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Ceramide chain length–dependent protein sorting into 
selective endoplasmic reticulum exit sites
Sofia Rodriguez-Gallardo1*, Kazuo Kurokawa2*†, Susana Sabido-Bozo1, Alejandro Cortes-Gomez1, 
Atsuko Ikeda4, Valeria Zoni3, Auxiliadora Aguilera-Romero1, Ana Maria Perez-Linero1, 
Sergio Lopez1, Miho Waga2, Misako Araki4, Miyako Nakano4, Howard Riezman5, Kouichi Funato4, 
Stefano Vanni3, Akihiko Nakano2, Manuel Muñiz1†

Protein sorting in the secretory pathway is crucial to maintain cellular compartmentalization and homeostasis. In 
addition to coat-mediated sorting, the role of lipids in driving protein sorting during secretory transport is a 
longstanding fundamental question that still remains unanswered. Here, we conduct 3D simultaneous multicolor 
high-resolution live imaging to demonstrate in vivo that newly synthesized glycosylphosphatidylinositol-
anchored proteins having a very long chain ceramide lipid moiety are clustered and sorted into specialized endo-
plasmic reticulum exit sites that are distinct from those used by transmembrane proteins. Furthermore, we show 
that the chain length of ceramide in the endoplasmic reticulum membrane is critical for this sorting selectivity. 
Our study provides the first direct in vivo evidence for lipid chain length–based protein cargo sorting into selec-
tive export sites of the secretory pathway.

INTRODUCTION
In eukaryotic cells, proteins synthesized in the endoplasmic reticu-
lum (ER) are subsequently sorted during transport through the 
secretory pathway for delivery to their proper cellular destinations 
(1). In addition to coat-mediated sorting, it has long been postulated 
that certain lipids could also sort specific proteins by clustering them 
into specialized membrane domains that act as selective export sites 
(2–5). However, direct in vivo evidence for this possible lipid-based 
mechanism is still lacking. To address this fundamental issue, we 
have investigated in yeast how glycosylphosphatidylinositol (GPI)–
anchored proteins (GPI-APs), a diverse class of lipid-linked cell 
surface proteins, are differentially exported from the ER (6, 7). GPI-
APs are secretory proteins attached by a glycolipid moiety (GPI 
anchor) to the external leaflet of the plasma membrane. They re-
ceive the GPI anchor as a conserved posttranslational modification 
in the ER lumen (8). After attachment, GPI-APs travel from the ER 
to the plasma membrane via the Golgi apparatus (5, 9). The pres-
ence of the GPI anchor leads GPI-APs to be trafficked separately 
from transmembrane secretory proteins, including other plasma 
membrane proteins, along the secretory pathway (5, 9, 10). In yeast 
cells, GPI-APs are separated from other secretory proteins in the ER 
to be subsequently packaged into distinct coat protein complex II 
(COPII)–coated vesicles (6, 7). The determinants of this sorting 
process during ER export are unknown, but it has been speculated 
that this mechanism might require lipids and, specifically, the structural 
remodeling of the lipid moiety of the GPI anchor (5, 8). In yeast, 
GPI-lipid remodeling begins immediately after GPI attachment and, in 

many cases, leads to the incorporation of a ceramide with a very 
long-chain saturated fatty acid of 26 carbons (C26:0) (11, 12). C26 
ceramide, which is by far the major ceramide produced by yeast cells, 
is synthesized in the ER and mostly exported to the Golgi by COPII 
vesicles (13). The ongoing ceramide synthesis is specifically required 
for the ER exit of GPI-APs (14, 15), and, in turn, ceramide conver-
sion to inositolphosphoceramide (IPC) at the Golgi depends on the 
GPI anchor synthesis (16). Biophysical studies with artificial mem-
branes suggest that very long acyl chain ceramides can coalesce to 
form ordered domains with unique physical properties (17, 18). 
These data have led to the hypothesis that C26 ceramides and GPI-
APs with C26 ceramides take advantage of their physical properties 
to coalesce into ordered domains or zones in the relatively dis-
ordered lipid environment of the ER membrane, which is composed 
of mostly shorter and unsaturated glycerolipids (C16:1 and C18:1) 
(19, 20). These zones would be selectively concentrated at spe-
cific ER exit sites (ERES) from where ceramides and ceramide-
based GPI-APs can be cotransported to the Golgi in the same 
specialized COPII vesicles (5).

