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Abstract

Nearly one-third of nascent proteins are initially targeted to the
endoplasmic reticulum (ER), where they are correctly folded and
assembled before being delivered to their final cellular destinations.
To prevent the accumulation of misfolded membrane proteins, ER-
associated degradation (ERAD) removes these client proteins from
the ER membrane to the cytosol in a process known as retrotranslo-
cation. Our previous work demonstrated that rhomboid pseudopro-
tease Dfm1 is involved in the retrotranslocation of ubiquitinated
membrane integral ERAD substrates. Herein, we found that Dfm1
associates with the SPOTS complex, which is composed of serine
palmitoyltransferase (SPT) enzymes and accessory components that
are critical for catalyzing the first rate-limiting step of the sphin-
golipid biosynthesis pathway. Furthermore, Dfm1 employs an ERAD-
independent role for facilitating the ER export and endosome- and
Golgi-associated degradation (EGAD) of Orm2, which is a major
antagonist of SPT activity. Given that the accumulation of human
Orm2 homologs, ORMDLs, is associated with various pathologies, our
study serves as a molecular foothold for understanding how dysregu-
lation of sphingolipid metabolism leads to various diseases.
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Introduction

The endoplasmic reticulum (ER) carries out a vast range of func-

tions including protein synthesis and transport, protein folding,

lipid and steroid synthesis, carbohydrate metabolism, and calcium

storage. Almost all eukaryotic membranes and secreted proteins are

co-translationally imported into the ER where they are subse-

quently folded (Wang & Dehesh, 2018; Sicari et al, 2019). Proteins

frequently fail to fold or assemble properly, at which point they are

eliminated by ER-associated degradation (ERAD; Ruggiano et al,

2014; Mehrtash & Hochstrasser, 2019; Sun & Brodsky, 2019).

ERAD describes a range of pathways that target and ubiquitinate

a large repertoire of secretory and membrane substrates for protea-

somal degradation. To date, most of the knowledge about ERAD has

been obtained in yeast and mammals. In yeast, ERAD substrates are

classified according to the location of their lesions and are referred

to as ERAD-L (lesion in luminal domain), ERAD-M (lesion within

the transmembrane domain), and ERAD-C (lesion in the cytosolic

domain). The HMG-CoA reductase degradation (HRD) pathway uti-

lizes the E3 ligase, Hrd1, to target ERAD-M and ERAD-L substrates,

and the degradation of alpha 2 (DOA) pathway utilizes the E3 ligase,

Doa10, to target ERAD-C substrates (Hampton et al, 1996; Hiller

et al, 1996; Laney & Hochstrasser, 2003; Carvalho et al, 2006;

Foresti et al, 2013). Moreover, unassembled ER subunits escaping to

the inner nuclear membrane (INM) are targeted by the Asi complex

(Foresti et al, 2014; Natarajan et al, 2020). ERAD pathways are

much more diverse in mammalian cells due to the complexity of

lesions or degrons within ERAD substrates (Leto et al, 2019).

Although there are no Asi homologs present in mammals, there are

at least 20 ER-localized ubiquitin ligases characterized to date that

contribute to ERAD (Leto et al, 2019; Fenech et al, 2020). A com-

mon theme for all ERAD pathways is the removal or retrotransloca-

tion of ubiquitinated substrates from the ER membrane or INM

followed by degradation by the proteasome (Hampton & Som-

mer, 2012). Retrotranslocation has been well characterized in yeast,

with two derlins, Der1 and Dfm1, serving as major mediators of

retrotranslocation for ERAD-L and ERAD-M substrates, respectively

(Neal et al, 2018; Wu et al, 2020). Moreover, previous structural

studies suggest that the multi-membrane spanning yeast E3 ligases,
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Hrd1 and Doa10, function as channels for the retrotranslocation of

luminal and single-spanning membrane substrates, respectively

(Wu et al, 2020; Schmidt et al, 2020a, 2020b). No analogous chan-

nel for multi-spanning membrane substrates had been determined,

until Neal et al (2018) identified the yeast derlin, Dfm1, as a major

retrotranslocation factor for a subset of membrane substrates (Neal

et al, 2018).

Dfm1 is an ER-resident multi-spanning membrane protein and is

classified as a rhomboid pseudoprotease. Recently, we showed that

Dfm1 utilizes its conserved rhomboid protein residues for substrate

engagement and its lipid-thinning properties to allow retrotransloca-

tion of multi-spanning membrane substrates (Nejatfard et al, 2021).

To identify interacting partners of Dfm1 that may assist with retro-

translocation, we employed proximity-based labeling followed by

mass spectrometry. Remarkably, we identified several proteins

enriched with Dfm1, which are known to play a role in the sphin-

golipid biosynthesis pathway. Sphingolipids constitute a major class

of lipids defined by their amino-alcohol backbone with mainly 18

carbons and are synthesized in the ER from non-sphingolipid pre-

cursors (Hannun & Obeid, 2018). Modification of this basic structure

gives rise to the vast family of sphingolipids, which have essential

roles in cell signaling and function. Serine palmitoyltransferase

(SPT) is the first rate-limiting enzyme in the de novo synthesis of

sphingolipids, and its sole function is to catalyze the initial step in

sphingolipid biosynthesis by converting serine and palmitoyl-CoA

into a sphingolipid precursor, 3-keto-sphinganine (Hanada, 2003).

SPT is essential for the viability of all eukaryotic cells, and muta-

tions of SPT are linked to hereditary sensory neuropathy type 1

(HSAN1) and early-onset amyotrophic lateral sclerosis (ALS; Bode

et al, 2015; Mohassel et al, 2021). Accordingly, SPT serves as the

key point for the regulation of sphingolipid biosynthesis. SPT forms

the SPOTS complex, comprised of Orm1 and Orm2 (members of the

orosomucoid (ORM) gene family), Tsc3, and Sac1. The SPOTS com-

plex is highly conserved from yeast to mammals (Breslow

et al, 2010). Functionally, Orm1, Orm2, and phosphoinositide phos-

phatase Sac1 are evolutionarily conserved negative regulators of

SPT, while Tsc3 is a positive regulator.

Previous studies have demonstrated that levels of several SPOT

complex members and sphingolipid biosynthesis enzymes are regu-

lated through protein degradation pathways in order to control sph-

ingolipid levels. For example, the TORC2–Ypk1 signaling axis

phosphorylates Orm2, triggering its export from the ER to the Golgi,

where it is selectively ubiquitinated by the Dsc complex before

being retrotranslocated and degraded by the cytosolic proteasome.

This pathway is known as ER Golgi-associated degradation (EGAD;

Schmidt et al, 2019, 2020a, 2020b). Another study analyzing the

systematic turnover of proteins in yeast revealed that several

enzymes and regulators involved in the de novo sphingolipid

biosynthesis pathway are degraded in separate organelles, such as

the Golgi and vacuole (Christiano et al, 2020). Although many

enzymes and regulators associated with sphingolipid biosynthesis

reside in the ER, an ER-localized regulator for sphingolipid home-

ostasis has not yet been identified. In this study, we report a novel

role for the ER-resident Dfm1 in maintaining sphingolipid homeosta-

sis. We find that Dfm1 physically and genetically interacts with

SPOTS complex components. This includes a genetic interaction

with TSC3, a positive regulator of SPT, whose function is essential

for stimulating SPT activity at 37°C. Specifically, loss of Dfm1

rescues the growth lethality of tsc3D cells by increasing ceramide

and complex sphingolipid levels. DFM1 also genetically interacts

with ORM1, a negative regulator of SPT activity, in which or-

m1Ddfm1D cells have an exacerbated growth defect due to

increased flux in sphingolipid biosynthesis. Finally, we provide the

first evidence that Dfm1 is required for Orm2 degradation, a func-

tion that is independent of Dfm1’s canonical ERAD-M retrotranslo-

cation function. We confirm the independence of Dfm1’s ERAD

function and demonstrate that the EGAD client, Orm2, does not

require ERAD or inner nuclear membrane-associated degradation

(INMAD) pathways, which is in agreement with an earlier study

(Schmidt et al, 2019). To better understand the role of Dfm1 in

Orm2 degradation, we show that loss of Dfm1 results in the accu-

mulation of phosphorylated Orm2 at the ER, suggesting a novel role

for Dfm1 in controlling Orm2 export from the ER and its subsequent

degradation by EGAD. We further show that Dfm1 does not function

with COPII dynamics and trafficking, but functions upstream of ER

export where Dfm1 interacts with Ypk1-dependent phosphorylated

Orm2. Overall, our work identifies the highly conserved derlin Dfm1

as a critical mediator of sphingolipid homeostasis and provides a

new therapeutic target for maladies associated with a dysregulation

in sphingolipid homeostasis.

Results

Derlin Dfm1 interacts with members of the sphingolipid
biosynthetic pathway

To identify potential Dfm1 interacting proteins, proximity-

dependent biotin identification (BioID) was employed. Briefly, BirA-

3xFLAG was fused to Dfm1 to survey for potential interacting part-

ners (Fig 1A). Because Dfm1 included an added BirA-3xFLAG epi-

tope at the C-terminus, we wished to confirm that the tag did not

affect the expression and function of Dfm1. To this end, tagged

DFM1 was placed under a galactose-inducible promoter (GALpr) and

cells expressing GAL-driven Dfm1-BirA-3xFLAG were grown in the

presence of 2% galactose. Under these conditions, induced expres-

sion of Dfm1 was observed at the expected molecular weight of

~ 60 kDa (Fig 1B). BirA-3xFLAG alone expressed at both the

expected size of ~ 25 kDa and at a larger size, which most likely

represents BirA aggregates (marked by asterisks, Fig 1B). To test

whether Dfm1-BirA-3xFLAG function is still intact, we performed

cycloheximide (CHX) chase of a well-characterized Dfm1 substrate,

Hmg2 (Hampton et al, 1996). We observed Hmg2-GFP degradation

upon add back of Dfm1-BirA-3xFLAG while Hmg2-GFP degradation

was stabilized with both empty vector and BirA-3xFLAG alone

(Fig 1C). To validate the identification of Dfm1 interactors via

biotinylation, cells were treated with biotin and biotinylated pro-

teins were enriched with streptavidin beads. As expected, the

ATPase Cdc48, which has previously been shown to bind directly to

Dfm1 (Sato & Hampton, 2006; Neal et al, 2018), was enriched in the

biotin-treated samples, whereas neither Cdc48 nor Dfm1 was

enriched in untreated or BirA-3xFLAG alone cells (Fig 1D). Next,

proteins that were enriched with streptavidin beads were digested to

obtain tryptic peptides and analyzed by LC/MS/MS. Quantified pro-

teins were mapped on volcano plots based on the significance and

the ratio between biotin-treated Dfm1-BirA-3xFLAG and untreated

2 of 20 The EMBO Journal 42: e112275 | 2023 � 2022 The Authors

The EMBO Journal Satarupa Bhaduri et al



control cells. High-confidence interacting proteins were identified

using DEP and Maxquant analysis (Fig 1E; Dataset EV1; Zuzow

et al, 2018). By applying gene ontology (GO) enrichment analyses

for the sets of Dfm1-interacting proteins identified, we found GO

terms related to “Ceramide Metabolic Process” to be the most

enriched (Fig 1F). The interactions were validated by the presence

of several ERAD components (Hrd1, Cdc48, and proteasome sub-

units: Rpt2 and Pre9). Interestingly, closer analysis revealed

unexpected interactions with SPOTS complex members (Orm1,

Tsc3, and Lcb2). Taken together, these results suggest that our data

have a high level of confidence and represent a rich source of Dfm1

interactome proteins, which include members of the sphingolipid

biosynthesis pathway.

