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SUMMARY
Glycosylphosphatidylinositol-anchored proteins (GPI-APs) exit the endoplasmic reticulum (ER) through a
specialized export pathway in the yeast Saccharomyces cerevisiae. We have recently shown that a very-
long acyl chain (C26) ceramide present in the ERmembrane drives clustering and sorting of GPI-APs into se-
lective ERexit sites (ERES). Now,we show that this lipid-basedERsorting also involves theC26 ceramide as a
lipid moiety of GPI-APs, which is incorporated into the GPI anchor through a lipid-remodeling process after
protein attachment in the ER.Moreover, we also show that aGPI-APwith a C26 ceramidemoiety ismonitored
by the GPI-glycan remodelase Ted1, which, in turn, is required for receptor-mediated export of GPI-APs.
Therefore, our study reveals a quality-control system that ensures lipid-based sorting of GPI-APs into selec-
tive ERESs for differential ER export, highlighting the physiological need for this specific export pathway.
INTRODUCTION

Lipidation is an essential post-translational modification by

which proteins are covalently modified with specific lipids that

regulate protein localization, function, and stability. Glycosyl-

phosphatidylinositol (GPI) anchoring is a special type of lipida-

tion present in all eukaryotes that occurs at the endoplasmic re-

ticulum (ER) and targets GPI-anchored proteins (GPI-APs) to the

cell surface, where they play a range of essential physiological

roles (Kinoshita et al., 2013; Muñiz and Riezman, 2016; Lopez

et al., 2019; Kinoshita, 2020). The core structure of the GPI-an-

chor precursor is largely conserved in evolution and consists of

a phospholipid moiety (acylphosphatidylinositol) with a glycan

backbone [(EtNP)Man3-(EtNP)Man2-(EtNP)Man1-GlcN], where

EtNP is a side-branch ethanolamine-phosphate, Man is

mannose (the numbers represent the positions of the Man in

the anchor), and GlcN is glucosamine. Once the GPI-anchor pre-

cursor has been made by a series of sequential reactions at the

ER membrane, it is then attached en bloc in the ER lumen by a

GPI-transamidase complex to newly synthesized proteins con-

taining a GPI attachment signal sequence at their C terminus.

Immediately after GPI attachment and during GPI-AP secre-

tory transport to the cell surface, the lipid moiety of the GPI an-

chor undergoes structural remodeling, which is important for
This is an open access article under the CC BY-N
GPI-AP function and trafficking (Tanaka et al., 2004; Bosson

et al., 2006; Fujita et al., 2006a, 2006b; Maeda et al., 2007; Fujita

and Jigami, 2008; Fujita and Kinoshita, 2012; Kinoshita and Fu-

jita. 2016). In yeast, lipid remodeling entirely occurs at the ER

(Figure 1A), with an inositol deacylation by Bst1 followed by

fatty-acid remodeling, which involves the removal of an unsatu-

rated fatty acid at the sn2 position by Per1 and its replacement

with a very-long chain saturated fatty acid (C26) by Gup1 (Bos-

son et al., 2006; Fujita et al., 2006a, 2006b). In most cases, the

C26 diacylglycerol (DAG), formed as part of the anchor, is re-

placed with a ceramide that also contains a very-long chain

saturated fatty acid (C26), by Cwh43 (Conzelmann et al., 1992;

Reggiori et al., 1997; Ghugtyal et al., 2007; Umemura et al.,

2007). In addition to the GPI lipid remodeling, the glycan portion

of the GPI anchor also undergoes another remodeling process

prior to ER exit (Fujita et al., 2009; Manzano-Lopez et al.,

2015). The initial side-chain EtNP on the second mannose of

the glycan portion is removed by the specific phosphodiesterase

Ted1 (Manzano-Lopez et al., 2015). The remodeled GPI glycan is

then recognized by the transmembrane cargo receptor p24

complex, which, in turn, selectively recruits Lst1, a specific iso-

form of the major COPII cargo binding subunit Sec24 required to

form GPI-AP-enriched COPII vesicles (Manzano-Lopez et al.,

2015).
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While inmammals, the Golgi complex is the sitewhere GPI-APs

are sorted fromother secretoryproteins, in yeast, theER is thema-

jor sorting station. Although how the difference is made remains

unknown, clustering of GPI-APs seems to be one of the determi-

nants of this sorting process (Lebretonet al., 2019;Rodriguez-Gal-

lardo et al., 2020). In yeast, GPI-APs having a C26 ceramide lipid

moiety are clustered into discrete ER zones associated with spe-

cific ER exit sites (ERESs) (Rodriguez-Gallardo et al., 2020). This

clustering and subsequent sorting process are hindered by

decreasing the acyl chain length of free ceramide in themembrane

fromC26 to C16-C18. These data indicate that the chain length of

ceramide in the ERmembrane is critical for the sorting of GPI-APs

and is consistent with a model by which C26 ceramides and GPI-

APs having C26 ceramide can be cotransported to theGolgi in the

same specialized COPII vesicles (Kajiwara et al., 2008; Loizides-

Mangold et al., 2012; Muñiz and Riezman, 2016; Funato et al.,

2020). It is, however, unclear whether GPI lipid remodeling is

involved in the sorting of GPI-APs or in how ceramide-based

GPI-AP sorting into ERESs is regulated.

Here, we investigated the role of a lipidmoiety of GPI-APs in its

sorting process and demonstrated that ceramide remodeling is

required for clustering and subsequent sorting of GPI-APs. In

addition, biochemical analyses revealed that a GPI-AP with a

C26 ceramide moiety remodeled by Cwh43 is monitored by the

GPI-glycan remodelase Ted1 to ensure recognition by the p24

complex andERexport of GPI-APswithC26 ceramide, providing

amechanism bywhich GPI-AP cargo sorting is quality controlled

in the ER membranes. Our data provide insight into the physio-

logical role of the ceramidemoiety of GPI-APs onGPI-AP sorting.

