proteolytically
released N-terminal segment containing the transactivation domain
and the basic helix-loop-helix leucine zipper DNA binding (bHLH-
zip) domain travels to the nucleus where it activates transcription of
genes encoding enzymes for the biosynthesis and uptake of choles-
terol, fatty acids, and triglycerides, as well as activating its own
transcription (Shao & Espenshade, 2012).

Sterol regulatory element-binding proteins are conserved across
fungal phyla, including Cryptococcus neoformans, Aspergillus fumi-
gatus, Candida albicans and Schizosaccharomyces pombe (Lane
et al, 2001; Chang et al, 2007, 2009; Chun et al, 2007; Willger et al,
2008; Bien & Espenshade, 2010). In S. pombe, the SREBP called
Srel controls the hypoxic response in addition to lipid homeostasis
(Hughes et al, 2005; Todd et al, 2006; Bien & Espenshade, 2010).
Under low oxygen conditions, Srel is proteolytically cleaved and
the N-terminal transcription factor (SrelN) is released from the
membrane and enters the nucleus to activate hypoxic genes. Impor-
tantly, the SREBP oxygen-responsive pathway is conserved in
human opportunistic pathogens, such as C. neoformans and
A. fumigatus (Bien & Espenshade, 2010). SREBP is critical for patho-
genic fungi to adapt and survive in hypoxic host conditions, which
frequently occur at sites of fungal infections (Grahl et al, 2012).
Consequently, SREBP is required for C. neoformans and A. fumiga-
tus virulence, and SREBP pathway components are antifungal drug
targets.

In addition to Srel, fission yeast codes for a second SREBP,
called Sre2. Srel and Sre2 have the same predicted topology, but
Sre2 lacks the C-terminal SCAP binding domain (Hughes et al,
2005). Thus, Sre2 cleavage is not regulated by sterols or oxygen, but
is constitutively cleaved (Stewart et al, 2011). Despite these dif-
ferences in regulation, Srel and Sre2 cleavage require the same
machinery (Stewart et al, 2011, 2012).
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Proteolytic activation of fission yeast SREBP (both Srel and Sre2)
occurs through a mechanism different than mammalian SREBP.
Proteolytic activation requires the Golgi Dsc (defective for SREBP
cleavage) E3 ligase, a complex of five subunits, and the AAA-
ATPase Cdc48, the yeast homolog of p97/VCP (Stewart et al, 2011,
2012; Lloyd et al, 2013). Cdc48 binds to the Dsc E3 ligase through
the UBX domain of the Dsc5 subunit (Stewart et al, 2012). The Dsc
E3 ligase complex possesses E3 ubiquitin ligase activity, and its
complex architecture resembles the ER-associated degradation
(ERAD) E3 ligase gp78 (Lloyd et al, 2013; Raychaudhuri &
Espenshade, 2015). In ERAD, a membrane-associated E3 ligase core
complex recognizes substrate proteins in the ER and mediates ubig-
uitinylation (Olzmann et al, 2013). The Cdc48/p97 complex recog-
nizes the poly-ubiquitin chain and extracts ubiquitinylated
substrates to the cytosol for proteasomal degradation. Despite their
subunit architectural and functional conservation, the ERAD and
Dsc E3 ligases have distinct functional outcomes. While ERAD E3
ligase machinery mediates substrate degradation, current data
support a model in which the Dsc E3 ligase ubiquitylates yeast
SREBP to direct its subsequent proteolytic activation.

Many unanswered questions stemming from major gaps in our
knowledge of how yeast SREBP is activated need to be explored.
First, which protease(s) cleaves SREBP? Subunits of the Dsc E3
ligase do not contain predicted protease domains, and S2P is absent
from fission yeast (Bien & Espenshade, 2010). Given that activation
of SREBP is required for fungal pathogen virulence, identification of
an SREBP protease could provide a new drug target. Second, why is
Cdc48 required for SREBP cleavage? Point mutants of cdc48 fail to
support yeast SREBP cleavage (Stewart et al, 2012). However, the
Dsc5 UBX domain that recruits Cdc48 to the Dsc E3 ligase is not
required for cleavage, suggesting an independent function for
Cdc48 in SREBP cleavage. Finally, is yeast SREBP ubiquitinylation
required for cleavage? Our recent studies demonstrate that Dsc E3
ligase activity is required for Golgi localization of the Dsc E3 ligase
complex (Raychaudhuri & Espenshade, 2015). Thus, mislocalization
of the Dsc E3 ligase confounds the interpretation of dsc mutant
data.

In this study, we provide answers to each of these questions. We
demonstrate that S. pombe Rbd2 is a Golgi-resident rhomboid
protease that is required for yeast SREBP cleavage activation. Kim
and colleagues recently reported an initial genetic characterization
of rbd2 showing that Srel cleavage activation requires rbd2 in
S. pombe, and our results confirm these findings (Kim et al, 2015).
Rhomboid proteases are a family of intramembrane serine
proteases, whose catalytic site is buried within the membrane
bilayer (Urban, 2006; Urban & Dickey, 2011). Conserved in prokary-
otes and eukaryotes, rhomboid proteases regulate a wide range of
divergent biological processes, such as growth factor signaling,
mitochondrial membrane dynamics, protein quality control, and
parasite invasion of host cells (Bergbold & Lemberg, 2013; Lemberg,
2013; Rather, 2013). Our epistasis analysis shows that the Dsc E3
ligase complex functions prior to Rbd2, suggesting that Dsc E3-
mediated ubiquitinylation is a prerequisite for Rbd2 function. The
C-terminal, cytosolic tail of Rbd2 binds Cdc48, and disruption of
Rbd2-Cdc48 binding blocks SREBP cleavage. Genetic experiments
indicate that Cdc48 recruits SREBP to Rbd2 for cleavage, identifying
a function for Cdc48 that is independent from its role in binding to
the Dsc E3 ligase. The mammalian rhomboid RHDBL4 also binds
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p97, but in this case, p97 functions after cleavage to promote
degradation of cleaved products (Fleig et al, 2012). Interestingly,
the absence of functional Rbd2 leads to proteasomal degradation of
the uncleaved SREBP precursor form in a Dsc E3-dependent
manner, supporting a model in which the Dsc E3 ligase ubiquitiny-
lates SREBP prior to cleavage by Rbd2. Thus, this study answers
key questions regarding the mechanism of yeast SREBP cleavage
activation.

Results

Genetic interaction mapping identifies function for rbd2 in
SREBP pathway

To identify additional genes involved in SREBP cleavage in
S. pombe, we previously carried out an unbiased, high-throughput
genetic interaction screen (Frost et al, 2012). Hierarchical clustering
of genetic interaction profile correlations between a set of
1,297 G418-marked array strains and 579 nourseothricin-marked
query strains revealed functionally related genes, including those
involved in dsc-dependent SREBP pathway (Frost et al, 2012). A
gene encoding a putative rhomboid protease, SPCC790.03, was
correlated with dscI-dsc4 and sre2 (Fig 1A). The absence of srel
from the cluster was likely due to the fact that the study was
performed under normoxic conditions when srel is inactive, an
observation made in a previous study (Eisenman et al, 2005;
Stewart et al, 2011).

SPCC790.03 codes for a putative 251 amino acid (aa) rhomboid
protease that is homologous to RBDZ2 in Saccharomyces cerevisiae.
Bioinformatic analysis of S. pombe Rbd2 revealed highly signifi-
cant shared homology between Rbd2 and GIpG, a well-studied
bacterial member of the rhomboid family of intramembrane
proteases (Fig 1B) (Kelley et al, 2015). Furthermore, a multiple
sequence alignment revealed that Rbd2 shares significant sequence
conservation with rhomboid proteases from other kingdoms
(Fig 1C). Based on known rhomboid structures and topologies,
Rbd2 has six predicted transmembrane domains (TM) with the N-
and C-termini in the cytoplasm (Fig 1D), and its predicted catalytic
Ser-His dyad is positioned in the fourth (S130) and sixth (H182)
TM, respectively. In addition, Rbd2 also contains the conserved
“GxSG” motif surrounding the catalytic Ser in TM4, the “GxxxG”
helix dimerization motif in TM6, and the “HxxxxHxxxN” motif in
TM2 characteristic of rhomboid proteases (Fig 1C) (Urban &
Baker, 2008; Urban & Shi, 2008). Interestingly, a homology search
program also identified a SHP box, a putative Cdc48 interaction
domain, in the cytosolic C-terminus of Rbd2 that has not been
described in rhomboid proteases (Fig 1D) (Sato & Hampton, 2006;
Kelley et al, 2015). This SHP box is not present in S. cerevisiae
Rbd2, suggesting that the two orthologs have distinct functions.
The predicted subcellular localization of Rbd2 is the Golgi appara-
tus (Matsuyama et al, 2006). Consistent with this prediction, Rbd2
fused to six tandem copies of mCherry (Rbd2-6xmCherry)
appeared as puncta in cells that colocalized with two Golgi
proteins, Sec72-6xGFP and Dsc2-6xGFP (Fig 1E) (Stewart et al,
2011). Our combined structural modeling, bioinformatic analysis,
and subcellular localization data suggest that Rbd2 is a S. pombe
Golgi-localized, rhomboid intramembrane protease.
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Figure 1. Rbd2 is a Golgi-resident rhomboid protease.