To validate the interaction of Dfm1 with SPOTS complex mem-

bers, we performed co-immunoprecipitation (co-IP). Cells co-

expressing Dfm1-GFP and members of the SPOTS complex (Lcb1-

A

B C

D

E F

Figure 1.
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RFP and Orm2-RFP) were subjected to immunoprecipitation via GFP

Trap. Notably, Lcb1-RFP and Orm2-RFP co-immunoprecipitated

with Dfm1-GFP, whereas no detectable association was seen in con-

trol cells without Dfm1-GFP (Fig 2A). These interactions were also

validated by fluorescence microscopy, in which the majority of

Dfm1-GFP co-localized with Lcb1-RFP and Orm2-RFP at the ER

(Fig 2B).

DFM1 genetically interacts with TSC3

We next examined whether DFM1 genetically interacts with SPOTS

complex members. The SPOTS complex consists of the SPT enzymes,

Lcb1 and Lcb2, and the smaller subunit, Tsc3, which has been

required to positively regulate SPT at high temperatures (Gable

et al, 2000). Furthermore, SPT activity is negatively regulated by two

yeast paralogs, Orm1 and Orm2, through direct interactions, and by

Sac1, which negatively regulates SPT through an unknown mecha-

nism (Breslow et al, 2010; Han et al, 2010). To survey for gene inter-

actions, we generated double-mutant yeast strains of dfm1D along

with respective SPOTS complex members and performed serial dilu-

tion growth assays to test whether double-knockout cells confer any

distinct growth phenotypes compared with WT and single knock-

outs. To test the involvement of essential enzymes Lcb1/Lcb2 and

non-essential regulator Sac1, we utilized Lcb1-DaMP, Lcb2-DamP,

and sac1D mutants and observed no genetic interactions, since

growth of dfm1DLcb1-DaMP, dfm1DLcb2-DaMP, and dfm1Dsac1D
was similar to that of WT cells at 25°C, 30°C, and 37°C (Fig EV1A). A

small subunit of the SPT, Tsc3, directly interacts with Lcb1/Lcb2 to

stimulate their activity and increase the synthesis of the sphingolipid

precursor, 3-ketosphinganine. The stimulatory function of Tsc3 is

essential at the higher temperature where the tsc3D temperature-

sensitive phenotype is lethal due to a lack of phytosphingosine (PHS)

production (Gable et al, 2000; Fig 3A). In line with this observation,

we observed a growth defect and lethality from tsc3D cells at 30°C

and 37°C, respectively (Fig 3A, filled triangle), and rescue of lethality

when PHS was supplied to tsc3D cells (Fig 3B, right panel; filled tri-

angle). Remarkably, the removal of DFM1 in this background –

dfm1Dtsc3D – completely rescued the lethality at 37°C (Fig 3A, open

circle). Thus, the removal of DFM1 suppresses tsc3D lethality at

37°C.

dfm1Dtsc3D cells have increased steady-state levels of ceramides
and complex sphingolipids

We predicted that the removal of DFM1 was able to reverse the

temperature-sensitive lethality in tsc3D as a result of increased pro-

duction of sphingolipid precursors. Notably, myriocin is a potent

inhibitor of SPT, the first committed step in the sphingolipid biosyn-

thesis pathway, and treatment with myriocin reduces sphingolipid

levels in both S. cerevisiae and mammals (Breslow, 2013). Because

SPT activity is essential, myriocin treatment exacerbates growth due

to decreased flux in the sphingolipid biosynthesis pathway. We,

therefore, wanted to test whether dfm1Dtsc3D cells are resistant to

myriocin inhibition. To this end, a sublethal dose of myriocin was

◀ Figure 1. BioID proximity-based labeling to identify interaction partners of Dfm1.

A Schematic of Dfm1 fused with a biotin ligase, BirA, at the C-terminus along with untagged Dfm1. Cartoon representation of the labeling of rhomboid pseudoprotease
Dfm1 with the biotin ligase, BirA.

B GALpr-Dfm1-BirA-Flag and GALpr-BirA-Flag levels were measured by western blotting with a-FLAG at 0 (uninduced) vs. 5 h post-galactose induction (3 biological
replicates; n = 3).

C Dfm1-BirA is still functional and able to degrade Hmg2-GFP. dfm1D + Hmg2-GFP strains containing DFM1-BIRA, empty vector, or BIRA-only add backs were grown to
log phase and degradation was measured by CHX. After CHX addition, cells were lysed at the indicated times and analyzed by SDS–PAGE and immunoblotted for
Hmg2-GFP with a-GFP.

D Yeast strains expressing Dfm1-Bira and BirA-only negative control were incubated with different amounts of biotin: 0, 0.1, and 1 mM. dfm1D + Hmg2-GFP. Micro-
somes were isolated from each strain and subjected to streptavidin pulldown (3 biological replicates; n = 3). Flow-through and pull-down fractions were detected by
western blotting for Dfm1-BirA with a-Flag and Cdc48 with a-Cdc48 antibodies.

E A volcano plot showing enrichment versus the significance of proteins identified in Dfm1-BirA experiments relative to control (BirA only) experiments. Components
that were significantly enriched were ERAD components in blue (Hrd1, Cdc48, Pre9, and Rpt2) and sphingolipid biosynthesis in orange (Lcb2, Tsc3, and Orm1). Statisti-
cal analysis of interactome data was carried out using differential enrichment analysis of proteomics (DEP). Filter cut-offs were set at log2FC ≥2, P-value of ≤ 0.01,
and at least two quantitative peptide features.

F Top 10 gene ontology (GO) terms and their enrichment factor for the set of genes with the highest significance and fold enrichment.

A

B

Figure 2. Dfm1 colocalizes and binds to SPOTS complex proteins.

A Dfm1-GFP binding to Lcb2-RFP and Orm2-RFP was analyzed by co-IP. As a
negative control, cells not expressing Dfm1-GFP were used (3 biological
replicates; n = 3).

B Dfm1-GFP colocalizes with Lcb1-RFP and Orm22-RFP. Strains were grown
to mid-exponential phase in minimal media GFP, and RFP fluorescence was
examined on an AxioImager.M2 fluorescence microscope using a 100x
objective and 28HE-GFP or 20HE-rhodamine filter sets (3 biological repli-
cates; n = 3; Zeiss). Scale bar, 5 lm.
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used in the serial growth assay to reduce sphingolipid synthesis

without impairing cell growth. As expected, tsc3D cells were sensi-

tive to myriocin treatment at 30°C since these cells already have

decreased sphingolipid levels (Fig 3B, left panel; filled triangle). By

contrast, the dfm1Dtsc3D cells were resistant to myriocin treatment,

suggesting that these cells have higher levels of sphingolipids

(Fig 3B, left panel; open circle). Indeed, when grown at 30°C, lipi-

domic analysis demonstrated that dfm1Dtsc3D cells significantly

produced higher levels of ceramides (Type A, C, and D) and com-

plex sphingolipid inositol phosphorylceramide (IPC; Type B & C) in

comparison to WT cells (Fig 3C). Altogether, dfm1Dtsc3 cells appear

to produce higher steady-state levels of ceramide and complex sph-

ingolipids.

DFM1 genetically interacts with ORM1

Because the removal of DFM1 leads to higher levels of ceramides

and complex sphingolipids in tsc3D cells, we hypothesized that

Dfm1 is antagonizing the sphingolipid biosynthesis pathway. If this

hypothesis is correct, dfm1D cells should phenocopy both orm1D
and orm2D cells, which are established negative regulators of the

SPT enzymes, in the growth assays. To test this hypothesis, or-

m1Dtsc3D and orm2Dtsc3D cells were generated and employed in

the growth assays at 25°C, 30°C, and 37°C (Fig 3D). Under these

conditions, both orm1D and orm2D phenocopied dfm1D; both or-

m1Dtsc3D and orm2Dtsc3D cells were able to rescue the

temperature-sensitive lethality displayed by tsc3D cells (Fig 3D).

A

B

C

D

Figure 3. Dfm1 genetically interacts with Tsc3.

A Indicated strains were spotted fivefold dilutions on synthetic complete (SC) plates, and plates were incubated at room temperature, 30 and 37°C (3 biological
replicates, 2 technical replicates; n = 5). WT, dfm1Δ, tsc3Δ, and dfm1Δtsc3Δ were compared for growth in the dilution assay. Arrowhead indicates the growth
phenotype of tsc3Δ cells; the open circle indicates the growth phenotype of dfm1Δtsc3Δ cells.

B dfm1Δtsc3Δ confers resistance to myrocin. WT, dfm1Δ, tsc3Δ, and dfm1Δtsc3Δ strains were grown to log-phase in YPD medium, and fivefold serial dilutions of cul-
tures were spotted on (SC) plates containing either drug vehicle alone, or 1 lM of myriocin and 10 lM of PHS (3 biological replicates, 2 technical replicates; n = 5).
Arrowhead indicates the growth phenotype of tsc3Δ cells; the open circle indicates the growth phenotype of dfm1Δtsc3Δ cells.