RESULTS

ER clustering of Gas1 is driven by GPI ceramide
remodeling
Gas1 is a GPI-AP that has a C26 ceramide as a GPI lipid moi-

ety (Yoko-O et al., 2013; Rodriguez-Gallardo et al., 2020). In a
Figure 1. Ceramide remodeling is required for clustering of GPI-APs in

(A) A scheme for the overall GPI-AP biosynthetic pathway. The pathway can be d

anchor to protein, and remodeling of GPI-APs. After the attachment of the GPI an

the GPI anchor. The acyl chain linked to inositol is removed by Bst1. Then, the

replaced with a long saturated (C26:0) fatty acid by Gup1 followed by the replace

Cwh43. Side-chain ethanolamine phosphate (EtNP) residue attached to the secon

in COPII-coated vesicles through direct interaction with the Emp24 complex as

(B and C) Lipid remodeling is required for efficient ER-to-Golgi transport of Gas1, a

the ER form of Gas1.

(B) Extracts prepared fromwild-type andmutant cells were analyzed bywestern b

form of Gas1; p1 and p2, ER and Golgi forms of CPY, respectively. Quantificatio

average of three independent biological replicates. Statistics: error bars indicate

(C) Gas1-GFP localization in wild-type and deletion mutant cells was analyzed b

(D and E) Newly synthesized Gas1-GFP forms clusters in the wild-type ER mem

membrane.

(D) sec31-1, sec31-1 bst1D, and sec31-1 cwh43D cells expressing galactose-indu

magenta) were incubated at 37�C for 30 min and then shifted down to 24�C to re

after 20 min. White arrowheads: ER Gas1-GFP clusters; open arrowheads: unclu

characteristic nuclear ring staining. Scale bar, 5 mm.

(E) The same strains as in (D) were incubated at 37�C for 30min, shifted down to 24

show representativemerged two-dimensional (2D) images of Gas1-GFP and Sec1

merged 3D images of Gas1-GFP and Sec13-mCherry. Scale unit, 0.65 mm.Gas1-G

wild-type cells. Gas1-GFP was unclustered in lipid-remodeling-deficient mutant
previous study, deletion of CWH43 was shown to cause accu-

mulation of the ER form of Gas1 (Yoko-O et al., 2013; Yoko-O

et al., 2018). We confirmed and showed that, like in bst1D

mutant cells, the ER form of Gas1 was accumulated in

cwh43D cells (Figure 1B), suggesting that ceramide remodel-

ing of GPI anchors is required for the efficient ER-to-Golgi

transport of GPI-APs. By contrast, the maturation of carboxy-

peptidase Y (CPY), a non-GPI-AP, was not affected in the

bst1D or cwh43D cells (Figure 1B). Consistent with this, we

observed that deletion of either BST1 or CWH43 retains

Gas1-GFP in the ER, as is evident from the ER-characteristic

nuclear ring staining (Figure 1C). These findings led to the idea

that ceramide remodeling might contribute to sorting of GPI-

APs into ERESs.

We have recently shown that very-long acyl chain ceramides

present in the ER membrane drive clustering and subsequent

sorting of newly synthesized Gas1 tagged with GFP into selec-

tive ERESs (Rodriguez-Gallardo et al., 2020). Therefore, we

tested whether Gas1-GFP is aggregated into clusters in

cwh43D mutant cells. For this purpose, we used the tempera-

ture-sensitive COPII allele sec31-1 as a genetic tool to reversibly

retain newly synthesized cargo proteins at the ER. Gas1-GFP

concentration and cluster formation at the ER membranes can

be observed in the sec31-1 mutant cells under fluorescence mi-

croscopy by inhibiting COPII vesicle budding at a restrictive tem-

perature (37�C) and releasing the budding block upon shifting

down to a low temperature (24�C), as recently established (Ro-

driguez-Gallardo et al., 2020). Gas1-GFP was clustered in

sec31-1 mutant cells, but it was mainly unclustered and distrib-

uted throughout the ER membrane in sec31-1 cwh43D like in

sec31-1 bst1D (Figure 1D). In addition, analysis using super-res-

olution confocal live imaging microscopy (SCLIM) also

confirmed that Gas1-GFP was unclustered in the lipid-remodel-

ing mutant cells and showed that Gas1-GFP clusters in the

sec31-1 mutant cells were adjacent to ERESs labeled with

Sec13-mCherry (Figure 1E) (Rodriguez-Gallardo et al., 2020).
ER membranes

ivided into three parts: biosynthesis of the GPI anchor, attachment of the GPI

chor to protein, structural remodeling occurs on the lipid and glycan portions of

unsaturated fatty acyl chain within the sn2 position is eliminated by Per1 and

ment of the diacylglycerol (DAG) moiety by ceramides, a reaction that requires

dmannose is removed by a phosphodiesterase Ted1, and GPI-APs exit the ER

a cargo receptor.

ceramide-based GPI-AP. Deletion ofBST1 orCWH43 causes accumulation of

lot for Gas1 andCPY.Mature, mature forms of Gas1 andCPY; ER, immature ER

n of the percentage of immature Gas1 was performed. The bars represent the

the SD. Student’s t test. *p < 0.05.

y conventional fluorescence microscopy. Scale bar, 5 mm.