Sec72-6xGFP Dsc2-6xGFP

A

Plot of correlation coefficients generated from comparison of the genetic profiles from sre2A and SPCC790.03A (rbd2A) to all other profiles from the genetic
interaction array. Note the high correlations among dsc1-4, sre2, and rbd2.

Protein structural predictions for Schizosaccharomyces pombe Rbd2 (blue) and E. coli GlpG (red). Protein structures were predicted using the Phyre2 server (http:/
www.sbg.bio.ic.ac.uk/phyre2). Rbd2 model structure was aligned to GIpG using PyMOL.

Protein sequence alignment of E. coli GIpG, human RHBDL4, S. pombe Rbd2, and S. cerevisiae Rbd2. Alignments were generated using Clustal Omega server (http://
www.ebi.ac.uk/Tools/msa/clustalo). Predicted transmembrane domains (TM) and shared sequence motifs were used for alignment. Positions of functionally important,
conserved rhomboid amino acid residues (including predicted catalytic dyad serine and histidine) are shaded in red. Residues boxed in green were identified as
required for Srel activation from a genetic selection and were analyzed in Fig 2E and F. The starting residue numbers of the indicated sequences within their full-
length proteins are given. Asterisks mark residues identical in all sequences, and colons denote conservative substitutions.

Topology model for S. pombe Rbd2 with the conserved six-pass TM. Both the N- and C-termini face the cytoplasm. The protease active site serine and histidine form a
catalytic dyad between TM4 and TM6. A SHP box, predicted to bind Cdc48, is positioned at the Rbd2 C-terminus.

Cells carrying a plasmid expressing rbd2-6xmCherry and either of two Golgi proteins dsc2-6xGFP (dsc2-6xGFP rbd2-6xmCherry) or Sec72-6xGFP (Sec72-6xGFP rbd2-
6xmCherry) were imaged by confocal fluorescence microscopy.

SREBP activation requires Rbd2

To test whether Rbd2 is involved in SREBP proteolytic processing,
we generated an rbd2A strain. Cells lacking Srel activity fail to grow
on medium containing cobalt chloride (CoCl,), which mimics
hypoxia (Hughes et al, 2005). rbd2A cells failed to grow on CoCl,

The EMBO Journal Vol 35| No 21 | 2016

medium, and growth was rescued by the expression of the cleaved,
soluble N-terminus of Srel (SrelN) (Fig 2A), suggesting that the
rbd2A growth defect was due to a failure to produce SrelN. Consis-
tent with this result, rbd2A cells failed to accumulate cleaved SrelN
when cells were grown in the absence of oxygen, a condition where
Srel cleavage was robust in wild-type cells (Fig 2B, lanes 1-8). As

© 2016 The Authors
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Figure 2. SREBP activation requires rbd2.

A Wild-type (WT), rbd2A, or srelA yeast (200 cells) containing either empty vector (EV) or a plasmid expressing sreIN (Srel amino acids 1-440) were grown on rich
medium in the presence or absence of cobalt chloride (CoCl,).

B Western blot was probed with anti-Srel IgG of phosphatase-treated, whole-cell lysates from WT and the indicated mutants grown for the indicated time in the
absence of oxygen. Dsc5 serves as a loading control and was detected by chemiluminescence. P and N denote Srel precursor and cleaved nuclear forms, respectively.

C Indicated yeast strains expressing rbd2 or chromosomal Flag-tagged rbd2, rbd2-S130A, or rbd2-H182A were analyzed for Srel cleavage. Western blot was performed
using anti-Srel or anti-Flag IgG of phosphatase-treated, whole-cell lysates from cells grown for 3 h in the presence or absence of oxygen.

D Indicated yeast strains expressing rbd2 or chromosomal Flag-tagged rbd2, rbd2-S130A, or rbd2-H182A were analyzed for Sre2 cleavage by Western blot probed with
anti-Sre2 serum or anti-Flag IgG of phosphatase-treated, whole-cell lysates from cells grown in the presence of oxygen.

E Srel cleavage assay was performed as in (C). G128V, A127D, and A186 T mutant strains were obtained from our previous mutagenesis screening (Stewart et al, 2012).
Dsc5 serves as a loading control.

F Sre2 cleavage assay for indicated yeast strains was performed as in (D).
A model substrate of Sre2 containing amino acids 423-793 (Sre2MS) with an N-terminal 3xFlag epitope tag was expressed on a plasmid under the control of a CaMV
promoter in sre2A, dsc1Asre2A, or rbd2Asre2A yeast strains. Whole-cell lysates from indicated yeast strains were analyzed by Western blot with anti-Flag antibody.
Three independent isolates (A-C) are shown for each strain. Empty vector (EV) transformation serves as a negative control.
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expected, dscIA cells also failed to produce SrelN (Stewart et al,
2011). Interestingly, unlike dscIA cells, the full-length Srel precur-
sor form decreased in rbd2A cells (Fig 2B, lanes 5-13). Taken
together, these data suggest that deletion of rbd2 impairs Srel acti-
vation under hypoxic conditions.

To test whether the catalytic dyad residues of Rbd2 (Ser130 and
His182) are required for SREBP activation, we assayed Srel cleavage
in rbd2A cells expressing chromosomally Flag-tagged rbd2, rbdz2-
S130A, or rbd2-H182A. Wild-type and Rbd2 mutants were expressed
equivalently (Fig 2C, bottom panel). While wild-type Rbd2
supported Srel cleavage, catalytically dead Rbd2 mutants did not
(Fig 2C, lanes 5-10), indicating Srel activation requires Rbd2
protease activity.

Next, we examined effects on activation of the second fission
yeast SREBP, Sre2. In wild-type cells, Sre2 is constitutively cleaved
in the presence of oxygen, and the majority of Sre2 exists as Sre2N
(Fig 2D, lane 1) (Stewart et al, 2011). Strikingly, neither the precur-
sor nor the cleaved Sre2N form was observed in rbd2A cells (Fig 2D,
lane 3). Similar to Srel, Sre2 activation was rescued in rbd2A cells
by rbd2, but not by the rbd2-S130A or rbd2-H182A mutants (Fig 2D,
lanes 4-6). Again, the Sre2 precursor accumulated in dscIA cells,
but was not detected in the absence of functional Rbd2 (Fig 2D).

In parallel to our genetic interaction studies, we identified point
mutations of rbd2 in a genetic selection to identify genes defective
for Srel cleavage (Stewart et al, 2011). Briefly, each mutant that
failed to activate an Srel reporter was tested for linkage to rbd2A,
identifying three rbd2-linked mutants. DNA sequencing of rbd2 in
these mutants revealed mutation of rbd2-A127D, rbd2-G128A, and
rbd2-A186T. These mutations reside in keystones III and IV, which
are key architectural motifs conserved in all rhomboid proteases
(Fig 1C, green residues) (Baker & Urban, 2012). Indeed, these rbd2
mutants resembled rbd2A cells in Srel and Sre2 cleavage assays
(Fig 2E and F), confirming that these residues are required for
SREBP activation and independently demonstrating that SREBP acti-
vation requires Rbd2 rhomboid function.