C WT, dfm1Δ, tsc3Δ, and dfm1Δtsc3Δ cells were grown to log-phase at 30°C and lipids were extracted and subjected to LC–MS/MS. A-, B-, C-, and D-type ceramides con-
taining C16, C18, C20, C22, C24, and C26 fatty acid (left graph) and B-, C-, and D-type IPCs containing C24 and C26 fatty acid (right graph) were measured. Values rep-
resent the means � S.E.M (3 biological replicates; n = 3). Pairwise Dunnett’s test followed by Bonferroni’s post hoc analysis was used to determine statistically
significant differences in comparison to WT cells (*P < 0.05, **P < 0.01).

D Indicated strains were spotted fivefold dilutions on SC plates in three biological replicates and two technical replicates (n = 5), and plates were incubated at room
temperature, 30°C, and 37°C (n = 3). Upper panel: WT, orm1Δ, tsc3Δ, and orm1Δtsc3Δ were compared for growth by dilution assay. Middle panel: WT, orm2Δ, tsc3Δ,
and orm2Δtsc3Δ were compared for growth by dilution assay. Bottom panel: WT, orm1Δ, orm2Δ, tsc3Δ, and orm1Δorm2Δtsc3Δ were compared for growth by dilution
assay. Upper panel: arrowhead indicates growth phenotype of tsc3Δ cells; the open circle indicates growth phenotype of orm1Δtsc3Δ cells. Lower panel: arrowhead
indicates growth phenotype of orm2Δ cells; the open circle indicates growth phenotype of orm2Δtsc3Δ cells.
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Because dfm1D cells phenocopy both orm1D and orm2D cells, we

next examined whether DFM1 genetically interacts with either

ORM1 or ORM2. Although no growth defect was observed for

dfm1Dorm2D cells, we did observe a growth defect in dfm1Dorm1D
cells at room temperature, 30°C, and 37°C, suggesting that DFM1

functions with ORM1 in a parallel pathway (Fig 4A, filled triangle).

Furthermore, lipidomic analysis confirmed that dfm1Dorm2D cells

showed no increase in ceramides compared with WT cells. This was

in contrast to dfm1Dorm1D cells where there were significant

changes in ceramide levels compared to WT cells (Figs 4B and

A

B

C

D

Figure 4. Dfm1 genetically interacts with Orm1.

A Indicated strains were spotted fivefold dilutions on SC plates in three biological replicates and two technical replicates (n = 5), and plates were incubated at room
temperature, 30°C, and 37°C. Upper panel: WT, dfm1Δ, orm1Δ, and dfm1Δorm1Δ were compared for growth by dilution assay. Middle panel: WT, dfm1Δ, orm2Δ, and
orm2Δtsc3Δ were compared for growth by dilution assay. Bottom panel: WT, dfm1Δ, orm1Δ, orm2Δ, orm2Δ, and orm1Δorm2Δ were compared for growth by dilution
assay. Upper, middle, and lower panel: gray arrowhead depicts growth phenotype of dfm1Δorm1Δ, dfm1Δorm2Δ, and orm1Δorm2Δ, respectively.

B dfm1Δorm1Δ confers resistance to myriocin and sensitivity to PHS. WT, dfm1Δ, orm1Δ, and dfm1Δorm1Δ strains were grown to log phase in SC medium, and fivefold
serial dilutions of cultures were spotted on YPD plates containing either drug vehicle alone, or 1 mM of myriocin and 10 lM of PHS with each condition performed
in three biological replicates and two technical replicates (n = 5). Plates were incubated at room temperature and photographed after 3 days. Open circle indicates
growth phenotype of dfm1Δorm1Δ cells.

C WT, dfm1Δ, orm1Δ, and orm1Δdfm1Δ cells were grown to log-phase at 30°C, and lipids were extracted and subjected to LC–MS/MS. C18 PHS and DHS levels were
measured as described in Methods (3 biological replicates; n = 3). Values represent the means � S.E.M. Statistically significant differences compared to WT cells are
indicated (pairwise Dunnett’s test followed by Bonferroni’s post hoc analysis; *P < 0.05, **P < 0.01).

D WT, dfm1Δ, orm1Δ, orm2Δ, dfm1Δorm1Δ, and orm1Δorm2Δ cells were grown to log-phase at 30°C, and lipids were extracted and subjected to LC–MS/MS. A-, B-, C-,
and D-type ceramides containing C16, C18, C20, C22, C24, and C26 fatty acid (left graph) and B-, C-, and D-type IPCs containing C24 and C26 fatty acid (right graph)
were measured (3 biological replicates; n = 3). Values represent the means � S.E.M. Statistically significant differences compared to WT cells are indicated (pairwise
Dunnett’s test followed by Bonferroni’s post hoc analysis; *P < 0.05, **P < 0.01).
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EV1B). Orm1 and Orm2 have been shown to coordinate lipid home-

ostasis with ER protein quality control. This was demonstrated

through the growth sensitivity of orm1Dorm2D cells to agents that

increase protein misfolding in the ER (Han et al, 2010). Because

DFM1 genetically interacts with ORM1, we surmise that dfm1Dor-
m1D cells should also exhibit growth sensitivity to ER protein mis-

folding agents (Fig EV1C). We performed growth assays on plates

containing tunicamycin, an inhibitor of N-linked glycosylation.

Growth sensitivity to tunicamycin was observed for orm1D and or-

m2D cells whereas exasperated growth defects were observed for

dfm1Dorm1D and orm1Dorm2D, but not dfm1Dorm2D cells, further

confirming that DFM1 genetically interacts with ORM1 and not

ORM2. Finally, cells lacking ORM1 and ORM2 exhibit a growth

defect (Fig 4A, bottom panel) due to an increased flux in de novo

sphingolipid synthesis, and the knockout cells were more resistant

to myriocin inhibition (Breslow et al, 2010; Han et al, 2010). Given

the growth defect seen in dfm1Dorm1D cells, we reasoned that the

flux in sphingolipid synthesis should be similarly increased.

Notably, dfm1Dorm1D cells were resistant to myriocin treatment

(Fig 4B, left panel; open circle) and sensitive to exogenously added

PHS (Fig 4B, right panel; open circle), since dfm1Dorm1D cells

already exhibit higher levels of sphingolipids. Both dihydrosphin-

gosine (DHS) and phytosphingosine (PHS) are early precursors

of the sphingolipid biosynthesis pathway and are derivatives of

long-chain bases (LCBs). Lipidomic analysis via mass spectrometry

showed that C18-DHS levels were significantly higher in dfm1Dor-
m1D cells than in WT cells. Also, C18-PHS levels were significantly

higher in both dfm1D and dfm1Dorm1D cells in comparison to WT

cells, suggesting there is increased flux in sphingolipid biosynthesis

in dfm1Dorm1D cells (Fig 4C). In contrast, the levels of ceramides

and complex sphingolipids varied in dfm1Dorm1D cells. There were

higher levels of ceramide and complex sphingolipids (Type D) and

lower levels of ceramide (Type A, B, and C) and complex sphin-

golipids (Type B) in dfm1Dorm1D cells in comparison to WT cells

(Fig 4D). Notably, orm1Dorm2D control cells also exhibited similar

fluctuating levels of the varying types of ceramides and complex

sphingolipids (Fig 4D). Despite varying levels of ceramides and

complex sphingolipids, dfm1Dorm1D cells have higher LCB levels

and are resistant to myriocin treatment, which suggests that the

major physiological effect of dfm1Dorm1D cells is from increased

SPT activity (Fig 4B and C).

Orm2 is targeted by Dfm1 for degradation

Given the myriad biological processes carried out by sphingolipids,

it is not surprising that disruptions to sphingolipid homeostasis have

deleterious effects and must be tightly regulated. One possible mode

of regulation is through the regulated degradation of key enzymes

and regulators of sphingolipid biosynthesis in a manner analogous

to the regulated degradation of Orm2 by EGAD to establish sphin-

golipid homeostasis. We, therefore, tested whether key enzymes or

regulators within the sphingolipid biosynthesis pathway are targeted

for Dfm1-mediated degradation by performing cycloheximide

(CHX)-chase assays on candidate substrates (Lcb1, Lcb2, Orm1,

Orm2, Sac1, Tsc3, Ypk1, and Tsc10), which function in either SPT

synthesis or regulation (Fig EV2A). Of these, Orm2 was rapidly

degraded in wild-type strains and its degradation was completely

prevented in dfm1D cells (Fig 5A). The yeast paralog of Dfm1, Der1,

has a strong broad role in retrotranslocating ERAD-L substrates (Wu

et al, 2020). We therefore directly tested the role of Der1 in Orm2

degradation using the CHX-chase assay and found that in both WT

and der1D cells, Orm2 was still degraded (Fig 5B). These results

imply that the degradation of Orm2 is specifically dependent on der-

lin Dfm1 and not Der1.

Derlin Dfm1’s Cdc48 recruitment function is not required for
Orm2 degradation

We have previously identified specific motifs and residues of Dfm1

that are critical for its ERAD retrotranslocation function. Accord-

ingly, we wished to test the importance of these motifs/residues for

Orm2 degradation by performing CHX-chase assays. Dfm1 possesses

a unique C-terminal SHP box motif, which recruits the ATPase,

Cdc48, directly to the ER surface (Neal et al, 2018). Cdc48 functions

as an energy source for membrane substrate retrotranslocation and

as a retrochaperone where it acts to maintain the solubility of retro-

translocated membrane substrates prior to proteasome degradation

(Neal et al, 2017). We previously demonstrated that mutations

within the SHP box, Dfm1-5Ashp, ablate Cdc48 recruitment and the

retrotranslocation function of Dfm1 (Fig 5C; Neal et al, 2018). We

also demonstrated that a Der1-SHP chimera, which consists of Der1,

the paralog of Dfm1, fused to the cytoplasmic SHP tail of Dfm1, sup-

ports Cdc48 recruitment via binding of Cdc48 to the chimera’s SHP

▸Figure 5. Dfm1 targets Orm2 for degradation.

A Degradation of Orm2 depends on Dfm1 and not Der1. The indicated strains expressing Orm2-RFP were grown into the log phase and degradation was measured by
cycloheximide chase (CHX). After CHX addition, cells were lysed at the indicated times, analyzed by SDS–PAGE, and immunoblotted for Orm2-RFP with a-RFP (3 bio-
logical replicates; n = 3).

B Same as (A) except degradation of Orm2-RFP was measured in WT and der1Δ cells (3 biological replicates; n = 3).
C Depiction of Dfm1, Der1, Dfm1-5Ashp, and Der1-Shp. Dfm1 and Der1 are ER-localized membrane proteins with six transmembrane domains (Greenblatt et al, 2011).