In this study, we have directly tested this hypothetical lipid-based 
mechanism by using superresolution confocal live imaging micros-
copy (SCLIM), a cutting-edge microscopy technology that allows 
simultaneous three-color and three-dimensional (3D) observation 
of fluorescent-tagged proteins with extremely high resolution and 
high speed in living cells (21, 22).

RESULTS
Newly synthesized C26 ceramide–based GPI-APs segregate 
from transmembrane cargos by forming clusters associated 
with specific ERES
We first applied the SCLIM technology to further define how nor-
mal GPI-APs having C26 ceramide moieties are sorted from trans-
membrane secretory proteins upon exit from the ER in the yeast 
Saccharomyces cerevisiae. To examine ER sorting, we used a genetic 
system that allows direct in vivo visualization of the entry of newly 
synthesized cargos into ERES (7, 23). As cargos, we chose the C26 
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ceramide–based GPI-AP Gas1 tagged with green fluorescent pro-
tein (GFP) and the transmembrane secretory protein Mid2 tagged 
with near infra-red fluorescent protein (iRFP), both of which are 
targeted to the plasma membrane (24–26). These two cargos were 
expressed under a galactose-inducible promoter, together with a 
constitutive ERES marker in the sec31-1 temperature-sensitive mu-
tant strain. At the restrictive temperature (37°C), the newly synthe-
sized cargos accumulate at the ER because sec31-1 mutation affects 
the function of the COPII outer coat component Sec31 inhibiting 
COPII budding and ER export (23). Upon shift-down to low tem-
perature (24°C), sec31-1 mutant cells are restored from the secre-
tory block, and the accumulated newly synthesized cargo starts export 
from the ER. CLIM visualization showed that after incubation at 
37°C and subsequent release at 24°C for 5 min, most of newly syn-
thesized Gas1-GFP and Mid2-iRFP still accumulated in the ER of 
sec31-1 mutant cells (Fig. 1). Their distribution patterns were quite 
different since Mid2-iRFP was distributed throughout the ER mem-
brane, and Gas1-GFP was concentrated and clustered into discrete 
ER membrane zones (Fig. 1, A to C, and movie S1). Furthermore, 
as shown in Fig. 1D, Gas1-GFP clusters were devoid of Mid2-iRFP. 
These results indicate that GPI-APs and transmembrane proteins 
are segregated early into different ER membrane zones. Gas1-GFP 
clusters were adjacent to specific ERES labeled with the COPII out-
er coat protein Sec13 tagged with mCherry (Fig. 1, E and F, and 
movie S1) (23).

Segregated C26 ceramide–based GPI-APs 
and transmembrane cargos are sorted into different ERES
The close spatial association between Gas1-GFP clusters and specific 
ERES suggests that Gas1-GFP could enter into selective ERES dif-
ferent from the ones used by Mid2-iRFP to exit the ER. To address 
this possibility, we quantified the proportion of ERES in which only 
one type of cargo or both are present (Fig. 2, A to C). We found that 
most of the ERES (70%) exclusively contained only one type of car-
go. Lower panels of Fig. 2C show two typical examples of ERES with 
only Gas1-GFP (panel 1) or only Mid2-iRFP (panel 2). By contrast, 
approximately 20% of ERES contained both cargos overlapping in 
the same area. Some ERES (10%) were found containing both 
cargos, but they segregated in clearly distinct zones. Therefore, this 
statistical analysis shows that the GPI-AP Gas1-GFP is sorted into 
different ERES from the transmembrane cargo Mid2-iRFP upon ER 
exit (Fig. 2D). This sorting efficiency agrees well with previous bio-
chemical (6) and morphological determinations (7). We could also 
observe the behavior of segregated cargos during their entry in 
ERES (Fig. 2E and movie S2). Figure 2E shows that only a small por-
tion of Gas1-GFP (panel 3) or Mid2-iRFP (panel 4) enters the ERES 
from one side and is confined in a discrete zone. Panel 5 of Fig. 2E 
shows that Gas1-GFP and Mid2-iRFP were occasionally found in 
the same ERES but entered from different sides and concentrated in 
separated zones that might represent distinct COPII vesicles. We 
also confirmed that the observed segregation and sorting of the C26 
ceramide–based GPI-AP Gas1 into selective ERES are specific since 
another transmembrane secretory cargo, the plasma membrane protein 
Axl2 tagged with GFP (27), showed a similar behavior to Mid2-iRFP 
(fig. S1 and movie S3). Newly synthesized Axl2-GFP distributed 
through the ER membrane like Mid2-iRFP (fig. S1, A and B) and 
colocalized with Mid2-iRFP in the majority of ERES (fig. S1, B to D). 
Panels 1 and 2 of fig. S1C show two typical examples of ERES 
with both transmembrane cargos overlapping. In these cases, 