Finally, Rbd2 was required for processing of a truncated Sre2
model substrate (Sre2MS, aa 423-793), previously shown to be
processed like endogenous Sre2 (Cheung & Espenshade, 2013).
Cleaved Sre2MS was not detected in rbd2A cells (Fig 2G, lanes 10—
12). Unlike endogenous Sre2, a small amount of uncleaved Sre2MS
was retained in the rbd2A cells, possibly due to differences in
expression. Uncleaved Sre2MS accumulated in dscIA cells as
expected (Fig 2G, lanes 6-8) (Cheung & Espenshade, 2013). Taken
together, these results show that Rbd2 activity is required for fission
yeast SREBP activation and that precursor forms of SREBP decrease
in the absence of functional Rbd2, unlike in dscIA cells.

SREBP precursor is degraded in a proteasome- and Dsc E3 ligase-
dependent manner in the absence of rbd2

Uncleaved SREBP precursor decreased in rbd2A cells, but not in
wild-type or dsclA cells (Fig 2B-F). We next asked whether disap-
pearance of the precursor was due to proteasomal degradation. To
impair proteasome function, we used a temperature-sensitive allele
of mts3 that codes for the 19S proteasome subunit Rpnl2 (Gordon
et al, 1996). In wild-type cells, the majority of Sre2 existed as Sre2N,
and we observed loss of Sre2 in rbd2A cells (Fig 3A, lanes 1-2).
Inactivation of mts3 in wild-type cells resulted in accumulation of
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both Sre2P and Sre2N (Fig 3A, lane 4). Importantly, inactivation of
mts3 in rbd2A mts3-1 double mutant cells showed recovery of the
Sre2P but not Sre2N (Fig 3A, lane 3). Consistent with this result,
treatment with the 20S proteasome inhibitor bortezomib (Bz)
increased both Sre2P and Sre2N in wild-type cells, but only Sre2P
accumulated in rbd2A cells (Fig 3B). Finally, the Sre2MS precursor
accumulated in rbd2A mutant cells upon Bz treatment, but the
cleaved form did not (Fig 3C, lanes 7-8). Bz treatment did not
change the level of Sre2MS in dsclA cells (Fig 3C, lanes 5-6). Dele-
tion of the ERAD E3 ligases hrdI or doal0 did not rescue Sre2 levels
(Fig EV1A), indicating that these ER-localized E3 ligases do not
target Sre2 for degradation. Taken together, these data indicate that
Sre2 precursor is degraded by the proteasome in the absence of
Rbd2. Furthermore, proteasome inhibition revealed that Rbd2 initi-
ates SREBP proteolytic processing, because under these conditions,
conversion of Sre2 precursor to Sre2N requires Rbd2 (Fig 3A, lanes
3-4 and Fig 3B, lanes 4 and 6).

Proteasome inhibition did not increase Sre2MS in dscIA cells
(Fig 3C, lanes 5-6), suggesting that the Golgi-localized Dsc E3 ligase
may be required for SREBP degradation. Both the Dsc E3 ubiquitin
ligase and Rbd2 are required for SREBP activation, and we
performed epistasis tests to determine the order of action of these
two pathway components. Sre2 decreased in rbd2A cells and the
precursor accumulated in dsc1A-dsc4A cells (Fig 3D, lanes 1-3, 5, 7,
9). Deletion of dscl in rbd2A cells restored Sre2 precursor levels to
that of the single dscIA mutant (Fig 3D, compare lanes 3 and 4).
Identical results were seen for deletion of dsc2-dsc4 (Fig 3D, lanes
5-10). Likewise, Srel precursor disappeared under low oxygen in
rbd2A cells, but was recovered in dscIArbd2A cells (Fig EV1B).
Thus, the Dsc E3 ligase is required for proteasome-dependent degra-
dation of SREBP in rbd2A cells, demonstrating that the Dsc E3 ligase
acts prior to Rbd2 in the biochemical pathway to cleave SREBP. To
test specifically whether Sre2 precursor degradation requires Dsc E3
ligase activity, we studied a previously characterized, catalytically
dead mutant of Dscl with a mutation in the Dscl RING domain
(dsc1-C634A) (Raychaudhuri & Espenshade, 2015). As observed for
the dscl deletion, mutation of the Dscl RING domain restored Sre2
precursor in rbd2A cells (Fig 3E), showing that the Sre2 precursor
degradation requires Dsc RING E3 ligase activity. Collectively, these
results suggest that uncleaved SREBP is ubiquitinylated by the Dsc
E3 ligase and degraded by the proteasome when Rbd2 function is
impaired.

Rbd2 is an active rhomboid intramembrane protease

We next used a heterologous assay with a panel of model rhomboid
substrates to examine whether Rbd2 is able to catalyze intramem-
brane proteolysis directly. This assay relies on co-transfecting
human HEK293T cells with a 3xHA-tagged rhomboid and a GFP-
tagged substrate and using Western analysis to detect proteolysis.
Although this approach has been used to study the protease activity
of rhomboid proteases from bacteria, protozoa, plants, and animals,
it has never been applied successfully to study yeast rhomboid
activity. Transfecting cells with 3xHA-rbd2 resulted in low levels of
protein expression (Fig 4A, lane 2). To circumvent this obstacle, we
recoded the entire rbd2 ORF to codon-optimize it for expression in
human cells, and this resulted in > 35-fold higher expression of
3xHA-Rbd2 (Fig 4A, lanes 2-3). Despite achieving this robust level

© 2016 The Authors
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Figure 3. Uncleaved SREBP is degraded in a proteasome-dependent and Dsc E3 ligase-dependent manner in the absence of rbd2.

A Wild-type (WT) and the indicated mutant strains were grown for 3 h at the non-permissive temperature (36°C) to inactivate Mts3. Phosphatase-treated, whole-cell
lysates were analyzed by Western blot with anti-Sre2 serum and imaged using chemiluminescence. P and N denote Sre2 precursor and cleaved nuclear forms,
respectively.

B WT, rbd2A, and sre2A cells were treated with bortezomib (Bz) for 3 h, and phosphatase-treated, whole-cell lysates were analyzed by Western blot with anti-Sre2
serum.

C WT, dscIA, and rbd2A cells carrying either empty vector (EV) or a plasmid expressing 3xFlag-Sre2MS (MS) were treated with bortezomib (Bz) for 3 h. Whole-cell
lysates were analyzed by Western blot with anti-Flag antibody.

D Whole-cell lysates from the indicated strains were analyzed by Western blot with anti-Sre2 serum.

E Catalytically dead Dscl E3 ligase (dsc1-C634A) mutant and other indicated yeast strains were analyzed by Western blot probed with anti-Sre2 serum and imaged

using chemiluminescence.

of expression (higher than other rhomboid proteases that we used
as positive controls), Rbd2 was completely unable to cleave either
the Drosophila signaling molecule Spitz, which is a canonical rhom-
boid substrate, or Plasmodium EBA-175, which is an “atypical”
substrate that is cleaved by many rhomboid proteases that are
unable to cleave Spitz (Fig 4B) (Urban & Freeman, 2003; Baker
et al, 2006; Baxt et al, 2008).

We therefore next examined cleavage of a third substrate, TatA
from the bacterium Providencia stuartii, which is perhaps the
most efficient rhomboid substrate known (Moin & Urban, 2012).
Co-transfecting rbd2 resulted in consistent but weak TatA cleav-
age (Fig 4C, lane 4). To ensure that this was proteolysis, we
tagged both termini of TatA and followed processing by Rbd2 or
the human rhomboid protease RHBDL2 as a positive control. In
each case, we detected both proteolytic fragments, and TatA
proteolysis required the predicted catalytic histidine of Rbd2
(Fig 4C, lanes 4-5).

We next examined the substrate requirements for Rbd2 process-
ing of TatA. Rhomboid proteases require helix-destabilizing resi-
dues in the substrate transmembrane segment, and mutating these
residues of TatA (GSP, aa 11-13) to VVL abolished processing by
Rbd2 (Fig 4D). All rhomboid proteases studied to date cleave after

© 2016 The Authors

small residues (glycine, alanine, serine) (Urban, 2010), and all
rhomboid proteases tested cleave TatA after A8 (Strisovsky et al,
2009). We therefore tested the ability of Rbd2 to cleave TatA
harboring the A8L mutant. To our surprise, we found that Rbd2
cleaved the A8L mutant substrate four-fold more efficiently than
wild-type TatA (Fig 4E, lanes 2-3). However, this mutation nearly
abolished processing by other rhomboid proteases (Fig 4E, lanes
4-7). Rhomboid proteases typically have only limited sequence
dependence, and thus, mutations can increase proteolysis by shift-
ing the site of cleavage to a new location. To examine whether the
A8L mutant was truly being cleaved after a large hydrophobic
residue, we immunopurified the C-terminal cleavage product and
determined its size by mass spectrometry (Fig 4F). The predomi-
nant cleavage of the TatA ASL mutant was indeed after the leucine
at position 8. Interestingly, we discovered a second, minor cleav-
age site (~20%) after F10, two residues deeper into the TatA trans-
membrane segment. Notably, this cleavage also occurred between
a large and small residue, namely a naturally occurring phenyl-
alanine and glycine. As such, Rbd2 is an active rhomboid intra-
membrane protease that can cleave after large hydrophobic
residues. This unique property has not been observed for any
rhomboid protease.