Unlike Der1, Dfm1 has an extended cytoplasmic tail containing two SHP boxes.
D Dfm1’s SHP box is not required for degradation of Orm2-RFP. In the indicated strains, degradation of Orm2-RFP was measured by CHX-chase assay. Cells were ana-

lyzed by SDS–PAGE and immunoblotted for Orm2-RFP with a-RFP (3 biological replicates; n = 3).
E Depiction of Dfm1, which highlights L1, TM2, TM6, and its SHP box domain.
F Table indicating the location and specific function that is impaired for retrotranslocation-deficient Dfm1 mutants (Nejatfard et al, 2021).
G Dfm1’s WR motif, GxxxG motif, substrate-binding, and lipid-thinning function are required for the degradation of Orm2-RFP. In the indicated strains, degradation of

Orm2-RFP was measured by CHX-chase assay. Cells were analyzed by SDS–PAGE and immunoblotted for Orm2-RFP with a-RFP (3 biological replicates; n = 3).
H Dfm1 L1 residues are required for binding to Orm2. Orm2-RFP and binding to retrotranslocation-deficient Dfm1 L1 mutants were analyzed by co-IP. The IP was ana-

lyzed for the presence of Dfm1-HA. As a negative control, cells not expressing Orm2-RFP were used (3 biological replicates; n = 3). Band intensities for all western blots
were normalized to PGK1 loading control and quantified by ImageJ.

Data information: t = 0 was taken as 100% and data are represented as mean � SEM.
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tail, but does not support retrotranslocation through Der1’s trans-

membrane segment (Fig 5C; Neal et al, 2018). We utilized these

retrotranslocation-deficient variants in our CHX-chase assay to test

whether Dfm1’s Cdc48 recruitment function is required for Orm2

degradation. Add back of Der1-SHP in dfm1D cells impaired Orm2

degradation, whereas Dfm1-5Ashp add back still enabled Orm2

A B

C

E F

G

H

D

Figure 5.

8 of 20 The EMBO Journal 42: e112275 | 2023 � 2022 The Authors

The EMBO Journal Satarupa Bhaduri et al



degradation (Fig 5D). These results suggest that recruitment of

Cdc48 by Dfm1 is dispensable for Orm2 degradation. In addition,

the inability of Der1-SHP to facilitate the degradation of Orm2

implies the involvement of additional residues within the transmem-

brane segments of Dfm1.

Dfm1 contains the highly conserved WR motif in loop 1 (L1) and

a Gx3G motif in transmembrane 6 (TM6). Both motifs have previ-

ously been substituted for alanine residues (WA and Gx3A) and

such mutants are unable to support retrotranslocation (Fig 5E and

F; Neal et al, 2018). In addition, we have previously identified that

the L1 and TM2 regions of Dfm1 are critical for its retrotranslocation

function (Fig 5E and F). Specifically, L1 mutants (F58S, L64V, and

K67E) impaired membrane substrate binding to Dfm1 and TM2

mutants (R98L, S99V, S100V, and Q101L) impaired Dfm1’s lipid

thinning distortion function (Nejatfard et al, 2021). The lipid distor-

tion function of Dfm1 increases lipid permeability to aid the extrac-

tion of integral membrane substrates from the lipid bilayer. All

Dfm1 mutants have been characterized where they show robust

expression at similar levels as wild-type Dfm1 (Fig EV2B; Neal

et al, 2018; Nejatfard et al, 2021). Accordingly, the effect of these

retrotranslocation-deficient mutants on Orm2 degradation was

tested with the CHX-chase assay. All Dfm1 mutants, with the excep-

tion of Dfm1-5Ashp, completely stabilized Orm2 (Fig 5G). We also

employed the substrate-binding co-IP assay to analyze the associa-

tion of Dfm1 L1 mutants with Orm2-RFP. Orm2-RFP was immuno-

precipitated with RFP Trap and immunoblotted for L1 Dfm1

mutants with a-HA. There was no detectable association of Orm2

with Dfm1 L1 mutants, implying that all three L1 residues are

required for Orm2 binding (Fig 5H). Overall, the conserved rhom-

boid motifs, WR and Gx3G, the L1 region for substrate binding, and

the TM2 region for lipid thinning, are all required for Orm2 degrada-

tion. We employed another functional assay for Dfm1 to test

whether the retrotranslocation-deficient Dfm1 mutants can restore

growth in dfm1Dorm1D cells, which normally have impaired growth

at 37°C due to increased flux in sphingolipid synthesis. To this end,

adding back empty vector or wild-type DFM1 to dfm1Dorm1D cells

resulted in the expected impairment and rescue of normal growth,

respectively (Fig EV2C and D). Introduction of Dfm1 mutants to

dfm1Dorm1D cells did not rescue growth defects, with the exception

of Dfm1-5Ashp, which was able to rescue the growth defect in a

manner similar to that of WT Dfm1 (Fig EV2C). Taken together,

these data suggest that the substrate-binding, lipid distortion func-

tion, and conserved rhomboid motifs, but not Cdc48 recruitment

function, of Dfm1 are required for Orm2 degradation.

Orm2 degradation is dependent on EGAD, but not ERAD or
INMAD

Given that the Cdc48 recruitment function of Dfm1 is dispensable

for Orm2 degradation, it seems likely that Dfm1’s retrotranslocation

function in ERAD is not required for Orm2 degradation. Accord-

ingly, we wished to survey all protein degradation pathways in

which Dfm1 may participate. The secretory pathway possesses sev-

eral protein quality control pathways including the INM-associated

degradation (INMAD), ERAD, and EGAD, which govern both regu-

lated and quality control degradation of INM proteins, ER proteins,

and endosomal/Golgi proteins, respectively (Sicari et al, 2019; Sun

& Brodsky, 2019). All pathways employ dedicated E3 ligases that

determine substrate specificity and ubiquitination. Specifically, the

Asi and Doa10 E3 ligases mediate INMAD, the Hrd1 and Doa10 E3

ligases mediate ERAD, and Tul1 E3 ligase mediates EGAD. A unify-

ing theme for all protein degradation pathways is that they require

the hexameric AAA ATPase, Cdc48, and the proteasome for retro-

translocation and degradation of all substrates. We utilized the

CHX-chase assay to test the requirement for all E3 ligases, Cdc48,

and the proteasome for the degradation of Orm2. In line with previ-

ous studies (Schmidt et al, 2019), Orm2 was still degraded with sim-

ilar kinetics to wild-type strains in hrd1D, doa10D, and asi1D
(Fig 6A). These results indicate that Orm2 degradation does not

require either the INMAD or ERAD pathways. As expected, Orm2

degradation was completely inhibited in tu1lD cells, cdc48-2 cells,

and proteasome subunit mutant, hrd2-1 (Fig 6B; Schmidt

et al, 2019). These observations are in accordance with previous

studies and demonstrate that Orm2 ubiquitination, extraction, and

proteasome degradation are mediated solely by EGAD (Schmidt

et al, 2019). To further confirm that Orm2 degradation is indepen-

dent of ERAD and INMAD, we performed in vivo ubiquitination

assays on WT, asi1D, hrd1D, doa10D, tul1D, cdc48-2, and hrd2-1

strains. Strains were lysed and subjected to immunoprecipitation

(IP) using anti-RFP antibodies, followed by immunoblotting (IB)

with anti-ubiquitin and anti-RFP antibodies. As suggested by CHX-

chase experiments conducted by our lab and others (Schmidt

et al, 2019), the degree of Orm2 ubiquitination in asi1D, hrd1D, and
doa10D was similar to that seen in WT strains, demonstrating that

the E3 ligases Asi, Hrd1, and Doa10 are not involved in the polyu-

biquitination of Orm2 (Fig 6C, lanes 1, 2, 3, 4). In line with a previ-

ous study, the amount of Orm2 ubiquitination is increased in cdc48-

2 and hrd2-1 cells, suggesting that Orm2 is on the pathway for retro-

translocation and proteasome degradation (Fig 6C, lanes 8 and 9;

Schmidt et al, 2019).

As expected, Orm2 ubiquitination was decreased in tul1D strains,

indicating that Orm2 is ubiquitinated by Tul1-dependent EGAD

(Fig 6C, lane 5). To further confirm that Orm2 degradation is inde-

pendent of EGAD and INMAD, we next tested whether any of the

ERAD components besides Dfm1, genetically interacted with Tsc3

and Orm1. Specifically, we examined whether any ERAD mutants

phenocopy dfm1Dtsc3D cells, which rescues lethality at 37°C, or

dfm1Dorm1D, which exhibits a growth defect at 37°C. To this end,

double mutants were generated in which tsc3D or orm1D was

knocked out, along with the following HRD and DOA pathway com-

ponents: hrd1D, hrd3D, der1D, and doa10D. In all cases, the HRD

and DOA pathway mutants did not phenocopy dfm1D: hrd1Dtsc3D,
hrd3Dtsc3D, der1Dtsc3D, and doa1Dtsc3D were unable to rescue the

temperature-sensitive lethality of tsc3D (Fig 6D); and hrd1Dorm1D,
doa10Dorm1D, hrd2-1orm1D, and cdc48-2Dorm1D did not exhibit an

exacerbated growth defect at 30°C (Fig EV2E). Hence, the DOA and

HRD ERAD pathways do not genetically interact with Tsc3 or Orm1.

In summary, CHX-chase, genetics, and in vivo ubiquitination assays

confirmed that Orm2 is degraded solely by the EGAD pathway and

not by INMAD or ERAD.

Dfm1 does not function at the post-ubiquitination step of Orm2
degradation pathway

To determine the step at which Dfm1 functions in Orm2 degrada-

tion, the ubiquitination status of Orm2 in dfm1D strains was
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analyzed. We have previously demonstrated that Dfm1 functions at

the post-ubiquitination step of ERAD, with an increased degree of

polyubiquitination of ERAD-M substrates observed in dfm1D strains

(Neal et al, 2018). This was caused by the inability of Dfm1 to retro-

translocate its substrates, resulting in a build-up of polyubiquiti-

nated membrane substrates along the ER membrane. Surprisingly,

in dfm1D strains, the level of Orm2 ubiquitination was decreased to

Orm2 similar levels as tul1D strains. This suggests that in dfm1D
strains, Orm2 does not get ubiquitinated. Moreover, the lack of

Orm2 ubiquitination demonstrates dfm1D strains do not phenocopy

retrotranslocation-deficient strains, cdc48-2, or the proteasomal

mutant hrd2-1 (Fig 6C, lanes 7,8,9). Hence, Dfm1 does not function

in the post-ubiquitination step of EGAD. We also tested the require-

ment of Der1 for Orm2 ubiquitination and saw no change in Orm2

ubiquitination levels in der1D strains compared with WT strains

(Fig 6C, lanes 1 and 7). Taken together, these data suggest that

Dfm1 does not function at the post-ubiquitination step of the Orm2

degradation pathway.