brane adjacent to specific ERESs but not in the bst1D or cwh43D mutant ER

cible Gas1-GFP (green) and constitutive ERESmarker Sec13-mCherry (ERES,

lease a secretion block and imaged by conventional fluorescence microscopy

stered Gas1-GFP distributed throughout the ER membrane showing the ER-

�C to release a secretion block, and imaged by SCLIM after 20min. Left panels

3-mCherry at one xyz plane. Scale bar, 1 mm. Right panels show representative

FPwas detected in discrete ER zones or clusters adjacent to specific ERESs in

cells.
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Figure 2. EtNP trimming is required for ceramide-remodeling-dependent association of Gas1p with p24 complex and ER export of Gas1

(A) Coimmunoprecipitation (coIP) assay between Gas1-GFP and the p24 complex subunit Emp24. gpi7D bypasses the requirement of Cwh43 for the association

of Gas1 with p24 complex. Gas1-GFP is specifically recognized by the p24 complex in a Cwh43-dependent manner. This physical interaction is specific

because Pgk1, an unrelated cytosolic protein, is not associated with Gas1-GFP after IP, and the gpi7Dmutation suppresses the defect in an interaction between

(legend continued on next page)
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These results demonstrate that ceramide remodeling of the GPI

anchors is required for ER clustering of Gas1.

Gas1 with a C26 ceramide moiety is monitored by the
GPI-glycan remodelase Ted1 to ensure ER export
As Gas1-GFP clustering at the ER requires removal of EtNP from

the secondmannose residue in GPI anchors by Ted1 and subse-

quent recognition by the transmembrane cargo receptor p24

complex (Rodriguez-Gallardo et al., 2020), GPI ceramide remod-

eling by Cwh43 could be indirectly required for Gas1 clustering

through p24 binding. Therefore, we addressed whether Gas1

could bind with the p24 complex in cwh43D by examining the

extent of interaction between Gas1-GFP and Emp24, a compo-

nent of the p24 complex. As a negative control, we used ted1D

mutant cells in which the interaction between GPI-APs and

Emp24 is disrupted (Manzano-Lopez et al., 2015). As shown in

Figure 2A, in ted1D mutant cells, Emp24 did not coprecipitate

withGas1-GFP,whereaswild-type cells exhibited an association

of Emp24 with Gas1-GFP. By using this method, we found that

Emp24 could not be efficiently coprecipitated with Gas1-GFP

in the cwh43D cells, suggesting that GPI ceramide remodeling

is required for the recognition of Gas1 by the p24 complex.

Furthermore, this binding defect observed in cwh43D cells was

rescued by the additional deletion ofGPI7 (gpi7D cwh43D). Since

GPI7 encodes an enzyme that adds the EtNP on the second

mannose during GPI anchor biosynthesis that is later removed

by Ted1, the loss of function of Gpi7 leads to the production of

GPI anchors without the EtNP on the second mannose (Bena-

chour et al., 1999). Therefore, thebinding rescuebygpi7mutation

suggests that the Emp24-binding defect in cwh43D cells could

be due to the inability of Ted1 to trim the second EtNP. We then

addressed this possibility by mass spectrometry analysis of the

GPI glycan of Gas1-GFP. Most of the peptides bearing GPI

glycan from the mature Gas1-GFP in wild-type and gpi7D

mutant cells had no side-chain EtNP attached to mannose

(m/z 799.258 corresponding to KN-EtNP-Man(Man-Man)-Man-

Man-GlcN-Ino-P), whereas GPI glycan from the immature

Gas1-GFP in the cwh43D or ted1D cells had two side-chain

EtNPs (m/z = 841.240 corresponding to KN-EtNP-Man(Man)-

Man(EtNP)-Man(EtNP)-GlcN-Ino-P) (Figure 2B). Therefore, these

findings confirm that Ted1 only acts once theGPI anchor of Gas1

has been remodeled to ceramide by Cwh43.

If ER export of Gas1 is dependent on the trimming of the sec-

ond EtNP and subsequent recognition by the p24 complex, the

ER-export defect in cwh43D cells should be rescued by the

gpi7D mutation because the Emp24-binding defect in cwh43D

was suppressed by deleting GPI7 (Figure 2A). As seen in Fig-
Gas1-GFP and the p24 complex caused by the deletion ofCWH43. Enriched ER fr

native IP. Bound material (IP) was resolved by SDS-PAGE and analyzed by immun

a fraction of the solubilized input material.

(B) Structural analysis of the GPI glycan of Gas1-GFP. Extracts prepared from c

PLC), and then Gas1-GFP was purified, digested with trypsin, and analyzed b

(LC-ESI-MS/MS). The table shows the percentage of different GPI-glycan struc

and mutant cells. The relative abundance (%) of each GPI glycan was calculated

(C and D) gpi7D mutation suppresses the accumulation of the ER form of Gas1

(C) Extracts prepared from cells were analyzed by western blot for Gas1 and C

performed. The bars represent the average of three independent biological repli

(D) Localization of Gas1-GFP and Mid2-VENUS was analyzed by conventional fl
ure 2C, deletion of GPI7 suppressed the accumulation of the

ER form of Gas1 caused by the cwh43Dmutation. Gas1-GFP re-

tained in the ER of cwh43D was also diminished by the gpi7D

mutation (Figure 2D). These data are consistent with the model

that ceramide remodeling is required for clustering and ER

export of Gas1 through the trimming of EtNP in GPI anchors.

Consistently, the role of ceramide remodeling is specific for

GPI-APs because transport of non-GPI-anchored cargo, CPY

(Figure 2C) or Mid2-VENUS (Figure 2D), was not affected in

cwh43D cells. Taken together, these results suggest that glycan

remodelase Ted1 monitors GPI-AP with a ceramide moiety re-

modeled by Cwh43 to ensure that exported Gas1 has ceramide

as a GPI lipid moiety.