The EMBO Journal Vol 35| No 21 | 2016
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Figure 4. Rbd2 is an active rhomboid protease.
A

Human HEK293T cells were transfected with plasmids expressing different 3xHA-tagged rhomboid proteases: Schizosaccharomyces pombe rbd2, S. pombe rbd2 recoded

for human expression, human RHBDL2, D. melanogaster Rhol, and P. falciparum ROM4. Whole-cell lysates were analyzed by Western blot to detect the HA-tagged
rhomboid. Asterisks indicate loading control bands detected with antibody ab179726 (Abcam).

Human HEK293T cells were transfected with plasmids expressing the indicated rhomboid substrates and either recoded S. pombe rbd2, D. melanogaster Rhol, or

P. falciparum ROM4. Conditioned media and cell lysates were analyzed by Western blot. P and C denote precursor and cleaved products, respectively.

Human HEK293T cells were transfected with plasmids expressing the GFP-TatA-Flag substrate and the indicated rhomboid proteases. Whole-cell lysates were

analyzed by Western blot. P, Cy, Cc denote precursor, N-terminal cleaved, and C-terminal cleaved products, respectively.

Whole-cell lysates were analyzed by Western blot.

analyzed by Western blot.

Human HEK293T cells were transfected with plasmids expressing the indicated GFP-TatA-Flag substrates and in the absence or presence of recoded S. pombe rbd2.
Human HEK293T cells were transfected with plasmids expressing the indicated GFP-TatA-Flag substrates and different rhomboid proteases. Whole-cell lysates were

Human HEK293T cells were transfected with plasmids expressing the GFP-TatA (A8L)-Flag and recoded S. pombe rbd2. C-terminal cleavage products were purified

using anti-Flag antibodies, and purified protein was analyzed by mass spectrometry.

Rbd2 cleavage requires Lys743 in Sre2 luminal loop

Rhomboid proteases cleave type-I transmembrane substrates (Urban
& Freeman, 2003; Ha, 2009) and consistent with this Rbd2 cleaved
TatA within its transmembrane segment toward its N-terminus
(Fig 4F). We next asked whether this unique substrate sequence
preference was also observed for SREBP. Heterologous Rbd2 cleav-
age assays using multiple S. pombe SREBP substrate variants failed,
possibly due to the lack of Dsc E3 ligase machinery in HEK293 cells.

2338 The EMBO Journal Vol 35| No 21 | 2016

To test directly the requirement for large hydrophobic residues, we
assayed cleavage of alanine-substitution mutants in the N-terminus
of the second predicted transmembrane segment of Sre2 (aa 748-
754) (Fig 5A). Processing of each mutant (I748A/Y749A, L750A,
F752A, L754A) was normal in wild-type cells and required both
rbd2 and dscl (Fig 5B and Appendix Fig S1A), indicating that
Sre2MS cleavage does not require these individual large hydropho-
bic residues. However, we cannot exclude the possibility that one or
several of these mutations block cleavage at the wild-type site but

© 2016 The Authors
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Figure 5. Rbd2 cleavage requires Lys 743.

A Diagram of Sre2MS substrate (aa 423-793). The enlarged model shows predicted positions of TM1 and TM2 denoting the 26 amino acids tested for mutagenesis by
colored squares. Numbers indicate the number of amino acid residues. Mutants showing a block in cleavage due to defects in Dscl function are indicated in
orange, Rbd2 function in pink, a combination of defects in Dsc1 and Rbd2 in blue (intermediate), and residues showing normal cleavage are indicated in gray.

B Whole-cell lysates from WT, rbd2A, and dscIA cells carrying a plasmid expressing 3xFlag-Sre2MS WT or indicated mutants were analyzed by Western blot with
anti-Flag antibody. P and N denote Sre2MS precursor and cleaved forms, respectively.

@ Model outlining the predicted fate of Sre2MS in different yeast strains. U denotes either mono-ubiquitin or poly-ubiquitin.

D, E Whole-cell lysates from WT, rbd2A, and dscIA cells carrying a plasmid expressing 3xFlag-Sre2MS WT or indicated mutants were analyzed by Western blot with
anti-Flag antibody. P and N denote Sre2MS precursor and cleaved forms, respectively. Asterisks indicate non-specific, loading control bands, which were used to
normalize the intensities of P and N in (F). Two independent isolates, A and B, are shown for each strain.

F Intensities of individual P and N bands from Western blots were quantified using LI-COR software. Relative intensity of P and N to corresponding non-specific band
(asterisk) in each lane was normalized to that of P level in isolate A of WT strain for each mutagenesis. The ratio of N to P or relative P level was presented in bar
graphs.

G The average ratio of N to P level for different Sre2MS mutants in wild-type cells (Appendix Fig S2) was plotted. Cleavage was scored as normal if the ratio was > 2.

H For Sre2MS mutants showing defects in cleavage, the average fold-increase in P level in dsc1A cells compared to WT cells from two isolates (Appendix Fig S2) was

plotted. Mutants were grouped into three phenotypic classes (intermediate, dsc1A, and rbd2A) according to observed precursor accumulation. Precursor

accumulation was defined as dscIA if < 1.5 (orange), rbd2A if > 3 (pink), and intermediate if in between (blue).

induce a compensating shift in cleavage site, as has been observed
in other rhomboid substrates (Strisovsky et al, 2009; Moin & Urban,
2012).

To identify residues important for proteolytic cleavage, we tested
19 additional Sre2MS mutants. We quantified cleavage of each
mutant in three different backgrounds: wild type, rbd2A, and dscl1A
(Fig 5C). Sre2MS precursor (P) was processed to a cleaved product
(N) in wild-type cells (Fig 5D, lanes 1-2), and the average N/P ratio
was 4-5 (Fig 5F). Unlike for endogenous Sre2 (Fig 2D), we consis-
tently observed unprocessed Sre2MS precursor in wild-type cells,
likely due to higher protein expression. In rbd2A cells, Sre2MS
precursor was not cleaved to the N form (Fig 5D, lanes 3-4), and
the precursor did not accumulate due to Dsc-dependent proteasomal
degradation (Fig 5C). In contrast in dscIA cells, Sre2MS precursor
accumulated ~4.5-fold compared to wild-type cells (Fig SD and F),
because it is neither cleaved nor degraded due to lack of Dsc E3
ligase function (Fig 5C).

Overall, we observed cleavage defects for 13 of the 19 mutants
tested (Fig 5G and Appendix Figs S1 and S2). Since Sre2MS precur-
sor has different fates in rbd2A and dsciA cells (Fig 5C), quan-
tification of mutant Sre2MS precursor levels allowed assignment of
the step defective in processing to either Dsc-dependent ubiquitiny-
lation or Rbd2 cleavage. If a Sre2MS mutant is not cleaved due to a
failure in Dscl ubiquitinylation, we expect that the Sre2MS precur-
sor will not accumulate further in dscIA cells and that the dscIA/
wild-type ratio will equal 1, as seen for the R753L and E755L
mutants (Fig SE and F). In contrast, if mutant Sre2MS precursor is
ubiquitinylated by the Dsc E3 ligase but defective for Rbd2 cleavage,
we expect the precursor to accumulate in dscIA cells compared to
wild-type cells, as seen for the K743R mutant (Fig 5D, lanes 7-12).
To categorize the mutants, we plotted the ratio of Sre2MS precursor
in dsc1A/wild-type cells (Fig 5F and H, and Appendix Fig S2). Many
amino acid residues appeared to be required for Dsc E3 activity
(Fig 5A and H, orange) or for both Dsc and Rbd2 activity (Fig 5A
and H, blue). No transmembrane residues were specifically required
for Rbd2 activity, but mutation of lysine 743 in the luminal loop to
arginine prevented Rbd2-mediated cleavage (Fig SA and H, pink). It
is not clear whether the lysine is essential for substrate recognition
or whether introducing arginine at position 743 interferes with
cleavage. This extended mutagenesis study demonstrates that
Sre2MS cleavage does not require large hydrophobic residues in the

The EMBO journal Vol 35| No 21 | 2016

second transmembrane segment, but identifies a luminal lysine
residue required for cleavage.