Dfm1 does not directly function in EGAD

Given the requirement for Dfm1 in Orm2 degradation, it is surpris-

ing that the Dfm1-dependent ERAD pathway is not involved with

Orm2 degradation. It is possible that Dfm1 directly functions in

EGAD. To test this hypothesis, we examined the interaction of Dfm1

with the Dsc complex (E3 ligase Tul1 and Dsc2), which mediates

substrate detection and ubiquitination within the Golgi in the EGAD

pathway. Dfm1-GFP was immunoprecipitated with GFP Trap anti-

bodies followed by SDS–PAGE and immunoblotting for endogenous

Tul1 and Dsc2 with anti-Tul1 and anti-Dsc2, respectively. In all

cases, no association of Dfm1 with Tul1 and Dsc2 was observed,

while Dfm1 was able to associate with Cdc48, as expected

A B

C

D

Figure 6. Orm2 degradation requires EGAD but not ERAD or INMAD pathway.

A E3 ligase Tul1 is required for Orm2 degradation. In the indicated strains, degradation of Orm2-RFP was measured by CHX-chase assay. Cells were analyzed by SDS–
PAGE and immunoblotted for Orm2-RFP with a-RFP (3 biological replicates; n = 3). t = 0 was taken as 100% and data are represented as mean � SEM.

B Cdc48 and the proteasome are required for Orm2 degradation. Same as (A), except cdc48-2 and hrd2-1 were analyzed for Orm2-RFP degradation (3 biological repli-
cates; n = 3). t = 0 was taken as 100% and data are represented as mean � SEM.

C Dfm1 does not function in the post-ubiquitination step of the Orm2 degradation pathway. Indicated strains expressing Orm2-RFP were grown into the log phase.
Cells were lysed, and microsomes were collected and immunoprecipitated with a-RFP conjugated to agarose beads. Samples were then subjected to SDS–PAGE and
immunoblot by a-Ubiquitin and a-RFP (3 biological replicates; n = 3).

D ERAD mutants do not rescue temperature-sensitive lethality of tsc3D. Indicated strains were grown to log phase in SC and serially diluted cultures were plated on SC
plates and incubated at 37°C and imaged on Day 2 (3 biological replicates, 2 technical replicates; n = 5).
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(Fig EV3). Moreover, fluorescence microscopy demonstrated that

Dfm1 is solely localized in the ER and does not co-localize with

Golgi-associated markers (Fig 2B). Finally, there were no significant

interactions between Dfm1 and any EGAD components identified

from our proteomic analysis (Fig 1E; Dataset EV1).

dfm1D cells accumulate phosphorylated Orm2 within the ER

The observation that Dfm1-5Ashp can still facilitate Orm2 degrada-

tion suggests that Dfm1-mediated degradation of Orm2 is indepen-

dent of its canonical retrotranslocation role in ERAD. Hence, we

sought to identify the specific step at which Dfm1 functions within

the Orm2 degradation pathway. EGAD-mediated degradation of

Orm2 is most well characterized in yeast where it consists of five

steps: (i) phosphorylation of Orm2 by Ypk1 in the ER, (ii) COPII-

mediated export of phosphorylated Orm2 from ER to Golgi and

endosome, (iii) polyubiquitination of Orm2 by the E3 ligase Dsc2,

(iv) retrotranslocation of substrates from the Golgi/endosome to the

cytosol, and (v) degradation of the ubiquitinated substrates by the

cytosolic proteasome (Schmidt et al, 2019). To determine which step

was blocked in Dfm1-deficient cells, we analyzed the phosphoryla-

tion status of Orm2 in dfm1D cells. In dfm1D, Orm2 phosphoryla-

tion was increased to levels similar to those in the Dsc complex

mutant tul1D, a knockout that blocks Orm2 degradation and leads

to accumulation of phosphorylated Orm2 (Fig 7A). This indicates

dfm1D cells result in defective trafficking of Orm2 to the Golgi. To

validate this in a cellular context, we next utilized live cell imaging

fluorescence microscopy to determine the cellular compartment in

which Orm2 was accumulating in dfm1D cells. In line with a previ-

ous study, Orm2 accumulated mainly in the early endosomes in

tul1D cells (Schmidt et al, 2019), indicating that Orm2 was being

routed to the Golgi/endosomes for degradation. By contrast, in

dfm1D cells, Orm2 accumulated mainly at the ER and Orm2 co-

localized with an ER, but not an endosome marker (Fig 7B). In par-

allel, we utilized a phosphomimetic Orm2 variant (Orm2-3D), which

has been shown to mimic Ypk1-dependent constitutive phosphory-

lation and is continuously exported from the ER and degraded via

EGAD. Indeed, we and others show that in WT cells, Orm2-3D is

rapidly degraded (Fig 7C; Schmidt et al, 2019, 2020a, 2020b).

Remarkably, by employing a CHX-chase assay, we found that Orm2-

3D degradation was completely prevented in dfm1D cells (Fig 7C).

Using microscopy, we confirmed that Orm2-3D remained exclu-

sively in the ER in dfm1D cells (Fig 7E). By contrast, degradation of

an Orm2 phosphonull variant (Orm2-3A), lacking Ypk1 phosphory-

lation sites, was completely prevented in WT cells (Fig 7C) and we

and others showed that Orm2-3A was not exported to the ER

(Fig EV4A; Schmidt et al, 2019). Because orm2D cells can rescue

tsc3D lethality, we wanted to test whether Orm2-3D or Orm2-3A

elicits the same effect. To test this, either phosphonull Orm2-3A or

phosphomimetic Orm2-3D was added to tsc3Dorm2D cells and the

growth assay was employed. As controls, Orm2-3A alone and

Orm2-3D cells grew similarly as WT cells, whereas tsc3D cells exhib-

ited the expected growth lethality at 37°C. Notably, tsc3Dorm2D
cells containing Orm2-3D alleviated tsc3D lethality, whereas tsc3Dor-
m2D cells containing Orm2-3A did not rescue tsc3D lethality

(Fig 7D). These results suggest that two conditions are sufficient in

rescuing tsc3D lethality: (i) absence of Orm2 (orm2D) or (ii) contin-
uous phosphorylation and degradation of Orm2 via EGAD (Orm2-

3D). In summary, based on CHX-chase, live image florescence

microscopy, and genetic interaction assays, we demonstrate that

Dfm1 is required for the export of phosphorylated Orm2 from the

ER to Golgi. The physiological consequence of Dfm1 dysfunction is

the retention of Orm2 in the ER, which prevents its subsequent

degradation.

In dfm1D cells, accumulation of phosphorylated Orm2 leads to
increased LCB levels

Our data demonstrate that Dfm1-deficient cells accumulate phos-

phorylated Orm2 within the ER, the negative regulator of sphin-

golipid biosynthesis, which raises the question of why increased

levels of LCBs, ceramides, and complex sphingolipids were

observed in dfm1D and dfm1Dtsc3D cells? Our results contrast with

our initial expectation that the accumulation of Orm2 would

decrease levels of LCB and ceramides, since Orm2 antagonizes the

sphingolipid biosynthesis pathway. One possibility is that in dfm1D
cells, ER-localized phosphorylated Orm2 is no longer able to repress

SPT activity. To test this possibility, we measured steady-state levels

▸Figure 7. dfm1Δ accumulates phosphorylated Orm2 exclusively in the ER.

A Phosphorylated Orm2 accumulates in the absence of Dfm1. Phos-tag western blot analysis shows that there is an accumulation of phosphorylated Orm2 in dfm1Δ
cells. The indicated strains were grown to log phase, treated with vehicle or 1.5 lM myriocin for 1 h, and subjected to SDS–PAGE or Phos-tag western blot analysis via
blotting for Orm2 with a-RFP and PGK1 with a-PGK1 antibodies (2 biological replicates; n = 2).

B Orm2 is retained in the ER in dfm1Δ cells. Strains were grown to mid-exponential phase in minimal media and GFP and RFP fluorescence was examined on an AxioI-
mager.M2 fluorescence microscope using a 100x objective and 28HE-GFP or 20HE-rhodamine filter sets (Zeiss; 2 biological replicates n = 2). WT, dfm1Δ, and tul1Δ
cells expressing Orm2-RFP. HDEL-GFP (ER marker, green) or VPS4-GFP (endosome marker, green) was used to test for co-localization with Orm2-RFP. Arrowheads indi-
cate Orm2 co-localizing in post-ER compartments. Scale bar, 5 lm.

C dfm1Δ cells block the degradation of phosphorylated mimics of Orm2 (Orm2-3D). In the indicated strains, degradation of Orm2-3A-GFP and Orm2-3D-GFP was mea-
sured by CHX-chase assay. Cells were analyzed by SDS–PAGE and immunoblotted a-GFP (3 biological replicates; n = 3). t = 0 was taken as 100% and data are repre-
sented as mean � SEM.

D Accumulation of phosphorylated Orm2 within the ER is sufficient for rescuing the temperature-sensitive lethality of tsc3Δ cells. Indicated strains were spotted fivefold
dilutions on SC plates and plates were incubated at 37°C (3 biological replicates, 2 technical replicates; n = 5).

E dfm1Δ blocks the export of phosphorylated Orm2. Fluorescence imaging was performed as in (B) except WT and dfm1Δ cells expressing Orm2-3D-GFP were used (2
biological replicates; n = 2). Sec61-mCherry (ER marker, red) or CHS5-mCherry (endosome marker, red) was used to test for co-localization with Orm2-3D-GFP. Arrow-
heads indicate Orm2 co-localizing in post-ER compartments. Scale bar, 5 lm.