We have recently shown that the chain length of ceramide in

the ER membrane is critical for the clustering and sorting of

Gas1 remodeled with C26 ceramide (Rodriguez-Gallardo

et al., 2020). This is consistent with a model in which free ce-

ramides and ceramide-based GPI-APs are cotransported in

the same vesicles to the Golgi (Kajiwara et al., 2008; Loi-

zides-Mangold et al., 2012; Muñiz and Riezman, 2016; Funato

et al., 2020). Since deletion of GPI7 suppressed the ER accu-

mulation of unremodeled GPI-APs, we next analyzed if the

free-ceramide requirement for ER exit of GPI-APs can be

restored by the gpi7D mutation. For this purpose, we used myr-

iocin, a specific inhibitor of serine palmitoyltransferase (SPT),

that is the enzyme catalyzing in the first step in sphingolipid

synthesis (Horvath et al., 1994). We observed that in myrio-

cin-treated wild-type cells, Gas1 and Gas1-GFP but not non-

GPI-APs (CPY, Mid2-VENUS) accumulated in the ER, whereas

in myriocin-treated gpi7D cells, the GPI-APs were not localized

to the ER (Figures 3A and 3B). Similar results were obtained

with temperature-sensitive lcb1-100 mutant background strains

(Figure 3C), which are defective in SPT at a non-permissive

temperature (37�C) (Zanolari et al., 2000). These results indicate

that removal of EtNP from the second mannose overrides not

only ceramide remodeling but also the free-ceramide require-

ment for ER exit of GPI-APs.

When GPI7 is deleted, the retention of Gas1 in the ER caused

by emp24D was not rescued (Figures 4A and 4B). Similar results

were obtained in arv1D defective in GPI-anchor synthesis (Kaji-

wara et al., 2008) (Figure 4C), bst1D, or gup1D (Figure 4D). There-

fore, the ceramide-bypass pathway in the absence of EtNP on

the second mannose requires remodeling of the GPI anchor to

C26 DAG, in addition to recognition by the p24 complex,

because the gup1D mutant is deficient in the generation of a

pG1-type anchor consisting of C26 DAG (Bosson et al., 2006;

Fujita et al., 2006a; Umemura et al., 2007; Ghugtyal et al., 2007).
actions of wild-type andmutant cells expressingGas1-GFPwere processed for

oblotting using antibodies against Emp24, Pgk1, and GFP. Total (T) represents

ells expressing Gas1-GFP were treated with PI-specific phospholipase C (PI-

y liquid chromatography electrospray ionization tandem mass spectrometry

tures found in the mature or ER forms of Gas1-GFP purified from wild-type

from the peak intensity of monoisotopic masses of each GPI glycan.

caused by the cwh43D mutation.

PY as in Figure 1B. Quantification of the percentage of immature Gas1 was

cates. Error bars indicate the SD. Statistics: Student’s t test. ***p < 0.001.

uorescence microscopy. Scale bar, 5 mm.
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of GPI-APs

(A–C) gpi7Dmutation suppresses the accumulation of the ER

form of Gas1 caused by inhibition of sphingolipid synthesis.

(A) Extracts prepared from cells treated with indicated con-

centration of myriocin were analyzed by western blot for Gas1

and CPY as in Figure 1B. Quantification of the percentage of

immature Gas1 was performed. The bars represent the

average of three independent biological replicates. Error bars

indicate the SD. Statistics: Student’s t test. n.s., not signifi-

cant, and ***p < 0.001.

(B) Localization of Gas1-GFP and Mid2-VENUS in the cells

treated with or without myriocin (10 mg/mL, for 1.5 h at

24�C) was analyzed by conventional fluorescence micro-

scopy. Scale bar, 5 mm.

(C) Cells grown at 25�C were shifted to 25�C or 37�C for

120 min, and the extracts prepared from the cells were

analyzed by western blot for Gas1 as in Figure 1B. Quantifica-

tion of the percentage of immature Gas1 was performed. The

bars represent the average of three independent biological

replicates. Error bars indicate the SD. Statistics: Student’s t

test. ***p < 0.001.
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the percentage of immature Gas1 was performed. The bars represent the average of three independent biological replicates. Error bars indicate the SD. Sta-

tistics: Student’s t test. n.s., not significant.

(B) Localization of Gas1-GFP and Mid2-VENUS was analyzed by conventional fluorescence microscopy. Scale bar, 5 mm.
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Gas1 sorting into selective ERESs depends on GPI cer-
amide remodeling
Wehave recently shown that Gas1-GFP and the transmembrane

plasma membrane protein Mid2-iRFP are segregated into

different ERESs during ER export (Rodriguez-Gallardo et al.,

2020). In addition, the data presented in the previous paragraph

show that GPI7 mutation, which generates GPI-APs with C26

DAG-based GPI (Benachour et al., 1999; Fujita et al., 2006a;

Umemura et al., 2007), bypasses the Ted1 requirement for

p24-dependent ER export of Gas1. Therefore, we took advan-

tage of the gpi7D mutant to address whether GPI ceramide re-

modeling is required for sorting of Gas1, since C26 DAG-based

Gas1 in cwh43D mutant cells was unclustered (Figures 1D and

1E). Thus, we constructed single (sec31-1), double (sec31-1

gpi7D), and triple (sec31-1 gpi7D cwh43D) mutants of sec31-1,

gpi7D, and cwh43D expressing Gas1-GFP and Mid2-iRFP with
the COPII outer coat protein Sec13 tagged with mCherry. We

then analyzed them by SCLIM and quantified the proportion of

ERESs in which only one type of cargo or both are present

(Figures 5A and 5B). SCLIM analysis showed that after incuba-

tion at 37�C and subsequent release at 24�C for 20 min, most

of the ERESs (about 75%) contained only one type of cargo in

sec31-1 mutant cells. The top panels of Figure 5A show typical

examples of ERESs with only one cargo in sec31-1mutant cells.