Rbd2 binds Cdc48 through the C-terminal SHP box

Bioinformatic analysis identified a putative Cdc48-interaction motif
called a SHP box in the cytosolic C-terminus of Rbd2 (Fig 1D) (Sato
& Hampton, 2006). SHP box motifs are present in Cdc48/p97 cofac-
tors such as mammalian UFD1, p47, and yeast Dfm1 (Fig 6A). To
test whether Rbd2 binds Cdc48, the Rbd2 C-terminus (aa 200-251)
fused to GST was affinity purified from bacterial lysates and mixed
with S. pombe cytosol. After washing, the bound fraction was
analyzed for the presence of Cdc48 (Fig 6B). GST-Rbd2 (aa 200-
251) bound Cdc48 to the same extent as the Dsc5 UBX domain,
which is a known Cdc48-binding domain (Fig 6B, compare lanes 8
and 10) (Stewart et al, 2012). Dsc2 UBA domain served as a nega-
tive control that binds ubiquitin but not Cdc48 (Fig 6B, compare
lanes 9-10) (Lloyd et al, 2013). Truncations of GST-Rbd2 that
lacked the SHP box (Rbd2,pp 225 or Rbd2,p0 40) failed to bind
Cdc48, while a truncation containing the SHP box (Rbd2,,s »s1)
bounds Cdc48 (Fig 6C). Mutational analysis of the Rbd2 SHP box
demonstrated that at least two conserved residues, G244 and G246,
are critical for Cdc48 binding (Fig 6D). These in vitro experiments
established that the Rbd2 C-terminal SHP box binds Cdc48.

APEX2 system detects Rbd2-Cdc48 interaction in cells

To test whether Rbd2 and Cdc48 interact in cells, we performed an
immunoprecipitation experiment. Flag-Rbd2 immunoprecipitated
endogenous Cdc48 from yeast cells, while mutation of the SHP box
(Rbd2-G246R) decreased Cdc48 binding (Fig 7A, lanes 4-6). As an
independent confirmation of this interaction, we employed the
APEX2 system (Rhee et al, 2013; Hung et al, 2016). Briefly, APEX2
is an engineered ascorbate peroxidase that generates biotin-
phenoxyl radicals upon addition of biotin-phenol and hydrogen
peroxide (H,0,), resulting in covalent biotinylation of binding part-
ners within a small radius (<20 nm) (Fig 7B). After cell lysis,
proteins labeled with biotin can be isolated with streptavidin beads
for identification. We recently optimized the APEX2 system in yeast
(Hwang & Espenshade, 2016). To label proximal and interacting
proteins of Rbd2 using APEX2 technology, we fused Flag-APEX2 to

© 2016 The Authors
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Figure 6. Rbd2 binds Cdc48 through a C-terminal SHP box.

A Alignment of SHP box sequences from human UFD1, human p47, S. cerevisiae Dfm1, and Schizosaccharomyces pombe Rbd2 C-terminal SHP box (aa 242-251). Asterisks
denote residues identical in all sequences, colons mark conservative substitutions, and dots mark semi-conservative substitutions.

B Recombinant proteins GST-fused Rbd2 C-terminus (Rbd2,00251), DSC5 UBX (DSC5353 425), Dsc2 UBA (Dsc2,05 37,), and GST-HA-V5 control were bound to GST magnetic
beads and incubated with S. pombe cytosol fraction from wild-type cells. Equivalent amounts of unbound and bound fractions were probed for anti-Cdc48, anti-

ubiquitin, and anti-GST IgC.

C GST pull-down assay was performed as in (B) using truncated forms of Rbd2 C-terminus; Rbd2,00 251, Rbd2500225, Rbd255 251, and Rbd2500 240. Unbound (1x) and

bound (5x) fractions were analyzed by Western blotting

D Single residue mutants of conserved glycine residues in Rbd2,00 251 (G244R and G246R) were tested for Cdc48 binding as in (C).

Data information: Western blots (B-D) were images using chemiluminescence.

the C-terminus of Rbd2 and overexpressed the fusion protein from a
plasmid in rbd2A cells. Rbd2-Flag-APEX2 supported Srel cleavage
demonstrating that the fusion protein was functional (Fig EV2A).
Wild-type cells or rbd2A cells expressing Rbd2-Flag-APEX2 or Rbd2-
G246R-Flag-APEX2 were subjected to biotin-phenol labeling for
1 min, biotinylated proteins were recovered using streptavidin
beads, and bound proteins were visualized by Western blotting.
Compared to wild-type cells which contain multiple naturally
biotinylated proteins, cells expressing Rbd2-Flag-APEX2 and G246R-
Flag-APEX2 had additional labeled proteins (Fig 7C, lanes 2-3 and
5-6) (Koffas et al, 1998). Western blotting of these samples revealed
that Cdc48 was specifically labeled in Rbd2-Flag-APEX2 cells
(Fig 7C, bottom panels). Mutation of the SHP box prevented label-
ing of Cdc48, confirming that the SHP box mediates Rbd2 binding to
Cdc48. In contrast, the catalytically inactive Rbd2-S130A mutant still
bounds Cdc48 (Fig EV2B). Collectively, these in vitro and in vivo

© 2016 The Authors

experiments demonstrate that the SHP box mediates Cdc48 binding
to Rbd2.

SREBP activation requires Rbd2 binding to Cdc48

To test whether SREBP activation requires Cdc48 binding to Rbd2,
we used four different assays with both Rbd2 SHP box mutants
(G244R and G246R): (i) growth on medium containing the hypoxia
mimetic CoCl, (Fig 8A), (ii) Srel cleavage assay in the absence of
oxygen (Fig 8B), (iii) Sre2 cleavage assay (Fig 8C), and (iv)
Sre2MS cleavage assay (Fig 8D). rbd2-G244R cells exhibited slow
growth on CoCl,, reduced Srel cleavage, and decreased Sre2N,
consistent with partial loss of Rbd2 function. rbd2-G246R cells
showed more severe defects and phenocopied the catalytic mutant
Rbd2-S130A, demonstrating that SREBP activation requires a func-
tional SHP box.

The EMBO Journal Vol 35| No 21 | 2016
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A Detergent-solubilized yeast extracts from cells containing chromosomal Flag-tagged rbd2 or rbd2-G246R in rbd2A background were prepared, and proteins associated
with Rbd2-Flag were immunopurified using anti-Flag magnetic beads. Equal amount of total proteins (lanes 1-3) along with 25x bound fractions (lanes 4-6) were

analyzed by Western blot with anti-Cdc48 serum and anti-Flag IgG.

B Illustration outlining APEX2-catalyzed biotin-phenol labeling. An Rbd2-Flag-APEX fusion protein oxidizes biotin-phenol to biotin-phenoxyl radical that covalently

labels binding partners.

C Biotin-phenol labeling was performed for 1 min with H,0, treatment as described in Materials and Methods. WT cells or rbd2A cells carrying rbd2-Flag-APEX2 (rbd2-
F-AX) or rbd2-G246R-Flag-APEX2 (G246R-F-AX) plasmid were lysed after biotin-labeling reaction, and proteins were denatured by heating the cells in lysis buffer
containing 1% SDS. Biotinylated proteins were then enriched using streptavidin magnetic beads. Lysates and 50x-enriched eluates were analyzed by Western blot

with IRDye 800CW Streptavidin, anti-Cdc48 serum, or anti-Flag IgG.