both cargos entered together into the ERES (fig. S1E, panel 3, and 
movie S3).

C26 ceramide–based GPI-AP cargos are not clustered 
and enter the same ERES as transmembrane cargo in the  
ER membrane with shorter C18-C16 ceramide
We next tested the hypothesis that the very long acyl chain ceramide 
(C26) present in the ER membrane drives the specific clustering 
and sorting of Gas1 into selective ERES. For this purpose, we used a 
modified yeast strain GhLag1, in which the two endogenous cera-
mide synthases Lag1 and Lac1 were replaced by GhLag1, the Lag1 
homolog from cotton, resulting in a yeast strain that produces cel-
lular membranes with shorter ceramides than the wild-type strain 
(Fig. 3A) (28). The mass spectrometry (MS) analysis showed that 
while in wild-type strain, 95% of total ceramide is very long (C26) 
chain ceramide, in GhLag1, 85% is long (C18 and C16) and only 2% 
is very long (C26) chain ceramide. Although C18 and C16 cera-
mides are, by far, the major ceramides detected in GhLag1 mem-
branes, the MS analysis also determined that the GPI anchor of 
Gas1-GFP expressed in GhLag1 strain contains C26 ceramide, the 
same lipid as in wild-type (Fig. 3A) (26). Therefore, this implies that 
the ceramide remodelase enzyme Cwh43 is highly selective for C26 
ceramide, which is preferentially incorporated into the GPI anchors 
from the very small amount of C26 ceramide in GhLag1 strain, as 
shown in fig. S2 (29). Nevertheless, the fact that cellular membranes 
of GhLag1 contain essentially only C18-C16 ceramide whereas 
Gas1-GFP still has C26 ceramide makes this strain an ideal tool to 
specifically address the hypothetical role of the acyl chain length of 
membrane ceramides in ER clustering and sorting. We then inves-
tigated first by conventional fluorescence microscopy the capacity 
of C26 Gas1-GFP to aggregate into clusters in GhLag1 bearing the 
sec31-1 temperature-sensitive mutant allele in which only long (C18-C16) 
chain ceramides exists in the ER membrane (Fig. 3). We observed 
that whereas in sec31-1, most of Gas1-GFP was concentrated in 
clusters, Gas1-GFP in sec31-1 GhLag1 with long (C18-C16) chain 
ceramide ER membrane was mainly unclustered and distributed 
throughout the ER membrane. Precisely, because C26 ceramide–based 
clustering occurs intimately associated with specific ERES (Fig. 1), 
we next investigated whether this process might also involve the 
function of the ER export protein machinery. GPI-APs use a spe-
cialized COPII system for ER export, which is actively regulated by 
the structural remodeling of the glycan part of the GPI anchor by 
Ted1 (30, 31). The remodeled GPI-glycan is then recognized by the 
transmembrane cargo receptor p24 complex, which, in turn, selec-
tively recruits Lst1, a specific isoform of the major COPII cargo 
binding subunit Sec24 required to form COPII vesicles enriched in 
GPI-APs (31–33). Thus, we constructed double mutants combining 
deletions of these individual proteins (the p24 complex component 
Emp24, the GPI-glycan remodelase Ted1, and the specific COPII 
subunit Lst1) with the sec31-1 mutant strain and examined whether 
they can form clusters of Gas1-GFP (Fig. 3). We observed that in 
both sec31-1 emp24 and sec31-1 ted1, Gas1-GFP was mainly un-
clustered and distributed throughout the ER membrane as seen pre-
viously for sec31-1 GhLag1, whereas in sec31-1 lst1, Gas1-GFP was 
clustered like in sec31-1. These results indicate that, in addition to 
the presence of C26 ceramide in the ER membrane, clustering of 
Gas1-GFP requires binding with the p24 complex, but not specific 
Lst1 recruitment. We then addressed the possibility that the chain 
length of the ceramide in the ER membrane could regulate the p24 
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Fig. 1. Newly synthesized C26 ceramide–based GPI-AP cargos form clusters in the ER membrane adjacent to specific ERES. sec31-1 cells expressing galactose-