F WT and dfm1Δ cells expressing either Orm2-3A-GFP or Orm2-3D-GFP were grown to log phase at 30°C and lipids were extracted and subjected to LC–MS/MS. C18
PHS and DHS levels were measured as described in Methods in 3 biological replicates (n = 3). Values represent the means � S.E.M. Statistically significant differences
compared to WT cells are indicated (pairwise Dunnett’s test followed by Bonferroni’s post hoc analysis; ***P < 0.0001).
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of PHS in WT and dfm1D cells either expressing phosphomimetic

Orm2-3D or phosphonull Orm3A. As expected, in both WT and

dfm1D cells, phosphonull Orm2-3A leads to low steady-state levels

of PHS, whereas in WT cells with Orm2-3D, which is constitutively

degraded by EGAD, leads to significantly higher levels of PHS

(Fig 7F). Notably, dfm1D cells with Orm2-3D, which is phospho-

mimetic Orm2 variant that is accumulating in the ER, lead to signifi-

cantly higher levels of PHS (Fig 7F). This finding suggests that

accumulation of phosphorylated Orm2 at the ER does indeed

increase SPT activity.

Loss of Dfm1 does not affect COPII-mediated trafficking

Because the loss of Dfm1 resulted in the accumulation of Orm2 in

the ER, we directly interrogated the role of Dfm1 in COPII-mediated

trafficking. To test whether Dfm1 has a direct function in COPII-

mediated trafficking, we analyzed the steady-state levels of COPII

cargo substrate, carboxypeptidase Y (CPY), and found that in dfm1D
cells, the mature form of CPY accumulated at similar levels as WT

cells (m; Fig EV4B). As a control for a deficiency in COPII-mediated

export, when sec12-1 cells were shifted to non-permissive growth

temperature at 37°C, there was the expected buildup of the prema-

ture form (P; Fig EV4B). Finally, we did not identify significant

interactions between Dfm1 and any COPII trafficking components

from our proteomic analysis (Fig 1C; Dataset EV1). Taken together,

our data suggest that Dfm1 does not directly function in COPII-

dependent trafficking.

Dfm1 interacts with Ypk1-dependent phosphorylated Orm2

Because Dfm1 is not functioning directly in ER exit, we hypothesize

that Dfm1 is functioning with the SPOTS complex through the inter-

action of phosphorylated Orm2. To interrogate this, we used co-IP

to test interactions of Dfm1 with either phosphomimetic Orm2-3D

or phosphonull Orm2-3A. As a negative control, a strain containing

an empty vector (instead of Dfm1-HA) was included. We also tested

the binding of Dfm1 to an ER membrane protein, Sec61, that is not

normally associated with SPOTS complex members and Dfm1.

Indeed, we show that Dfm1 is associated with both WT Orm2 or

phosphomimetic Orm2-3D and not phosphonull Orm2-3A (Fig 8A).

Since Dfm1 no longer associates with Orm2-3A, we next tested

whether Orm2-3A affected Dfm1’s association with other SPOTS

complex members. Notably, when we performed co-IP of cells

expressing Orm2-3A, Dfm1 did not interact with Orm1, Lcb1, and

Lcb2. This suggests that Dfm1 associates with the SPOTS complex

through the binding of Orm2. We confirmed this using co-IP in the

orm2D cell in which Dfm1 no longer interacted with Orm1, Lcb1,

and Lcb2 (Fig 8B). Because Ypk1-dependent phosphorylation of

Orm2 triggers its ER export and degradation by EGAD, we surmised

that the phosphorylation step was required for Orm2 to disassociate

from the SPOTS complex. Notably, phosphomimetic Orm2-3D did

not abrogate its association with the SPOTS complex members

implicating that phosphorylation does not trigger the separation of

Orm2 from the complex. In yeast, TORC2-Ypk1 signaling axis is

required for Orm2 phosphorylation, which triggers Orm2 degrada-

tion by EGAD, whereas TORC1-Npr1 signaling axis is required for

Orm2 phosphorylation at distinct sites to stimulate the synthesis of

complex sphingolipids (Shimobayashi et al, 2013; Schmidt

et al, 2020a, 2020b). We were interested in investigating the effect

of Ypk1-dependent versus Npr1-dependent Orm2 phosphorylation

on Dfm1 interaction. To address this, co-IP was performed in ypk1D
and npr1D cells. In npr1D cells, the SPOTS complex remained intact

where Orm2 was associated with Dfm1, Lcb1, Lcb2, and Orm1

(Fig 8C). In contrast, in ypk1D cells, Orm2 was no longer associated

with Dfm1, but remains associated with Lcb1, Lcb2, and Orm1

(Fig 8C). Overall, the findings above demonstrated that Dfm1 associ-

ated with the SPOTS complex through binding of Ypk1-dependent

phosphorylated Orm2.

Discussion

In this study, we describe a novel role for the derlin rhomboid pseu-

doprotease, Dfm1, in maintaining sphingolipid homeostasis. The

function of Dfm1 in ERAD-M retrotranslocation of misfolded mem-

brane protein substrates has been well established in our laboratory

and this study uncovers an additional biological function of Dfm1.

The role of Dfm1 in maintaining sphingolipid homeostasis appears

to be separate from its role in ERAD-M retrotranslocation. Our study

indicates that Dfm1 is required to facilitate the export of phosphory-

lated Orm2 from the ER and that this function requires substrate-

binding and lipid-thinning activities, but not its Cdc48 recruitment

function. Specifically, Dfm1 functions immediately downstream of

Ypk1-dependent phosphorylation of Orm2 where Dfm1 associates

with the SPOTs complex through binding of phosphorylated Orm2

and not unphosphorylated (lacking Ypk1 sites) Orm2 (Fig 8D).

Overall, our studies reveal a novel role for rhomboid pseudopro-

teases in maintaining sphingolipid homeostasis, a function that is

independent of their role in ERAD.

To identify Dfm1-interacting partner proteins, we performed

proximity-dependent biotinylation (BioID) coupled with mass spec-

trometry. Several proteins found in close proximity to Dfm1 were

involved in the sphingolipid biosynthesis pathway. The first com-

mitted step of the sphingolipid biosynthetic pathway is catalyzed by

the serine palmitoyl transferase (SPT) complex, which consists of

Lcb1, Lcb2, and Tsc3. This step is strictly regulated by Orm1/Orm2

and Sac1, which negatively regulates SPT, and Tsc3, and enhances

SPT activity 100-fold. Indeed, we confirmed a physical interaction

between Dfm1 and the SPOTS complex members Orm2 and Lcb1.

To further explore the relationship between Dfm1 and SPOTS com-

plex members, we examined the genetic interactions between

dfm1D and the knockout of SPOTS complex members or sphin-

golipid biosynthetic enzymes. We exploited the tsc3D growth lethal-

ity phenotype at 37°C, which is due to Tsc3 being required for

enhancing SPT activity at 37°C. Growth assays and lipidomic analy-

ses indicated that dfm1D cells phenocopy established negative regu-

lators of the SPT enzymes, orm1D and orm2D, where all three are

able to reverse the temperature-sensitive lethality of tsc3D by

increasing ceramide and complex sphingolipid levels. Therefore,

we propose that Dfm1 antagonizes the sphingolipid biosynthesis

pathway.

The mechanism associated with Dfm1-dependent Orm2 export

from the ER remains to be elucidated. Our data suggest that Dfm1

functions at the post-phosphorylation step of Orm2 where the loss

of Dfm1 blocks ER export of phosphorylated Orm2. Moreover, Dfm1

does not directly function in COPII export since its absence does not
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Figure 8. Dfm1 binds to phosphorylated Orm2.

A Dfm1-HA binding to Orm2-GFP, Orm2-3A-GFP, Orm2-3D-GFP, Orm1, Lcb1, and Lcb2 was analyzed by co-IP. As a negative control, cells not expressing Dfm1-HA were
used. Also, Sec61 was also included to test for non-specific binding (3 biological replicates; n = 3).

B Same as (A), except co-IP was performed on WT and orm2Δ cells and Dfm1-HA binding to Orm1, Lcb1, and Lcb2 was analyzed (3 biological replicates; n = 3).
C Same as (A), except Orm2-GFP binding to Dfm1-HA, Orm1, Lcb1, and Lcb2 was analyzed by co-IP (3 biological replicates; n = 3).
D Schematic of Dfm1’s role in Orm2 degradation. (i) Orm2 is inactivated via phosphorylation by the TORC2-YPK1 signaling axis. (ii) Dfm1 binds phosphorylated Orm2.

(iii) Phosphorylated Orm2 is delivered to COPII vesicles. (iv) Phosphorylated Orm2 is routed to the Golgi and degraded via EGAD.
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abrogate the export of a COPII cargo, CPY. Instead, Dfm1 interacts

with Ypk1-dependent phosphorylated Orm2, which is followed by

Orm2 exit from the ER and degradation by EGAD. Our laboratory

has recently identified a chaperone-like Dfm1 function where it

influences the solubility of aggregate-prone misfolded membrane

substrates along the ER membrane (preprint: Kandel et al, 2022).

Similar to Dfm1’s function as a mediator in sphingolipid homeosta-

sis, its chaperone-like role requires Dfm1’s substrate-binding and

lipid-thinning function, but not its Cdc48 recruitment function.

Based on the solubility assay, where we detergent-solubilized micro-

somes and fractionated them into pellet (aggregated Orm2) and

supernatant (solubilized Orm2), Dfm1 does not significantly

enhance the solubility of Orm2 since the majority of it was already

soluble (Fig EV4C). In this case, Dfm1 may not be required for influ-

encing the solubility of Orm2, but is utilizing another chaperone-

like activity to prime Orm2 for delivery to the COPII machinery for

ER export (Fig 8D). The extent to which the chaperone-like activity

of Dfm1 is required for Orm2 export from the ER warrants future

investigations.

Based on the lipidomic analysis, dfm1D cells accumulate phos-

phorylated Orm2, which no longer inhibits SPT activity (Fig 7F).

This was shown through a marked increase in PHS steady-state

levels in dfm1D cells expressing phosphomimetic Orm2-3D. This

raises the question of why the accumulation of a negative regulator

would not lead to inhibition of sphingolipid biosynthesis. A possible

explanation is based on a previous study in which Orms have been

found to directly regulate the localization and oligomerization state

of SPT at the ER in a manner that is dependent upon their phospho-

rylation state. Specifically, phosphorylated Orm2 shifts SPT to the

monomeric state, which contributes to sustained SPT activity (Han

et al, 2019). This model is supported by our co-IP experiment, in

which phosphorylated Orm2 is still associated with the SPOTS com-

plex (Fig 8A). In this context, the physical interaction of phosphory-

lated Orm2 with the SPOTS complex may have an influence on

increasing SPT activity. Investigating how phosphorylated Orm2

leads to increased SPT activity will be a fruitful line of inquiry to

address in the future.