About 15% of ERESs contained both cargos overlapping in the

same area (Figures 5A, yellow filled arrowheads), and 10% of

ERESs contained both cargos but segregated in clearly distinct

zones. These results indicate that Gas1-GFP is sorted into

different ERESs fromMid2-iRFP upon ER exit. Most importantly,

we found that in either sec31-1 gpi7D or sec31-1 gpi7D cwh43D

mutant cells, a large percentage of ERESs (40%) include both

cargos overlapping in the same area, and the percentage of
Cell Reports 39, 110768, May 3, 2022 7



A

B C

(legend on next page)

8 Cell Reports 39, 110768, May 3, 2022

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
ERESs with only one type of cargo is reduced (Figure 5B),

implying that GPI ceramide remodeling is required for sorting

of GPI-APs and also that this lipid-based sorting is controlled

by the GPI-glycan remodelase Ted1 (Figure 5C).

DISCUSSION

GPI-APsare segregated fromother secretory proteins andsorted

into distinct transport vesicles along the secretory pathway (Fu-

jita and Kinoshita, 2012; Kinoshita et al., 2013; Kinoshita and Fu-

jita, 2016;Muñiz andRiezman, 2016; Lopez et al., 2019; Lebreton

et al., 2019; Funato et al., 2020). As the GPI moiety of GPI-APs is

recognized by the cargo receptor p24 complex, it is postulated to

act as a signal for GPI-AP sorting (Muñiz et al., 2000; Takida et al.,

2008; Castillon et al., 2009, 2011; Fujita et al., 2011), but the un-

derlying mechanism remains elusive. We have recently shown

that GPI-APs having a C26 ceramide lipid moiety are clustered

into discrete ER zones associated with specific ERESs and that

a very-long acyl chain of ceramide in the membrane is required

for their clustering and subsequent sorting (Rodriguez-Gallardo

et al., 2020). This suggests that ceramide in themembrane is crit-

ical for ER clustering and sorting of GPI-APswith a C26 ceramide

lipid moiety. Therefore, it seems that remodeled GPI-APs with a

C26 ceramide coalesce with ceramides into ordered domains

in the relatively disordered lipid environment of the ER, although

the involvement of ceramide remodeling in sorting has not yet

been clarified. Here, we provide evidence that the ceramidemoi-

ety of GPI-AP Gas1 is required for its clustering and sorting into

selective ERESs. Strikingly, Gas1with a ceramidemoiety remod-

eled by Cwh43 is monitored by the GPI-glycan remodelase Ted1

to ensure recognition by the p24 complex and ER export, sug-

gesting that sorting of GPI-APs with a C26 ceramide moiety is

quality controlled in the ER membranes.

Quality control in the secretory pathway initiates at the ER,

where newly synthesized proteins enter into an unfolded state,

fold and assemble into functional protein complexes, and then

interact with COPII subunits or cargo receptors to exit the ER.

The canonical ER quality-control system monitors and facili-

tates protein foldingwith the outcome of the degradation ofmis-

folded proteins (Ellgaard and Helenius, 2003; Araki and Nagata,
Figure 5. In gpi7D cells, Gas1-GFP enters into the same ERESs as tran

(A and B) sec31-1, gpi7D sec31-1, and gpi7D cwh43D sec31-1 cells expressing

ERES marker Sec13-mCherry (ERES, magenta) were incubated at 37�C for 30

by SCLIM after 20 min.

(A) Left panels show representative merged 3D cell hemisphere images of cargos

processed to display only the cargo (Gas1-GFP, gray, and Mid2-iRFP, light blue)

ERES.

(B) Quantification of several micrographs described in (A). The graph plots the aver

overlapping cargos, and segregated cargos in sec31-1, gpi7D sec31-1, and gpi

sec31-1), and 443 in 51 cells (gpi7D cwh43D sec31-1) in three independent ex

**p < 0.01 and *p < 0.05.

(C) Model of specific roles of EtNP in sorting of GPI-APs during ER exit. The EtN

proteins and concentrates them into specific ERESs by activating ceramide remo

chors to a very-long-acyl-chain (C26) ceramide moiety (inositolphosphorylcerami

very-long-acyl-chain (C26) ceramide-enriched domain, which allows GPI-AP clu

ERESs. After the trimming of EtNP by Ted1, the ceramide-based GPI-APs are r

In gpi7D cells, ceramide remodeling is reduced (Benachour et al., 1999; Fujita

EtNP at the second mannose are rerouted to exit the ER with transmembrane pro

Recognition by the p24 receptor is still required for ER exit of GPI-APs in the gp
2011; Sun and Brodsky, 2019; Phillips et al., 2020). Terminally

misfolded GPI-APs are degraded by ubiquitin- and protea-

some-dependent endoplasmic-reticulum-associated protein

degradation (ERAD) or in vacuole/lysosomes by a process

called rapid ER stress-induced export (RESET) (Fujita and Ji-

gami, 2008; Satpute-Krishnan et al., 2014; Sikorska et al.,

2016; Lopez et al., 2019; Kinoshita, 2020; Nakatsukasa, 2021;