inducible secretory cargos, the very long acyl chain (C26) ceramide GPI-AP Gas1-GFP (GPI-AP, green) and the transmembrane protein Mid2-iRFP (TMP, blue), and constitu-
tive ERES marker Sec13-mCherry (ERES, magenta) were incubated at 37°C for 30 min, shifted down to 24°C and imaged by SCLIM after 5 min. (A to C) Representative 
merged or individual 2D images of one plane (A), 2D projection images of 10 z-sections (B), or 3D cell hemisphere images (C) of cargo and ERES markers are shown. Scale 
bar, 1 m (A and B). Scale unit, 0.551 m (C). Gas1-GFP was detected in discrete ER zones or clusters, whereas Mid2-iRFP was detected and distributed throughout the ER 
membrane (C). (D) Graphs show relative fluorescence intensities of Gas1-GFP and Mid2-iRFP along the white arrow lines in the Gas1-GFP clusters (left). A.U., arbitrary units. 
(E and F) Representative merged 3D images of cargo and ERES markers. Gas1-GFP clusters were detected adjacent to specific ERES. Scale unit, 0.551 m. (F) The white filled 
arrowheads mark Gas1-GFP clusters associated with ERES. Middle and right panels show a merged enlarged 3D image and rotated view of selected Gas1-GFP clusters.
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Fig. 2. Newly synthesized C26 ceramide–based GPI-APs and transmembrane cargos are recruited to different ERES. sec31-1 cells expressing galactose-inducible se-
cretory cargos, Gas1-GFP (GPI-AP, green) and Mid2-iRFP (TMP, blue), and constitutive ERES marker Sec13-mCherry (ERES, magenta) were incubated at 37°C for 30 min, 
shifted down to 24°C for releasing secretion block, and imaged by SCLIM after 20 min. (A to C) Representative 2D projection images of 10 z-sections (A; scale bar, 1 m) or 
3D cell hemisphere images (B and C; scale unit, 0.456 m) of cargo and ERES markers. Lower panels in (B) and panels in (C) show processed images to display only the cargo 
[Gas1-GFP (gray) and Mid2-iRFP (light blue)] present in the ERES (magenta). (C) Open arrowheads: ERES with just one cargo (1 to 4). Gray filled arrowheads: ERES containing 
segregated cargos (5). White filled arrowhead: ERES containing colocalizing cargos. Lower panels: selected individual ERES containing only Gas1-GFP (1) or Mid2-iRFP (2). 
Scale bar, 100 nm. (D) Quantification of micrographs described in (C). Average percentage of ERES containing only one cargo (Gas1-GFP or Mid2-iRFP), segregated cargos, 
and overlapping cargos. n = 432 in 54 cells in three independent experiments. Error bars = SD. Two-tailed, unpaired t test. ***P = 0.0002. (E) 3D images of selected ERES with 
segregated cargos marked in (C). Either Gas1-GFP (green) (3) or Mid2-iRFP (blue) (4) enters ERES (magenta) from one side and is confined in a small zone within the ERES. Oc-
casionally, both cargos approach the same ERES (5) but from different sides and are restricted to segregated zones within the ERES. Scale bar, 100 nm.
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binding of Gas1-GFP. However, we found that the presence of 
C18-C16 ceramide in the membrane did not affect the ability of the 
p24 complex to bind and export GPI-APs through their remodeled 
GPI-glycan (figs. S3 and S4, A and B) or to recruit the COPII sub-
type Lst1 (fig. S4C). Therefore, C26 ceramide–dependent clustering 
does not entail differential protein interactions with the ER export 
protein machinery, supporting instead the alternative, lipid length–
driven, sorting mechanism. We then analyzed whether the ceramide 
acyl chain length in the ER membrane is important for the effective 
sorting of Gas1-GFP into selective ERES. Since Gas1 in GhLag1 
strain with shorter chain ceramide exited the ER toward the plasma 
membrane (fig. S5), we reasoned that if sorting is driven by cera-
mide acyl chain length, then Gas1 in GhLag1 strain could then be 
rerouted toward the same ERES as transmembrane cargo.