We reasoned that if the Rbd2 SHP box functions to recruit Cdc48,
we might restore SREBP cleavage by appending a heterologous SHP
box to the Rbd2-G246R mutant. Fusion of a SHP box from the fis-
sion yeast Derl-like protein (SPBC365.08c) to the C-terminus of
Rbd2-G246R restored its ability to produce SrelN to wild-type levels
(Fig 8E, G246R-SHP; Fig 8F, compare lanes 5-6 to 11-12). In
contrast, fusion of a mutant Derl-like SHP box at the equivalent
position (G246R-SHP*) failed to rescue Srel cleavage (Fig 8F, lanes
13-14). Parallel results were obtained in Sre2 cleavage assays
(Fig 8G). Furthermore, fusion of the non-homologous Dsc5 UBX
domain that recruits Cdc48 to the Dsc E3 ligase partially rescued
Srel cleavage (Fig EV3) (Stewart et al, 2012). Thus, SREBP cleavage
requires Cdc48 recruitment to Rbd2.

rbd2-G246R cells failed to generate a detectable SREBP cleavage
product despite the presence of an intact catalytic dyad (Fig 8B and
D). The inability to detect a cleavage product could be due to a fail-
ure to cleave SREBP, or alternatively, a cleaved product may be
degraded when Rbd2 fails to recruit Cdc48. To discriminate between
these two possibilities, we treated cells with a proteasome inhibitor
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and examined Sre2 cleavage. As expected, proteasome inhibition
resulted in the accumulation of uncleaved Sre2 precursor in both
rbd2A and rbd2-S130A cells (Fig 8H, lanes 5-6 and 11-12). rbd2-
G246R cells also accumulated Sre2 precursor, but not a cleaved
product, indicating that Cdc48 binding to Rbd2 is required for
SREBP cleavage (Fig 8H, lanes 9-10). Thus, the function of Cdc48 is
distinct from that shown for p97 with RHBDL4 where p97 acts after
cleavage (Fleig et al, 2012). Taken together, these results demon-
strate a new function for Cdc48 in mediating Rbd2-dependent cleav-
age of yeast SREBPs.

Cdc48 acts as a substrate adaptor for Rbd2

Rhomboid proteases exhibit weak binding affinity for substrates
(Dickey et al, 2013). Given that Cdc48 cofactors bind ubiquitin
(Stolz et al, 2011), we hypothesized that Cdc48 plays a role in
SREBP recognition by recruiting SREBP substrate to Rbd2 through
cofactor binding. If this was true, we reasoned that increasing the
concentration of Cdc48-binding defective Rbd2 enzyme would

© 2016 The Authors
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Figure 8. SREBP activation requires Cdc48 binding to Rbd2.
Yeast strains (200 cells) containing chromosomal Flag-tagged rbd2, rbd2-G244R, rbd2-G246R or rbd2-S130A in rbd2A background, and srelA yeast were grown on

A
rich medium in the absence or presence of cobalt chloride (CoCl,).

B Western blot of phosphatase-treated, whole-cell lysates from strains in (A) grown for 3 h in the presence or absence of oxygen was probed with anti-Srel or anti-Flag
IgG. P and N denote Srel precursor and cleaved nuclear forms, respectively.

C Sre2 cleavage was assayed by Western blot using anti-Sre2 serum or anti-Flag 1gG of phosphatase-treated, whole-cell lysates from the indicated strains. N denotes
Sre2 cleaved nuclear form.

D Whole-cell lysates from indicated yeast strains carrying a plasmid expressing 3xFlag-Sre2MS were analyzed by Western blot with anti-Flag antibody. Two
independent isolates, A and B, are shown for each strain. Asterisk denotes non-specific band.

E Diagram of four Rbd2 chimeras fused to the SHP box from Schizosaccharomyces pombe Derl-like protein (SPBC365.08c). The SHP boxes of Rbd2 and Derl-like protein
are shaded red and green, respectively. Asterisks denote point mutation in the SHP box.

F  Yeast strains containing Flag-tagged rbd2-SHP, rbd2-SHP*, rbd2-G246R-SHP, and rbd2-G246R-SHP* were generated in rbd2A background by chromosomal integration

of the rbd2 fusion proteins depicted in (E). Indicated yeast strains were then assayed for Srel cleavage as in (B).

G Indicated strains were assayed for Sre2 cleavage as in (C).
Wild type, sre2A, or strains containing chromosomal Flag-tagged rbd2, rbd2-G246R, or rbd2-S130S in rbd2A background (lane 7-12) were treated with bortezomib

(Bz) for 2 h, and phosphatase-treated, whole-cell lysates were analyzed by Western blot with anti-Sre2 serum or anti-Flag IgG.
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bypass the requirement for Cdc48. To test our hypothesis, we
performed Srel cleavage analysis in yeast cells expressing rbd2-
Flag-APEX2, rbd2-G246R-Flag-APEX2, or rbd2-S130A-Flag-APEX2
under control of the constitutive adhl® promoter in rbd2A cells.
Indeed, overexpression of rbd2-G246R fully restored Srel cleavage,
while overexpression of catalytically dead rbd2-S130A did not
(Fig 9A). In addition, Srel precursor levels increased with time in
rbd2-G246R overexpressing cells, indicating that cleaved SrelN was
transcriptionally active and promoted srel transcription through a
well-characterized positive feedback loop (Todd et al, 2006).
Consistent with the Western blot results, rbd2-G246R overexpres-
sion rescued growth of rbd2A cells on CoCl, while rbd2-S130A did
not (Fig 9B). Compared to rbd2-Flag expressed from its endogenous
promoter, we observed ~14-fold higher expression of rbd2-Flag-
APEX2, rbd2-G246R-Flag-APEX2, and rbd2-S130A-Flag-APEX2 using
the adh1™ promoter (Fig 9C).

Lastly using the proximity biotinylation technique, we tested
whether Rbd2 and SREBP interact using catalytically dead Rbd2 to
capture substrate-enzyme binding. Proximity biotinylation experi-
ments using endogenous expression of Rbd2-APEX2 failed to detect
an interaction with the known binding partner Cdc48, so we overex-
pressed Rbd2 fusion proteins using the adhl™ promoter. Rbd2-
S130A-APEX2 labeled both Cdc48 and GFP-Sre2MS (Fig 9D, lane 5).
Sre2 labeling by Rbd2-S130A-APEX2 was specific insomuch as we
observed 10-fold lower labeling of the Golgi mannosyltransferase
Anpl (Fig 9D, lane 4). Consistent with the ability of overexpressed
Rbd2-G246R to support SREBP cleavage, we detected equal labeling
of GFP-Sre2MS in cells overexpressing Rbd2-S130A/G246R-APEX2
(Fig 9D, lanes 5-6). As expected, Rbd2-S130A/G246R-APEX2
showed reduced Cdc48 labeling (Fig 9D, lane 6). Collectively, these
results demonstrate that increasing the concentration of Rbd2
enzyme bypasses the requirement of Cdc48 binding for Srel cleav-
age, defining a role for Cdc48 in substrate recruitment.

Discussion

Rbd2 is the first SREBP protease identified in fission yeast (Kim
et al, 2015). Using genetic interaction mapping, we independently
identified Rbd2 as a Golgi-localized rhomboid protease required for
proteolytic activation of yeast SREBPs. Deleting rbd2 or mutating its
catalytic residues prevented cleavage of both Srel and Sre2 (Figs 2
and 3). Our mammalian cell-based, rhomboid cleavage assays using
heterologous substrates showed that Rbd2 is a bona fide rhomboid
protease with a conserved, Ser-His catalytic dyad (Fig 4). Notably,
Rbd2 showed novel substrate specificity: Rbd2 cleaved neither the
canonical D. melanogaster substrate Spitz nor an alterative P. falci-
parum substrate EBA175, but cleaved P. stuartii TatA, the most effi-
cient thomboid substrate (Strisovsky et al, 2009; Moin & Urban,
2012). To date, characterized rhomboid proteases cleave substrates
in the membrane after residues with small side chains (Strisovsky
et al, 2009; Urban, 2010). Although Rbd2 cleavage of TatA required
substrate helix-destabilizing residues, Rbd2 preferentially cleaved
TatA substrates after large hydrophobic side chains (Leu and Phe)
(Fig 4F), revealing a unique property not observed for any other
rhomboid protease.