Lemus et al., 2021). In mammalian cells, N-glycans and their

recognition by calnexin participate in protein-folding quality

control and the GPI-inositol deacylation of GPI-APs (Liu et al.,

2018; Guo et al., 2020). In yeast, GPI-inositol deacylation by

Bst1 (Figure 1A) was shown to be involved in the ER protein-

folding quality control of GPI-APs (Fujita et al., 2006b). As the

subsequent GPI lipid-remodeling steps driven sequentially by

Per1, Gup1, and Cwh43 are dependent on prior GPI-inositol di-

acylation (Ghugtyal et al., 2007), the GPI-inositol deacylation by

Bst1 has been proposed to act as a device that switches GPI-

APs from protein folding to ER exit (Fujita et al., 2006b; Fujita

and Jigami, 2008). In gpi7D mutant cells, GPI-inositol deacyla-

tion is unaffected (Fujita et al., 2006a; Umemura et al., 2007),

suggesting that the EtNP on the second mannose of GPI an-

chors is not involved in the switching of GPI-APs from protein

folding to ER exit. Accordingly, newly synthesized Gas1 and

the steady-state levels of hemagglutinin (HA)-Gas1 expressed

in wild-type and cwh43D mutant cells are reduced with the

same degradation kinetics (Figure S1). These data indicate

that unremodeled GPI-APs produced in the cwh43D mutant

are not cleared by degradation in the ER, unlike terminally mis-

folded proteins, suggesting that ceramide remodeling is not

involved in protein-folding quality control. The fact that Gpi7 fa-

cilitates ceramide remodeling (Benachour et al., 1999; Fujita

et al., 2006a; Umemura et al., 2007), which is recognized by

the GPI-glycan remodelase Ted1, implies that attachment by

Gpi7 and trimming by Ted1 of the EtNP on the secondmannose

function as a quality-control system that monitors the ceramide

remodeling of the GPI anchor to ensure the ceramide-based

sorting of GPI-APs into selective ERESs for differential ER

export from other cargo proteins but not to degrade unremod-

eled GPI-APs. We propose that, under normal conditions, this

ceramide quality-control mechanism might facilitate ER sorting
smembrane cargo Mid2-iRFP

galactose-inducible Gas1-GFP (green) and Mid2-iRFP (blue) and constitutive

min and then shifted down to 24�C to release a secretion block and imaged

and ERESmarkers. Right panels show the same images as in the left panels but

present in the ERESs. The yellow filled arrowheads mark overlapping cargos in

age percentage of ERESs containing only one cargo (Gas1-GFP orMid2-iRFP),

7D cwh43D sec31-1 cells. n = 238 in 32 cells (sec31-1), 423 in 46 cells (gpi7D

periments. Error bars indicate the SD. Statistics: two-tailed, unpaired t test.

P attached to the second mannose segregates GPI-APs from transmembrane

delase Cwh43, which remodels a phosphatidylinositol moiety (pG1) of GPI an-

de [IPC]). The remodeled ceramide-based GPI-APs potentially interact with the

stering (Rodriguez-Gallardo et al., 2020), and then were sorted into selective

ecognized by the p24 receptor and exit the ER in specialized COPII vesicles.

et al., 2006a; Umemura et al., 2007), and the GPI-APs bearing pG1 but not

teins via the same ERESs that are used for the export of transmembrane cargo.

i7D cells.
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by delaying the ER exit of those ceramide-based GPI-APs that

have not yet been remodeled, giving Cwh43more time to incor-

porate the ceramide into their GPI anchor. If this quality-control

process is overloaded, as happens in a cwh43D mutant, unre-

modeled GPI-APs leak out of the ER via the unspecific bulk

flow that slowly transports them to the cell surface through a

mis-sorting pathway that could affect the normal cell physiology

since GPI-APs are critical for the formation and integrity of the

cell wall. Consistently, cwh43Dmutant cells have hypersensitiv-

ity to calcofluor white affecting cell-wall integrity (Ram et al.,

1994; Umemura et al., 2007). Thus, the role of the ER cer-

amide-based clustering and sorting of GPI-APs could be to pro-

gram, from the ER, their functional organization at the plasma

membrane.

Biophysical experiments have shown that ceramide has the

ability to promote the rigidity and compactness of membranes

through the formation of ceramide-rich domains (Goñi and

Alonso, 2009; Castro et al., 2014). Furthermore, the properties

of these ceramide-rich domains depend on the acyl chain length

of the ceramide (Pinto et al., 2011; Ventura et al., 2020; Zelnik

et al., 2020). Consistently, our recent study suggested that the

ceramide-rich domains formed by very-long acyl chain (C26)

membrane ceramides are required for the clustering and sorting

of C26 ceramide-based GPI-APs (Rodriguez-Gallardo et al.,

2020). In the present study, we showed that in the cwh43D

mutant cells, Gas1 fails to form clusters and to be sorted. In

this mutant, the GPI lipid moiety of Gas1 is DAG, containing

very-long saturated fatty acids (Yoko-O et al., 2013), but the

membrane ceramide is not altered (Figure S2), suggesting that

the C26 ceramide moiety in the GPI anchor is also essential for

GPI-AP sorting into selective ERESs. Therefore, we propose

that the GPI anchor having C26 ceramide can coalesce with

the C26 membrane ceramide to form ceramide-rich domains,

probably consisting of interdigitated phases that would promote

clustering and membrane curvature leading to segregation from

transmembrane proteins and formation of budding vesicles,

whereas GPI-AP with a DAG moiety is excluded from cer-

amide-rich domains due to their physical nature, even though

the DAG moiety has a saturated and very-long chain. Finally,

our previous observation that Ted1 itself is required for Gas1

clustering (Rodriguez-Gallardo et al., 2020) indicates that this

process does not play any critical role in the proposed quality

control of ceramide-based protein sorting driven by Ted1.