To directly address this, we conducted SCLIM visualization of 
Gas1-GFP and Mid2-iRFP in GhLag1 bearing the sec31-1 temperature-
sensitive mutant allele (Fig. 4 and movie S4). After ER retention at 
37°C and subsequent release at 24°C, most of newly synthesized 
Gas1-GFP was unclustered and distributed throughout the ER mem-
brane as observed by conventional microscopy (Fig. 4, A and B). 
Furthermore, a large percentage of ERES (67%) included both cargos 
colocalizing within them (Fig. 4D). Panels 1 and 2 of Fig. 4C show 
two typical examples of ERES with overlapping Gas1-GFP and 
Mid2-GFP. Moreover, both cargos were recruited into the same ERES 
(Fig. 4E, panel 3, and movie S4). Therefore, our findings demon-
strate that ceramide acyl chain length in the ER membrane is an 
essential determinant for ER protein clustering and sorting.

DISCUSSION
This study provides direct in vivo evidence for lipid-based protein 
cargo sorting into selective export sites in the secretory pathway and 
reveals the critical importance of the acyl chain length for sorting 
selectivity. We took advantage of a powerful and cutting-edge mi-
croscopy technology called SCLIM to demonstrate in yeast that newly 
synthesized Gas1-GFP, a major plasma membrane GPI-AP having 
a very long acyl chain (C26) ceramide lipid moiety, is clustered into 
discrete ER zones associated with specific ERES, whereas trans-
membrane secretory proteins distribute throughout the ER membrane 
(Fig. 1). Moreover, these two types of cargos selectively entered into 
different ERES (Fig. 2). Decreasing the acyl chain length of cellular 
ceramide in the membrane from C26 to C18-C16 disrupted Gas1-
GFP clustering into the discrete ER zones, and Gas1-GFP was rerouted 
to exit the ER with transmembrane proteins via the same ERES 
(Figs. 3 and 4).

Although GPI-APs use a specialized protein machinery to exit the ER, 
we found that C26 ceramide–dependent segregation does not rely 
on differential protein interactions that could lead to ERES special-
ization (figs. S4 and S5). Instead, our findings support an alternative 
sorting mechanism driven by lipid-based protein clustering and con-
sequent exclusion of other cargos. Our observation that Gas1-GFP 
zones or clusters associated with specific ERES are devoid of the trans-
membrane secretory protein Mid2-iRFP indicates that C26 ceramide–
dependent clustering of GPI-APs would facilitate their entrance 
into the associated ERES and, at the same time, would exclude the 
transmembrane secretory cargo from entering into this specific 
ERES (Figs. 1 and 2). By contrast, the presence of C18-C16 cera-
mides in the ER membrane does not cause GPI-APs to form zones 
or clusters and, thus, they would not exclude or displace transmembrane 