Mammalian SREBPs are activated by regulated intramembrane
proteolysis (Brown et al, 2000). The serine protease SIP cleaves
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SREBP in the luminal loop to produce a type-II (Nj,-Coyu), single
transmembrane intermediate that is subsequently cleaved in the
membrane by the zinc metalloprotease S2P. Rhomboid proteases pref-
erentially cleave transmembrane substrates with a type-I (Nou-Cin)
orientation (Urban & Freeman, 2003; Ha, 2009). Despite the sequence
requirements observed for Rbd2 in TatA cleavage, mutation of any
single large hydrophobic residue in the N-terminal end of TM2 did not
block Sre2MS cleavage (Fig 5B). However, the inability to map the
Sre2MS cleavage site(s) prevented us from determining whether the
mutants support cleavage by the shifting cleavage site to other large,
hydrophobic residues. Such cleavage site shifts in substrate mutants
are common (Strisovsky et al, 2009; Moin & Urban, 2012). Our previ-
ous mutagenesis studies showed that Sre2MS cleavage required multi-
ple residues in its type-I oriented TM2, while we found no essential
residues in the type-II oriented TM1 (Cheung & Espenshade, 2013).
Here, we assigned functions for these residues to either Dsc E3 ligase
activity or Rbd2 cleavage. Lysine 743 in the luminal loop was the only
residue required for Rbd2-mediated Sre2MS cleavage, while others
were involved in Dsc E3 ligase function (Fig 5 and Appendix Figs S1
and S2). Precisely how this luminal lysine residue in Sre2 promotes
cleavage remains to be determined.

Should Rbd2 cleave SREBP between the transmembrane
segments, it would functionally replace S1P by initiating SREBP acti-
vation and yield a type-II intermediate requiring additional process-
ing. Importantly, the active SrelN and Sre2N terminate at a
cytosolic position, ~10 amino acids prior to TM1 (Stewart et al,
2011; Cheung & Espenshade, 2013). These observations suggest that
SREBP activation requires a second protease. We previously
proposed that SREBP activation required the proteasome (Stewart
et al, 2011), but results presented in this study suggest otherwise. In
the earlier study, we used a temperature-sensitive mutation in mts3
to impair 19S proteasome function, and we observed decreased
levels of Sre1N under low oxygen (Stewart et al, 2011). However, in
that experiment, mts3-1 cells required a 3-h preincubation at non-
permissive temperature, and Srel precursor levels also decreased
during the course of this experiment, suggesting that proteasome
inactivation had indirect effects on SREBP cleavage. In the current
study, we observed that cleavage of Sre2 was not inhibited in
mts3-1 cells grown for three hours at the non-permissive tempera-
ture (Fig 3A). Furthermore, acute proteasome inhibition with borte-
zomib did not block Sre2 processing (Fig 3B). Collectively, these
data suggest that an undiscovered protease, rather than the protea-
some, functions in SREBP proteolytic processing downstream of
Rbd2, and that fission yeast may employ a new variation of RIP to
activate SREBPs.

Parallel studies in A. fumigatus recently identified an Rbd2
homolog, RbdA/B, as required for SREBP activation, demonstrating
that this function is conserved in ascomycetous fungi (Dhingra et al,
2016; Vaknin et al, 2016). In addition, studies in Aspergillus nidu-
lans found that SREBP activation required both the Dsc E3 ligase
and the signal peptide peptidase SppA, an aspartyl protease
(Bat-Ochir et al, 2016). Taken together, these recent Aspergillus
studies support a model for SREBP cleavage in which Rbd2 initiates
activation followed by SppA cleavage. However, unlike A. nidulans
SREBP cleavage, S. pombe Srel cleavage did not require Ypfl, the
S. pombe signal peptide peptidase homolog, or two other aspartyl
proteases Ypsl or Sxal (Fig EV4), leaving unknown the identity of
the second SREBP protease in fission yeast.

© 2016 The Authors
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Figure 9. Overexpression of Rbd2 bypasses requirement for Cdc48 binding to Rbd2.

A Western blot of phosphatase-treated, whole-cell lysates from yeast strains carrying rbd2-Flag-APEX2 (rbd2-F), rbd2-G246R-Flag-APEX2 (G246R), or rbd2-S130A-Flag-

APEX2 (S130A) plasmid in rbd2A background and srelA yeast was probed with anti-Srel or anti-Flag IgC. P and N denote Srel precursor and cleaved nuclear forms,
respectively.

Indicated yeast strains (200 cells) containing chromosomal Flag-tagged rbd2, rbd2-G246R, or rbd2-S130A in rbd2A background (lane 3-5) or yeast strains (200 cells)
carrying rbd2-Flag-APEX2, rbd2-G246R-Flag-APEX2, or rbd2-S130A-Flag-APEX2 plasmid in rbd2A background (lane 6-8) were grown on rich medium in the absence or
presence of cobalt chloride (CoCly).

Comparison of Rbd2 protein levels from overexpression system to endogenous expression. Western blot of whole-cell lysates from yeast strains containing
chromosomal Flag-tagged rbd2, rbd2-G246R, or rbd2-S130A in rbd2A background and yeast strains carrying rbd2-Flag-APEX2, rbd2-G246R-Flag-APEX2, or rbd2-S130A-
Flag-APEX2 plasmid in rbd2A background was probed with anti-Flag IgG. For quantification, the intensity of Flag band in each lane was normalized to the non-
specific band (asterisk).

rbd2A cells expressing indicated plasmids of GFP-Anp1 or GFP-Sre2MS together with rbd2-Flag-APEX2, rbd2-S130A-Flag-APEX2, or rbd2-S130A/G246R-Flag-APEX2 were
treated with Bz at a concentration of 1 mM for 2 h prior to biotin-labeling reaction. After labeling termination, cells were lysed and denatured as described in
Materials and Methods. Biotinylated proteins were then enriched using streptavidin magnetic beads. Lysates (1x input) and 100x-enriched eluates were analyzed by
Western blot with IRDye 800CW Streptavidin, anti-Flag IgG, anti-Cdc48 serum, and anti-GFP IgG. Intensity of GFP band in enriched sample was normalized to that in
the corresponding input sample, then normalized to the Flag intensity in enriched sample. Relative intensities of biotinylated GFP level are shown in bar graph. Error

bars denote standard deviation from three biological replicates.

Prior to these studies, it was known that SREBP cleavage
required cdc48, but Cdc48’s role was unclear because its binding to
the Dsc E3 ligase was not required for SREBP cleavage (Stewart
et al, 2012). Here, we demonstrate that SREBP cleavage requires
Cdc48 binding to the C-terminal SHP box in Rbd2 (Fig 8). Cells
expressing an Rbd2 mutant defective for Cdc48 binding accumulated
Sre2 precursor with proteasome inhibition rather than cleaved

© 2016 The Authors

products (Fig 8H). Thus, Cdc48 functions in Rbd2-dependent cleav-
age. The human rhomboid protease RHBDL4 binds ubiquitinylated
substrates through a ubiquitin-interacting motif and cleaves them in
the ER to promote ERAD (Fleig et al, 2012). Interestingly, RHBDL4
also binds to p97/Cdc48 but through a different motif, called VBM.
p97/Cdc48 binding to RHBDLA4 facilitates extraction of cleaved prod-
ucts for proteasomal degradation. Cdc48 and its cofactors bind to
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ubiquitin (Stolz et al, 2011). In a function similar to that for the
RHBDL4 ubiquitin-interacting motif, we propose that Cdc48 with its
cofactors is a receptor for ubiquitin, thereby recruiting ubiquitiny-
lated SREBPs to Rbd2. While p97 functions after RHDBL4 cleavage,
here Cdc48 functions in recognizing substrate prior to the cleavage
event. Supporting this model, overexpression of Rbd2 that cannot
bind Cdc48 rescued Srel cleavage, bypassing the requirement for
Cdc48 (Fig 9).

As noted, activation of A. fumigatus SREBP requires a rhomboid
protease (Dhingra et al, 2016; Vaknin et al, 2016). Our bioinfor-
matic analysis identified a conserved SHP box in the cytosolic
C-terminus of A. fumigatus RbdB (Fig EV5A) (Sato & Hampton,
2006). GST-RbdB (aa 207-272) bound to Cdc48 in vitro, but the
binding was ~7-fold lower than GST-Rbd2 (Fig EV5B). Reduced
binding to RbdB may be due to an asparagine substitution at the
G246 position in the Rbd2 SHP box (Fig EV5A). S. cerevisiae Rbd2
which does not contain a conserved SHP box was used as a negative
control. Testing whether Cdc48 binding to RbdB is also required for
A. fumigatus SREBP, cleavage activation is an important next step
to further understand how Cdc48 functions with rhomboid
proteases.