The ER hosts metabolic pathways that synthesize a variety of

lipids such as phospholipids, cholesterol, and sphingolipids. Thus, it

is critical for the ER to sense and respond to fluctuations in lipid

composition in order to maintain cellular homeostasis (Pi~na

et al, 2018; Tam et al, 2018; Fun & Thibault, 2020). Several path-

ways are employed to maintain the flux of the lipid biosynthetic

pathway. One such pathway is the targeting and degradation of lipid

biosynthetic enzymes through ERAD-mediated degradation. For

example, cholesterol synthesis is downregulated through regulated

ERAD of the rate-controlling cholesterol biosynthetic enzymes Hmg-

CoA reductase and squalene monooxygenase (Wangeline

et al, 2017). Maintenance of lipid homeostasis is also critical for pro-

tein synthesis, as dysregulated lipid levels negatively impact ER pro-

tein quality control machinery. This is supported by studies

demonstrating that the increased flux of sphingolipids induces UPR

and sensitivity of cells to ER stress (Han et al, 2010). This is also in

alignment with our observations where dfm1Dorm1D cells are sensi-

tive to ER stress due to dysregulated sphingolipid metabolism

(Fig EV1A). Previous studies from our lab and others have demon-

strated that lipid thinning by the ERAD machinery facilitates the

removal of misfolded substrates from the ER (Neal et al, 2018; Wu

et al, 2020). Because lipids play a large role in ERAD retrotransloca-

tion, fine-tuning lipid levels is critical to ensure that ERAD remains

intact and functional. Our findings implicate Dfm1 as a mediator in

sphingolipid homeostasis. Interestingly, by utilizing homology mod-

eling and bioinformatic analysis, we identified sphingolipid-binding

motifs on TM1 and TM6 of Dfm1, suggesting that Dfm1 may directly

detect sphingolipid levels and fine-tune the control of sphingolipid

production by modulating the export of Orm2 (unpublished data).

Similarly, cholesterol has been shown to directly regulate levels of

the E3 ligase MARCH6 levels, with increased MARCH6 levels lead-

ing to ubiquitination and degradation of the key cholesterol enzyme,

squalene monooxygenase (Zelcer et al, 2014). Future studies on the

lipid-sensing function of Dfm1 and how it de-represses SPT activity

via Orm2 export from the ER will require additional experimenta-

tion.

The Orm family proteins are well conserved and all three human

ORMDLs associate with SPT and directly regulate SPT activity. How-

ever, unlike their yeast counterparts, they do not appear to be phos-

phorylated since they lack the homologous N-terminal domains that

are phosphorylated by Npr1, Ypk1, and Ypk2 in yeast. Instead,

ORMDL protein levels are regulated directly by ceramide levels

(Davis et al, 2019). Consistent with this finding, altered protein

levels of ORMDLs are associated with the pathophysiology of a

range of diseases, including colorectal cancer, inflammation, obe-

sity, and diabetes (Davis et al, 2018). Moreover, single-nucleotide

polymorphisms near ORMDL3, which lead to its increased expres-

sion, are associated with childhood asthma. Accordingly, our obser-

vation that yeast Dfm1 alters Orm2 protein levels and impacts

sphingolipid metabolism raises the possibility that derlins have a

causative role in these diseases. Defining the mechanism of Dfm1-

mediated regulation of Orm2 levels should illuminate new treatment

paradigms for patients with dysregulated sphingolipid metabolism.

In summary, we have performed proteomic analyses to enable

the identification of Dfm1-interacting factors. These studies have

demonstrated that several key regulators of sphingolipid biosynthe-

sis are associated with Dfm1 and we report a novel function for

Dfm1 in mediating sphingolipid homeostasis. Sphingolipids play

diverse roles in cellular functions, which include cell signaling, sup-

porting cellular structure, providing energy storage, and regulating

cell growth cycles. Dysregulation of sphingolipid levels has been

associated with several life-threatening disorders. Overall, this study

identifies derlin rhomboid pseudoproteases as key regulators of sph-

ingolipid levels and reveals them as potential therapeutic targets for

the treatment of lipid disorders that are associated with the dysregu-

lation of sphingolipid levels.

Material and Methods

Yeast and bacteria growth media

Standard yeast Saccharomyces cerevisiae growth media were used as

previously described (Hampton & Rine, 1994), including yeast

extract–peptone–dextrose (YPD) medium and ammonia-based syn-

thetic complete dextrose (SC) and ammonia-based synthetic mini-

mal dextrose (SD) medium supplemented with 2% dextrose and

amino acids to enable the growth of auxotrophic strains at 30°C.

Escherichia coli top 10 cells were grown in standard LB media with
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ampicillin at 37°C as previously described (Gardner et al, 1998).

HEK293 cells were cultured in DMEM medium supplemented with

10% FBS.

Plasmids and strains

Plasmids used in this study are listed in Appendix Table S1. Plas-

mids for this work were generated using standard molecular biologi-

cal techniques (Sato et al, 2009) and verified by sequencing (Eton

Bioscience, Inc.). Primer information is available upon request.

Lcb1-RFP and Orm2-RFP plasmids were a gift from Theresa Dun

(Uniformed Services University of the Health Sciences, MD). Orm2-

3A-GFP and Orm2-3D-GFP plasmids were a gift from Oliver Schmidt

and David Teis (Medical University of Innsbruck, Austria).

A complete list of yeast strains and their corresponding geno-

types are listed in Appendix Table S2. All strains used in this work

were derived from S288C or Resgen. Yeast strains were transformed

with DNA or PCR fragments using the standard LiOAc method (Ito

et al, 1983). Null alleles were generated by using PCR to amplify a

selection marker flanked by 50 base pairs of the 50 and 30 regions,
which are immediately adjacent to the coding region of the gene to

be deleted. The selectable markers used for making null alleles were

genes encoding resistance to G418 or CloNat/nourseothricin. After

transformation, strains with drug markers were plated onto YPD fol-

lowed by replica plating onto YPD plates containing (500 lg/ml

G418 or 200 lg/ml nourseothricin). All gene deletions were con-

firmed by PCR.

Reagents

The reagents used in this study are listed in Appendix Table S3.

dfm1Δ strain handling

Due to the rapid suppression nature of dfm1Δ null strains, freshly

transformed dfm1Δ null cells with the respective substrates should

be used in every assay. Generation of Dfm1 mutant strains and trou-

bleshooting guidelines are found in Bhaduri & Neal (2021).

Proximity-dependent biotinylation (BioID)

WT cells expressing either BirA-3xFlag or Dfm1-BirA-3xFlag cells

were inoculated in minimal media supplemented with 1 lM biotin

and 0.2% raffinose and grown overnight at 30°C. The following day,

the cells were diluted to 0.2 OD600 and grown to log phase (0.3–0.5

OD600). Once in log phase, 0.2% galactose was added to induce the

expression of BirA-3xFlag and Dfm1-BirA-3xFlag. After 1 h of incuba-

tion, cells were pelleted and stored at�80°C overnight. The next day,

cells were thawed and resuspended in lysis buffer (50 mM Tris–HCl

pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.1% SDS, 1%

NP-40, 0.4% sodium deoxycholate), and 1 mM DTT supplemented

with protease inhibitors: 1 mM phenylmethylsulfonyl fluoride,

260 lM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride,

100 lM leupeptin hemisulfate, 76 lM pepstatin A, 5 mM aminoca-

proic acid, 5 mM benzamidine, and 142 lM N-tosyl-L-phenylalanine

chloromethyl ketone. Cells were lysed with grinding using liquid

nitrogen. Crude lysate was transferred to a 1.5 ml Eppendorf tube and

centrifuged for 5 min at 2,500 g to remove cellular debris. Clarified

lysate was subjected to affinity purification with preactivated MyOne

Sreptavidin C1 Magnetic Dynabeads (Invitrogen) for 4 h at 4°C using

a nutator. The beads were subsequently separated from the flow-

through using a magnetic stand and washed five times with cold PBS

to separate the non-biotinylated proteins. Protein concentration was

measured using a nanodrop, and samples (biotinylated proteins

bound to magnetic beads) were submitted for mass spectrometry to

analyze the biotinylated interaction partners of Dfm1.

Liquid chromatography and mass spectrometry analysis

The BioID samples were in-solution digested overnight at 37°C in

400 ng of mass spectrometry grade trypsin (Promega) enzyme. The

digestion was stopped by adding formic acid to the 0.5% final con-

centration. The digested peptides were desalted by using C18 Stage-

Tips and were transferred to a fresh tube and then vacuum dried.

The vacuum-dried peptides were resuspended in 5% formic acid/

5% acetonitrile buffer and added to the vials for mass spectrometry

analysis. Samples were analyzed with duplicate or triplicate injec-

tions by LC–MS–MS using EASY-nLC 1,000 liquid chromatography

connected with Q-Exactive mass spectrometer (Thermo Scientific)

with the following modifications. A fused silica microcapillary

column (75 lm inner diameter, 15 cm) packed with C18 reverse-

phase resin (ReproSil-pur 120 C18-AQ, 1.9 lm; Dr. Maisch GmbH)

using an in-line nano-flow EASY-nLC 1,000 UHPLC (Thermo Scien-

tific) was used to resolve the peptides. Peptides were eluted over a

100 min 2–30% ACN gradient, a 5 min 30–60% ACN gradient, and

a 5 min 60–95% ACN gradient, with a final 10 min step at 0% ACN

for a total run time of 120 min at a flow rate of 250 nl/min. All gra-

dient mobile phases contained 0.1% formic acid. MS/MS data were

collected in a data-dependent fashion using a top 10 method with a

full MS mass range from 400 to 1,800 m/z, 70,000 resolutions, and

an AGC target of 3e6. MS2 scans were triggered when an ion inten-

sity threshold of 1e5 was reached with a maximum injection time of

250 ms. Peptides were fragmented using a normalized collision

energy setting of 25. A dynamic exclusion time of 40 s was used,

and the peptide match setting was disabled. Singly charged ions,

charge states above 8, and unassigned charge states were excluded.