Fig. 3. ER clustering of C26 ceramide–based GPI-APs requires the presence of 
C26 ceramides in the membrane and interaction with the p24 complex recep-
tor through the GPI-glycan. (A) The cellular membranes of GhLag1 mainly con-
tain shorter C18-C16 ceramide, while the GPI anchor of Gas1-GFP still has C26 IPC 
as in wild-type cells. Upper graph: acyl chain length analysis by mass spectrometry 
(MS) of ceramides from cellular membranes of wild-type (Wt) and GhLag1p strains. 
Data represent the percentage of total ceramides. Mean of three independent ex-
periments. Error bars = SD. Two-tailed, unpaired t test. ****P < 0.0001. Lower graph: 
acyl chain length analysis by MS of IPCs present in the GPI anchor of Gas1-GFP 
(GPI-IPC) expressed in wild-type and GhLag1p strains. Data represent the percentage 
of total IPC signals. Mean of five independent experiments. Error bars = SD. Two-
tailed, unpaired t test. ns, not significant. P = 0.9134. (B) Fluorescent micrographs of 
sec31-1, sec31-1 GhLag1, sec31-1 emp24, sec31-1 ted1, and sec31-1 lst1 cells ex-
pressing galactose-inducible Gas1-GFP were incubated at 37°C for 30 min and vi-
sualized by conventional fluorescence microscopy after shifting down to 24°C. 
White arrowheads: ER Gas1-GFP clusters. Open arrowheads: unclustered Gas1-GFP 
distributed throughout the ER membrane showing the ER-characteristic nuclear ring 
staining. Scale bar, 5 m. (C) Quantification of micrographs described in (B). Average 
percentage of the cells with dot-like Gas1-GFP structures. n ≥ 300 cells in three in-
dependent experiments. Error bars = SD. Two-tailed, unpaired t test. ****P < 0.0001.
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Fig. 4. C26 ceramide–based GPI-AP cargos are rerouted and enter the same ERES as transmembrane cargo in the ER membrane with C18-C16 ceramides. sec31-1 
GhLag1 cells expressing galactose-inducible secretory cargos, Gas1-GFP (GPI-AP, green) and Mid2-iRFP (TMP, blue), and constitutive ERES marker Sec13-mCherry (ERES, 
magenta) were incubated at 37°C for 30 min, shifted down to 24°C for releasing secretion block, and imaged by SCLIM after 20 min. (A to C) Representative 2D projection 
images of 10 z-sections (A; scale bar, 1 m) or 3D cell hemisphere images (B and C; scale unit, 0.45 m) of cargo and ERES markers. Lower panels in (B) and panels in (C) 
show processed images to display only the cargo [Gas1-GFP (gray) and Mid2-iRFP (light blue)] present in the ERES (magenta). (C) White filled arrowheads: ERES with 
overlapping cargo. Open arrowheads: ERES containing only one cargo. Lower panels: selected ERES with overlapping cargos (1 and 2) marked in (C). Scale bar, 100 nm. 
(D) Quantification of micrographs described in (C). Average percentage of ERES containing only one cargo (Gas1-GFP or Mid2-iRFP), segregated cargos, and overlapping 
cargos in sec31-1 and sec31-1 GhLag1 cells. n = 432 in 54 cells (sec31-1) and n = 430 in 47 cells (sec31-1 GhLag1) in three independent experiments. Error bars = SD. Two-
tailed, unpaired t test. ***P = 0.0002 (sec31-1) and **P = 0.0031 (sec31-1 GhLag1). (E) 3D images of a selected ERES with overlapping cargos (3) marked in (C). Gas1-GFP 
(green) and Mid2-iRFP (blue) approach the ERES (magenta) from the same side and stay in the same ERES restricted zone. Scale bar, 100 nm.
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secretory proteins from accessing the same ERES (Figs. 3 and 4). 
Therefore, we propose that C26 ceramide drives segregation and 
sorting by promoting protein clustering linked to specific ERES.