Consistently, the specific localization and GPI-glycan remode-

lase activity of Ted1 are unaffected in cells defective in Gas1

clustering (Figures S3A and S3B) (Rodriguez-Gallardo et al.,

2020).

When the secondEtNPonGPI is absent, Gas1withDAGmoiety

can exit the ER through the route that bypasses ceramide-based

GPI-AP transport and enters the same ERES as transmembrane

cargo (Figure 5C), This suggests that Ted1 only removes the sec-

ond EtNP when ceramide is present in Gas1, ensuring the ER

export of ceramide containing Gas1 by the p24 complex. Ted1

cannot solely recognize the ceramide moiety since Ted1 also

acts on DAG-based GPI-APs as Cwp2 (Manzano-Lopez et al.,

2015). This implies that monitoring ceramide remodeling depends

on which protein is attached to the GPI anchor. According to this

possibility, ceramide- and DAG-based GPI-APs contain a
10 Cell Reports 39, 110768, May 3, 2022
different amino-acid sequence upstream of the GPI-attachment

(u) site, which has been proposed to specifically contribute to dif-

ferential GPI lipid remodeling and consequently to the destination

(plasma membrane or cell wall) (Yoko-O et al., 2018). We specu-

late that Ted1, in addition to sensing the lipid species of the GPI

anchor, must also recognize the protein part of the GPI-AP. In

this way, by also recognizing the protein, Ted1 could specifically

monitor ceramide remodeling only in ceramide-based proteins

like Gas1 but not in DAG-based proteins. Nevertheless, our and

previous findings imply that differences in the lipid of GPI-APs

contribute to determining sorting of GPI-AP cargos into ERESs

and the subsequent final destination of GPI-APs (Yoko-O et al.,

2018), which is linked to their biological functions.

Ceramide-based GPI-APs are found in lower eukaryotes such

as Saccharomyces cerevisiae, Aspergillus niger, Dictyostelium

discoideum, and Trypanosoma cruzi (Ferguson et al., 2009) but

are not known in mammalian cells. In mammalian cells, most

of GPI-APs contain an ether lipid (1-alkyl-2-acyl) phosphatidyli-

nositol (PI) moiety, which is remodeled from the original diacyl

PI moiety in the ER during GPI biosynthesis (Kanzawa et al.,

2009; Kinoshita 2020). A recent study found that ether lipids

and ceramides share some similar physicochemical properties

and functions (Jiménez-Rojo et al., 2020). Thus, the ether-lipid

moiety in GPI anchors of mammalian cells might act similarly

to the ceramide moiety in yeast, as a signal to concentrate

GPI-APs to ceramide-rich domains in the ER. Consistently, a

biophysical study with artificial membranes has shown that

raft-associated mammalian proteins such as GPI-APs are en-

riched in the highly ordered ceramide-rich domains, while pro-

teins with poor affinity toward the liquid-ordered phase are

excluded from them (Chiantia et al., 2008). Importantly, as in

yeast, the transport of GPI-APs from the ER to the Golgi is regu-

lated by EtNP trimming by PGAP5 in animal cells (Fujita et al.,

2009). Therefore, it is envisaged that lipid (ceramide in yeast

and ether lipid in mammal)-based GPI-AP sorting in the ER

may be quality controlled by an evolutionary conserved mecha-

nism involving GPI glycan.

Finally, we have shown evidence that clustering and sorting of

GPI-APs involve the C26 ceramide as a lipid moiety of GPI-APs,

which is incorporated into the GPI anchor through a lipid-remod-

eling process after protein attachment in the ER and that GPI

glycans play an important role in the quality control of cer-

amide-based GPI-AP sorting. However, whether such a qual-

ity-control system exists commonly in eukaryotes and whether

it has impacts on the organization and biological activities of

GPI-APs at the cell surface remain to be determined.

Limitations of the study
One limitation of our work is that, of the approximately 60 pro-

teins predicted to be modified with GPI in the yeast Saccharo-

myces cerevisiae, the only known GPI-AP with ceramide is

Gas1. To date, the only GPI-APs whose lipid portions have

been characterized are Gas1 and Cwp2; Gas1 has a ceramide

moiety, while Cwp2 does not undergo ceramide remodeling

and has a pG1-type lipid moiety (Yoko-O et al., 2013; Yoko-O

et al., 2018; Rodriguez-Gallardo et al., 2020). Therefore, whether

the quality-control mechanism of ceramide-based GPI-AP sort-

ing described in this study is specific to Gas1 or representative of



Article
ll

OPEN ACCESS
GPI-APs with ceramide moiety remains unknown. Although

determination of lipidmoiety of GPI-APsmay be technically chal-

lenging, future work will be required to identify GPI-APs with cer-

amide moiety other than Gas1 and to study the sorting mecha-

nism of their cargo proteins.

Because our studies reveal that both the ceramide moiety of

the GPI anchor and C26 ceramide in the membrane are required

for ER clustering and sorting of GPI-APs, we proposed that the

GPI anchor having C26 ceramide can coalesce with C26 mem-

brane ceramide to form ceramide-rich domains, probably con-

sisting of interdigitated phases that lead to segregation from

transmembrane proteins. However, we could not experimentally

demonstrate this model. Our claim is therefore a deduction.

Further studies using physics-based methods will be required

to determine whether GPI-APs with C26 ceramide coalesce

with ceramides into ordered domains in artificial membrane

vesicles.