The MS/MS spectra were searched against the UniProt Saccha-

romyces cerevisiae reference proteome database using the Maxquant

software with standard settings. Statistical analysis of interactome

data was carried out using differential enrichment analysis of pro-

teomics (DEP) and Maxquant package (available online https://rdrr.

io/bioc/DEP/man/DEP.html and https://www.maxquant.org/). All

proteome datasets were compared to Dfm1-BioID-untreated control

samples. Filter cut-offs were set at log2FC ≥ 2, P-value of ≤ 0.01,

and at least two quantitative peptide features. These parameters

were chosen in an attempt to minimize false positives while maxi-

mizing true positives. All RAW data files have been deposited and

are available at MassIVE (massive.ucsd.edu) with the accession ID

MSV000090333.

Spot dilution growth assay

Yeast strains were grown in YPD or minimal selection media (-Leu -

Ura) supplemented with 2% dextrose to log phase (OD600 0.2–0.3)

at 30°C. 0.2 OD cells were pelleted and resuspended in 500 ll dH2O.

Twelve microliter of each sample was transferred to a 96-well plate
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where a fivefold serial dilution in dH2O of each sample was per-

formed to obtain a gradient of 0.2–0.0000128 OD cells. The 8x12

pinning apparatus was used to pin cells onto synthetic complete (-

Ura) agar plates supplemented with 2% dextrose or 2% galactose.

Droplets of cells were air-dried in sterile conditions, then the plates

were sealed with parafilm and incubated at 30°C. Plates were

removed from the incubator for imaging after 3 days and again after

7 days.

Cycloheximide-chase assay

Cycloheximide-chase assays were performed as previously

described (Sato et al, 2009). Cells were grown to log-phase (OD600

0.2–0.03) and cycloheximide was added to a final concentration of

50 lg/ml. At each time point, a constant volume of culture was

removed and lysed. Lysis was initiated with the addition of 100 ll
SUME with protease inhibitors (PIs) and glass beads, followed by

vortexing for 4 min. One hundred microliter of 2xUSB was added

followed by incubation at 55°C for 10 min. Samples were clarified

by centrifugation and analyzed by SDS–PAGE and immunoblotting.

Fluorescence microscopy

To prepare cells, overnight cultures were diluted to ~ 0.20 OD in min-

imal media. After growing ~ 3 h, log-phase (OD600 ~ 0.3–0.6) sam-

ples were pelleted and washed with dH2O. Fluorescence microscopy

was accomplished using a CSU-X1 Spinning Disk (Yokogawa) confo-

cal microscope at the Nikon Imaging Center on the UCSD campus.

Native Co-IP

Cultures from various yeast strains were grown to OD600 0.2–0.45

and 15 ODs of cells were pelleted, rinsed with H20, and lysed with

0.5 mM glass beads in 400 ll of MF buffer supplemented with pro-

tease inhibitors. This was followed by vortexing at 1 min intervals

for 6–8 min at 4°C. Lysates were combined and clarified by centrifu-

gation at 2,500 g for 5 min followed by centrifugation at 14,000 g

for 15 min to obtain the microsomal pellet. The microsomal pellet

was resuspended in 1 ml of Tween IP buffer (500 mM NaCl, 50 mM

Tris, pH 7.5, 10 mM EDTA, and 1.5% Tween-20) and incubated on

ice for 30 min. Lysates were then centrifuged for 30 min at

14,000 g, and the supernatant was incubated overnight with 10 ll
of equilibrated GFP-Trap� agarose (ChromoTek Inc., Hauppauge,

NY) at 4°C. The next day, the GFP-Trap� agarose beads were com-

bined with one tube, washed once with non-detergent IP buffer,

washed once more with IP wash buffer, and resuspended in 100 ll
of 2xUSB. Samples were resolved on 8% SDS–PAGE and

immunoblotted for Lcb1-RFP and Orm2-RFP a-RFP and Dfm1-GFP

with a-GFP.

In vivo ubiquitination assay

Western blotting to detect in vivo ubiquitination was performed as

described previously (Garza et al, 2009). Briefly, yeast strains were

grown to log phase (OD600 of 0.2 to 0.3). Fifteen OD equivalents of

cells were pelleted by centrifugation and resuspended in lysis buffer

(0.24 M sorbitol, 1 mM EDTA, and 20 mM KH2PO4, pH 7.5) with

PIs, after which 0.5 mm glass beads were added to the meniscus.

The cells were lysed by vortexing in 1 min cycles at 4°C, with 1 min

on ice in between, for six to eight cycles. Lysates were clarified by

centrifugation at 2,500 g for 5 min. The clarified lysates were moved

to fresh tubes, and 600 ll immunoprecipitation buffer (IPB; 15 mM

Na2HPO4, 150 mM NaCl, 2% Triton X-100, 0.1% SDS, 0.5% deoxy-

cholate, and 10 mM EDTA, pH 7.5) and 20 ll of GFP Trap (Chro-

motek) were added. Samples were incubated on ice for 5 min,

clarified by centrifugation at 14,000 g for 5 min, and moved to a

fresh tube. Tubes were incubated at 4°C overnight with rocking.

Beads were washed twice with IPB and then washed once with IP

wash buffer (50 mM NaCl and 10 mM Tris, pH 7.5). Beads were

aspirated to dryness, resuspended in 55 ll 2x USB, and incubated at

65°C for 10 min. Samples were resolved by SDS–PAGE on 10% gels,

transferred to nitrocellulose, and immunoblotted with monoclonal

anti-ubiquitin (Fred Hutchinson Cancer Research Institute) and anti-

RFP (Thermo Fisher) primary antibodies followed by goat anti-

mouse (Jackson ImmunoResearch Laboratories) or goat anti-rabbit

(Bio-Rad) HRP-conjugated secondary antibody.

Phosphorylation status of Orm2

Indicated strains were grown to log-phase at 30°C, pelleted, and

lysed with 100 ll SUME with protease inhibitors (PIs) and glass

beads, followed by vortexing for 4 min. One hundred microliter of

2xUSB was added followed by incubation at 55°C for 10 min. Sam-

ples were clarified by centrifugation, loaded onto Phos-tag precast

gel (FujiFilm), and immunoblotted for Orm2 with a-GFP.

Lipid analyses

Yeast cells (1 A600 units) were suspended in 100 ll of extraction

solution [ethanol/water/diethyl ether/pyridine/15 M ammonia

(15:15:5:1:0.018, v/v)], mixed with internal standards, and incu-

bated at 60°C for 15 min. As internal standards, four types of cera-

mides containing nine deuterium atoms (d9) [N-palmitoyl(d9)-

dihydrosphingosine (d9-C16:0 Cer-A), N-palmitoyl(d9)-D-ribo-

phytosphingosine (d9-C16:0 Cer-B), N-(20-(R)-hydroxypalmitoyl

(d9))-D-erythro-sphinganine (d9-C16:0 Cer-B0), and N-(20-(R)-
hydroxypalmitoyl(d9))-D-ribo-phytosphingosine (d9-C16:0 Cer-C; all

purchased from Avanti Polar Lipids, Alabaster, AL)] were used

(5 pmol each). After centrifugation (2,300 g, room temperature,

2 min), the supernatant was recovered, and the pellets were sus-

pended in 100 ll of extraction solution and incubated at 60°C for

15 min again. After centrifugation (2,300 g, room temperature,

2 min), the supernatant was recovered. The two supernatants were

pooled and mixed with 700 ll of chloroform/methanol (1:2, v/v).

To hydrolyze glycerolipids, alkaline treatment was performed by

adding 37.5 ll of 3 M KOH and incubating at 37°C for 30 min. After

neutralization by adding 22.5 ll of 5 M formic acid, the samples

were sequentially mixed with 250 ll of chloroform and 250 ll of
water and centrifuged (20,400 g, room temperature, 3 min) for

phase separation. The organic phase containing lipids was recov-

ered and dried. Lipids were resuspended in 625 ll of chloroform/

methanol/water (5:4:1, v/v) and subjected to liquid chromatogra-

phy (LC)-coupled tandem mass spectrometry (MS/MS) using a

triple-quadrupole mass spectrometer Xevo TQ-S (Waters, Milford,

MA, USA) via multiple reaction monitoring and positive-ion modes.

The settings for LC separation and electrospray ionization were as
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described previously (Ohno et al, 2017) and the used m/z values

and collision energies in the MS/MS measurement were listed in

Dataset EV2. Ceramides were quantified by calculating the ratio of

the peak area of each ceramide species to that of the internal stan-

dard corresponding to each type of ceramide. D-type ceramides

were quantified using C-type ceramide standard (d9-C16:0 Cer-C).

Detergent solubility assay

ER microsomes were isolated by centrifuging and pelleting 15OD of

yeast in log-phase growth. Pellets were resuspended in MF buffer

with protease inhibitors and 0.5 mM lysis beads were added to each

sample. Samples were vortexed six times in 1 min intervals, with 1

min on ice in between. Lysed cells were transferred to a new micro-

centrifuge tube and samples were clarified by spinning at 1,500× for

5 min at 4°C. Microsomes were separated by centrifuging clarified

lysate at 14,000 g for 1 min. Fractions were incubated on ice in the

presence or absence of 1% DDM for 1 h. The mixture was then cen-

trifuged at 14,000 g for 30 min at 4°C, and the detergent soluble

fraction (i.e., the supernatant) was precipitated with 20% TCA on

ice for 30 min and then centrifuged at 14,000 g for 30 min to get a

pellet of the soluble protein. Proteins from both the soluble and

insoluble fractions were resuspended in the sample buffer and

resolved by SDS–PAGE.

Quantification and statistical analysis

ImageJ (NIH) was used for all western blot quantifications. “Mean

gray value” was set for band intensity measurements. In such exper-

iments, a representative western blot was shown and band intensi-

ties were normalized to PGK1 loading control and quantified. t = 0

was taken as 100% and data are represented as mean � S.E.M.

from at least three experiments. GraphPad Prism was used for statis-

tical analysis. Two-sided nested t-test, unpaired t-test, pairwise Dun-

nett’s test, or one-way factorial ANOVA followed by Bonferroni’s

post hoc analysis was applied to compare data. Significance was

indicated as follow: n.s, not significant; *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001. The investigators were blinded dur-

ing data analysis.

Data availability

The mass spectrometry proteomic data have been deposited to the

Mass Spectrometry Interactive Virtual Environment (MassIVE) with

the identifier MSV000090333 https://massive.ucsd.edu/ProteoSAFe/

dataset.jsp?task=a163516bee184c7bbb8a87bc357df7b2. Plasmids

and yeast strains generated in this study are available from our

laboratory.

Expanded View for this article is available online.
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