How could this C26 ceramide–dependent clustering into specific 
ER zones be achieved? The propensity of membrane ceramides to 
segregate laterally might lead GPI-APs with C26 ceramide to form 
small and transient-ordered lipid clusters in the less-ordered lipid 
environment of the ER membrane containing shorter and unsatu-
rated glycerolipids (17, 18). These small and transient clusters could 
further coalesce into larger and more stable clusters upon binding 
with the p24 complex (34). Consistent with this, we show that C26 
Gas1-GFP needs to interact with the p24 complex to form large visible 
clusters (Fig. 3). The p24 complex is a hetero-oligomer consisting of 
four different p24 transmembrane proteins in yeast (35), providing 
multivalent binding that could lead to the cross-linking of small 
GPI-AP clusters generating larger stabilized clusters (34). Inter-
actions between the protein ectodomains of GPI-APs could also 
contribute to their clustering as shown during their Golgi transport 
in mammalian polarized epithelial cells (36). Nevertheless, larger 
segregated clusters are not formed when the p24 complex binds to 
Gas1-GFP in the presence of C18-C16 ceramides in the ER membrane. 
The underlying mechanism could rely on a specific physicochemical 
property of the very long acyl chain ceramides. Biophysical studies 
with artificial membranes have shown that although both very long 
(C24) and shorter (C18-C16) acyl chain ceramides induce phase 
separation, only very long acyl chain ceramides (C24) are able to re-
model membranes by promoting high curvature and membrane 
bending by interdigitation (17, 37, 38). The transmembrane helix of 
the Emp24 human homolog TMED2 has been shown to selectively 
interact with the C18 ceramide–based sphingolipid sphingomyelin 
in the cytosolic leaflet (39). Using molecular dynamics (MD) simu-
lations, we found that both C18 and C26 ceramides accumulate 
around the cytosolic leaflet of the transmembrane helix of Emp24 
and that they do so with similar preferences (fig. S6). Noteworthy, 
this suggests that the transmembrane helix of Emp24 can cause an 
asymmetric distribution of lipids in the membrane, as it has been 
also shown recently for ether lipids in similar MD simulations based 
on results in mammalian cells (40). Therefore, we speculate that 
local enrichment of C26 ceramides in both leaflets of the ER mem-
brane, upon direct multivalent p24 binding of GPI-APs in the luminal 
leaflet and C26 ceramide accumulation around p24 in the cytosolic 
leaflet, could promote concomitant protein clustering and mem-
brane curvature generation by interdigitation (41), leading to GPI-
AP segregation into discrete zones next to ERES, which also prefer 
highly curved zones of the ER membrane (42). This proposed mecha-
nism is supported by previous reports (43, 44). Multivalent binding 
of oligomeric lectins, pathogens, or antibodies to ceramide-based 
glycosphingolipids (GSLs) at the plasma membrane triggers large 
GSL clustering, enhancing phase separation and resulting in mem-
brane deformation and internalization (44). Iwabuchi et  al. (43) 
found that multivalent ligand binding to the GSL lactosylceramide 
induced large cluster formation and membrane invagination in the 
presence of very long (C24) but not shorter long (C16) acyl chain 
and that lyn-mediated signaling at the cytosolic leaflet was coupled 
by acyl chain interdigitation in human neutrophils.

In mammalian polarized epithelial cells, clustering governs the 
segregation and sorting of GPI-APs at the level of the trans-Golgi 
network (TGN) to the apical plasma membrane (10, 45). This clus-
tering is driven by GPI-AP oligomerization (36), but it might also 

depend on the ceramide chain length as we found in yeast. Although 
mammalian GPI-APs have an ether lipid–based anchor with a very 
different chemical structure from very long acyl chain ceramides, a 
recent study found that both lipids evolutionary share some similar 
physicochemical properties and functions (40). Thus, the ether lipid 
moiety in mammalian cells might act similarly to the C26 ceramide 
in yeast, by associating with very long chain ceramides in the mem-
brane to facilitate GPI-AP clustering and sorting. Although this 
possibility still requires direct testing, it is supported by the previ-
ous findings that the transport to the Golgi of very long acyl chain 
ceramides is not carried out by cytosolic transfer proteins and 
depends on GPI anchor synthesis like in yeast. Therefore, an evolu-
tionary conserved mechanism appears to operate to selectively 
cotransport very long acyl chain ceramides and GPI-APs in the 
same transport vesicles (13, 16, 20, 46, 47).

In both yeast and mammalian polarized epithelial cell systems, 
GPI-AP clustering and segregation from other plasma membrane 
proteins occur before arrival to the cell surface. Paladino et al. (48) 
found that at the TGN of mammalian polarized epithelial cells, GPI-AP 
clustering is not only required for the selective sorting of GPI-APs 
to the apical plasma membrane but also regulates clustered organi-
zation of GPI-APs and their biological activities at the cell surface. 
In yeast, the C26 ceramide–dependent clustering of GPI-APs at the 
ER shown in this study could regulate then the clustered organiza-
tion and functional activity of GPI-APs at the plasma membrane 
(24, 49). Consistent with this model, hypersensitivity of GhLag1 cells 
to a GPI inhibitor or to drugs affecting cell wall integrity (28) and 
ceramide requirement for functional Gas1-GFP clustering at the tip 
of the mating projection of yeast cells (49) indicate possible physio-
logical consequences of GPI-AP missorting. Nevertheless, further 
testing of whether the functional organization of the cell surface is 
already programmed from the ER by a lipid length–based sorting 
will be subject of our future research.