The Dscl subunit of the Dsc E3 ligase contains a RING domain and
functions as an ubiquitin ligase with the E2 ubiquitin-conjugating
enzyme Ubc4 (Raychaudhuri & Espenshade, 2015). Mutation of the
Dscl RING domain, deletion of dscl-dscS, or mutation of ubc4 blocks
SREBP cleavage (Stewart et al, 2011, 2012). In addition, Sre2 binds to
the Dsc E3 ligase (Stewart et al, 2011; Lloyd et al, 2013). Together,
these data suggest that SREBPs are substrates for the Dsc E3 ubiquitin
ligase. However, recently we found that inhibition of Dsc E3 ligase
activity prevents ER-to-Golgi transport of the Dsc complex, confound-
ing the interpretation of these dsc mutant phenotypes (Raychaudhuri
& Espenshade, 2015). Here, we observed that in rbd2A cells, SREBPs

ER

Figure 10. Model for yeast SREBP cleavage.
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are degraded by the proteasome in a Dsc-dependent manner (Figs 3
and EV1). Although SREBP ubiquitinylation remains to be shown,
these data provide additional support for SREBPs as Dsc E3 ligase
substrates. Interestingly, preliminary studies indicate that cytosolic
lysines in Sre2MS are not required for cleavage, suggesting that SREBP
ubiquitinylation may involve non-classical sites. Ubc4 conjugates
mono-ubiquitin to proteins, while proteasomal degradation typically
requires poly-ubiquitin chains (Seino et al, 2003; Rodrigo-Brenni &
Morgan, 2007). Whether other ubiquitinylation enzymes are required
for SREBP degradation in rbd2A cells and whether these enzymes are
also required for SREBP cleavage remains to be tested. However, our
studies using hrd 1A and doal0A cells indicate that these two ERAD E3
ligases are not required for cleavage or degradation (Fig EV1A).
Combined with our past work, these new findings lead us to spec-
ulate on a new model for the activation of Srel (Fig 10). Following
oxygen-regulated transport by the SCAP homolog Scpl to the Golgi,
Srel is ubiquitinylated by the Dsc E3 ligase complex. Rbd2 cleaves
ubiquitinylated Srel in the second transmembrane segment or lumi-
nal juxtamembrane region in a reaction that requires substrate
recruitment by Cdc48. This Srel intermediate is then cleaved by a
second, unidentified protease to produce the soluble, active transcrip-
tion factor. Sre2 activation follows a similar pathway, but ER-to-Golgi
transport is constitutive. In the absence of Rbd2 cleavage (Fig 10
dashed box), ubiquitinylated SREBPs are degraded by the protea-
some. Thus, changes in Rbd2 activity will control the fate of SREBP
substrates between protein processing and degradation. This mecha-
nism provides a new control point for the regulation of SREBP activ-
ity in fungi. In mammals, a related regulatory mechanism exists:
when S1P is inhibited, SCAP is targeted to the lysosome for degrada-
tion, leading to reduced pathway activity (Shao & Espenshade, 2014).
In summary, convergent evidence from studies in S. pombe and
A. fumigatus demonstrates that SREBP activation requires a
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Y SRENORY

In the absence of functional Rbd2

’
N
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Under low sterol and oxygen conditions, Srel exits the ER and travels to the Golgi. Golgi-localized Srel is ubiquitinylated by E2 Ubc4 and Dsc E3 ligase. Ubiquitinylated Srel is
recruited by Cdc48 and cleaved by Rbd2. The intermediate cleaved product is further processed by a second, unknown protease to generate SrelN that traffics to the nucleus
to activate transcription. When Rbd2 is inactive (dashed box), ubiquitinylated Srel is subjected to proteasomal degradation. SRE, sterol regulatory element; U, either mono-

ubiquitin or poly-ubiquitin.
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rhomboid protease, Rbd2 and RbdA/B, respectively (Bat-Ochir et al,
2016; Dhingra et al, 2016; Vaknin et al, 2016). Fungal SREBPs are
required for growth under hypoxic conditions and for virulence of
human opportunistic pathogens (Bien & Espenshade, 2010). In addi-
tion, SREBP is required for virulence of Penicillium digitatum, a
major citrus fruit fungal pathogen (Liu et al, 2015) and P. digitatum
contains an rbd2 homolog (ORF name, PDIP_45580). Thus, identifi-
cation of a fungal SREBP protease opens the door to development of
rhomboid inhibitors that could act as antifungals to improve both
clinical and agricultural outcomes.

Materials and Methods

Materials and standard methods (cell culture, plasmid construction,
linkage analysis, Western blotting, immunoprecipitation, in vitro
binding assay, microscopy, and mass spectrometry) are described
in the Appendix Supplementary Methods. Yeast strains and
oligonucleotide primers used in this study may be found in
Appendix Tables S1 and S2, respectively.

Yeast strain construction

The rbd2-integrating plasmids contained rbd2 *, rbd2-S130A-3xFlag,
rbd2-H182A-3xFlag, rbd2-G244R-3xFlag, rbd2-G246R-3xFlag, rbd2-
SHP-3xFlag, or rbd2-SHP*-3xFlag coding sequence flanked by
600 bp of upstream genomic sequence and 600 bp of downstream
genomic sequence with a his3" marker for chromosomal reconstitu-
tion of histidine auxotrophy. Plasmids containing rbd2 wild type
and mutants were linearized with Ascl and transformed into rbd2A
strain (PEY1681) and selected for minimal medium lacking histidine
to generate strains carrying integrated wild-type and mutant alleles
of rbd2 at the his3" locus. Isolates expressing Rbd2-3xFlag were
confirmed by Western blotting. The rbd2-Flag-APEX2 plasmid and
its derivatives were transformed into rbd2A strain and selected for
minimal medium lacking leucine to generate strains carrying rbdz2-
Flag-APEX2, rbd2-S130A-Flag-APEX2, rbd2-G246R-Flag-APEX2, or
rbd2-G246R/S130A-Flag-APEX2.

Genetic interaction study

The genetic interaction study was performed as described (Frost
et al, 2012). Included in the query set for the study were the dsc
genes and multiple alleles of cdc48. Hierarchical clustering profiles
were analyzed for genetic interaction profiles similar to the dsc
genes.

Biotin-phenol labeling

The original biotin-phenol labeling protocol for mammalian cells
was modified for yeast (Hung et al, 2016; Hwang & Espenshade,
2016). Exponentially growing cells (5 x 10%) were harvested and
washed with water. Cell pellets were resuspended in 1 ml of 1.2 M
sorbitol dissolved in H,O. Biotin-phenol (2.5 mM) was added, and
the cells were incubated for another 1 h at room temperature. H,0,
(I mM) was added for 1 min to initiate biotin-phenol labeling, and
cells were quickly spun down. To stop the reaction, the solution was
aspirated off and cell pellets were then washed four times with a

© 2016 The Authors

The EMBO Journal

quenching solution consisting of 5 mM Trolox, 10 mM sodium
azide, and 10 mM sodium ascorbate in 1.2 M sorbitol dissolved in
H,0. Cell pellets were washed with 1.2 M sorbitol once more and
lysed by addition of 27 mM NaOH, 1% (v/v) 2-mercaptoethanol for
10 min on ice. Total protein was precipitated with trichloroacetic
acid (20% w/v) followed by acetone wash. Proteins were solubilized
in 200 pl lysis buffer (25 mM Tris pH 7.4, 150 mM NaCl, 1% SDS)
containing Complete Protease Inhibitor EDTA free by sonication.
After denaturation by heating at 75°C for 15 min, protein samples
were either directly analyzed by Western blotting or subjected to
enrichment of biotinylated proteins. For enrichment, proteins (1—
2 mg) were first dialyzed in dialysis buffer (25 mM Tris pH 7.4,
150 mM NaCl, 0.2% SDS) using 3.5K MWCO dialysis tubing
(Thermoscientific) for 2-3 h at room temperature, and then incu-
bated with 50-100 ul streptavidin-coated magnetic beads for 2-3 h at
room temperature. Streptavidin beads were then washed with 0.3 %
SDS-containing wash buffer (25 mM Tris pH 7.4, 150 mM NacCl,
0.3% SDS) six times followed by 2 x wash with 2 M urea/50 mM
Tris pH 7.4, 1 x wash with 1 M KCI, and 1 x with wash buffer.
Biotinylated proteins were eluted by incubating the beads with
30 pl 2 x SDS sample loading buffer and heating to 75°C for 15 min.

Expanded View for this article is available online.
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