In addition, physiological roles of quality-controlled lipid-

based protein sorting of GPI-APs remain to be explored. Many

genes are known to interact genetically with genes involved in

GPI remodeling. A comprehensive analysis with those genes

may provide further insight into the role of quality control for

GPI-AP sorting.
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N/A

rabbit anti-Gas1 Custom generated antibody,
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N/A
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Phosphatidylinositol-Specific

Phospholipase C

Thermo Fisher Scientific P6466

Trypsin Protease Thermo Fisher Scientific 90057

Inositol, myo[2-3H(N)] American Radiolabeled Chemicals ART0116

TLC Silica gel 60, 25 Aluminium sheets Merck 1.05553.0001

Deposited data

MS data This paper ProteomeXchange Consortium (via jPOST

partner repository): JPST001541/PXD032852

Experimental models: Organisms/strains

For all strains of S. cerevisiae, see Table S1

Recombinant DNA

For all plasmids, see Table S2
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Kouichi Funato

(kfunato@hiroshima-u.ac.jp).

Materials availability
Yeast strains and other unique/stable reagents generated in this study are available from the lead contact with a completedmaterials

transfer agreement.

Data and code availability
Mass spectrometry data have been deposited to the ProteomeXchange Consortium via the jPOST partner repository. Data are

publicly available as of the date of publication. The accession number is listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Yeast strains
All strains ofS. cerevisiae used for this work are listed in Table S1. Doublemutants were constructed by crossing haploid yeast strains

containing single-gene mutations in same backgrounds, sporulation and subsequent dissection of the spores. The genotypes of

spores were verified by colony PCR.

METHOD DETAILS

Plasmids
All plasmids used for this work are listed in Table S2.
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Culture conditions
Strains were grown either in rich YPmedium (1% yeast extract, 2% peptone) supplemented with 0.2% adenine and containing either

2% glucose (YPD), 2% raffinose (YPR) or 2% galactose (YPG) as carbon source or in synthetic minimal medium (0.15% yeast nitro-

gen base, 0.5% ammonium sulfate) supplemented with the appropriate amino acids and bases as nutritional requirements, and con-

taining either 2% glucose (SD) or 2% galactose (SG) as carbon source.

Immunoblotting
Cell lysates denatured with SDS sample buffer were separated by SDS-PAGE followed by immunoblotting (Manzano-Lopez et al.,

2015; Ikeda et al., 2016). Blots were probed with rabbit polyclonal antibodies against Gas1, CPY, Emp24 and GFP, or rat monoclonal

antibody against HA (3F10) and detected by chemiluminescence using peroxidase-conjugated affinity-purified goat anti-rabbit IgG

or anti-rat IgG antibodies.

Fluorescence microscopy
Fluorescence observation by conventional fluorescence microscopy or super-resolution confocal live imaging microscopy (SCLIM)

was performed as described (Manzano-Lopez et al., 2015; Rodriguez-Gallardo et al., 2020). For conventional fluorescence micro-

scopy of Gas1-GFP,Mid2-Venus and Ted1-Venus, cells expressing Gas1-GFP,Mid2-Venus or Ted1-Venuswere grown to log phase

overnight in YPD, collected by centrifugation, and washed twice with phosphate-buffered saline. The cells were then incubated at

least 15 min on ice before being examined bymicroscopy as described previously (Rodriguez-Gallardo et al., 2020). For visualization

of Gas1-GFP clusters and into ERES, temperature-sensitive sec31-1mutant cells expressing galactose-inducible cargos (Gas1-GFP

and/or Mid2-iRFP) and constitutive ERESmarker Sec13-mCherry were grown to log phase overnight in YPR. After induction for 1 h at

24�C in YPG, cells were incubated for 30 min at 37�C in SG, shifted down to 24�C for releasing secretory block, imaged by conven-

tional fluorescence microscopy or SCLIM, and analyzed with Volocity software as described (Rodriguez-Gallardo et al., 2020).

Native coimmunoprecipitation
Native coimmunoprecipitation experiment was performed as described (Rodriguez-Gallardo et al., 2020). The ER-enriched fraction

was solubilized by treatment with 1%digitonin for 1h at 4�C and immunoprecipitated with GFP-Trap beads (Chromo Tek). The immu-

noprecipitated GFP protein complexes were separated by SDS-PAGE and analyzed by immunoblot.

MS analysis of GPI-glycan
MS analysis of GPI-glycan of Gas1-GFP was carried out exactly as described (Rodriguez-Gallardo et al., 2020). After treatment of

Gas1-GFP with PI-PLC, immunoprecipitation with GFP-Trap, separation by SDS-PAGE, staining with Coomassie brilliant blue,

and in-gel digestion with trypsin, the peptides carrying GPI-glycan were subjected to HPLC/mass spectrometry. MS and MS/MS

data were obtained in positive ion mode over the mass range mass/charge ratio (m/z) 300 to m/z 3,000 by LTQ Orbitrap XL.

Lipid labelling with [3H]myo-Inositol
In vivo labelling of lipids with [3H]myo-inositol was carried out as described (Ikeda et al., 2021). Radiolabeled lipids were extracted

with chloroform-methanol-water (10:10:3, vol/vol/vol), and analyzed by thin-layer chromatography using a solvent system (chloro-

form-methanol-0.25% KCl (55:45:10, vol/vol/vol)) for complex sphingolipids. Radiolabeled complex sphingolipids were visualized

and quantified on an FLA-7000 system.

Pulse-chase analysis
Pulse-chase analysis of Gas1 with [35S]methionine was performed as described previously (Kajiwara et al., 2008). After pulse-labeled

and chased, the samples immunoprecipitated with anti-Gas1p rabbit antiserum and protein A-Sepharose were separated by SDS-

PAGE and analyzed with a Phosphor Imager.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Statistical analysiswasperformedusingStudent’s t-Test (n.s. not significant; *, p<0.05; **, p<0.01and ***, p<0.001). Themean± s. d.

for three independent experiments is shown.
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