MATERIALS AND METHODS
Yeast strains, plasmids, and culture conditions
Strains of S. cerevisiae used for this work are listed in table S1. 
MMY1583 and MMY1635 strains used for live-cell imaging by SCLIM 
were constructed in the W303 background. These strains express-
ing fluorescent protein–tagged Sec13-mCherry were constructed by 
a polymerase chain reaction (PCR)–based method using pFA6a plas-
mids as a template (23). Strains expressing fluorescent protein–tagged 
Mid2-iRFP under the control of the GAL1 promoter were constructed 
as follows. The iRFP-KanMx sequence was PCR amplified from the 
pKTiRFP-KAN vector (a gift from E. O’Shea, Addgene plasmid no. 
64687; http://n2t.net/addgene:64687; Research Resource identifier 
(RRID): Addgene_64687) and inserted at the C terminus of the en-
dogenous Mid2. The Mid2-iRFP genomic sequence was amplified 
and cloned behind the GAL1 promoter into the Not I–Sac I sites of 
the integrative plasmid pRS306. The resulting plasmid pRGS7 was 
linearized with Pst I for integration at the URA3 locus.

Gas1-GFP fusion gene was expressed under the control of the 
GAL1 promoter in a centromeric (CEN) plasmid, which was con-
structed as follows. The Gas1-GFP sequence was amplified by PCR 
from pRS416-GAS1-GFP plasmid (24) (a gift from L. Popolo) 
and cloned into Xma I–Xho I sites of the CEN plasmid pBEVY-GL 
LEU2 (a gift from C. Miller; Addgene plasmid no. 51225; http://n2t.
net/addgene:51225; RRID: Addgene_51225). The resulting plasmid 
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was named pRGS6. Axl2-GFP fusion gene was also expressed under 
the control of the GAL1 promoter in the pBEVY-GL LEU2 vector, 
which was constructed as follows. The Axl2-GFP sequence was ampli-
fied by PCR from the pRS304-p2HSE-Axl2-GFP plasmid (23) and 
cloned into Bam HI–Pst I sites of the pBEVY-GL LEU2 vector. The 
resulting plasmid was named pRGS12. The sequences of oligonucle-
otides used in this study are listed in table S2.

Strains were grown either in rich yeast extract-peptone (YP) me-
dium (1% yeast extract and 2% peptone) supplemented with 0.2% 
adenine and containing 2% glucose [YP-dextrose (YPD)], 2% raffinose 
[YP-raffinose (YPR)], or 2% galactose [YP-galactose (YPG)] as car-
bon source or in synthetic minimal medium (0.15% yeast nitrogen base 
and 0.5% ammonium sulfate) supplemented with the appropriate 
amino acids and bases as nutritional requirements, and containing 
either 2% glucose (synthetic dextrose minimal medium) or 2% galac-
tose (synthetic galactose minimal medium) as carbon source.

Live-cell imaging by SCLIM
For live imaging, temperature-sensitive sec31-1 mutant cells expressing 
constructs under GAL1 promoter were grown to mid-log phase over-
night at 24°C in YPR medium. After induction for 1 hour at 24°C in 
YPG, cells were incubated for 30 min at 37°C in SG and subsequently 
released from secretory block by shifting to 24°C. Cells were immo-
bilized on glass slides using concanavalin A and imaged by SCLIM. 
SCLIM was developed by combining an Olympus model IX-71 
inverted fluorescence microscope with a UPlanSApo 100× 1.4–
numerical aperture oil objective lens (Olympus), a high-speed and 
high signal-to-noise ratio spinning-disk confocal scanner (Yokogawa 
Electric), a custom-made spectroscopic unit, image intensifiers 
(Hamamatsu Photonics) equipped with a custom-made cooling 
system, magnification lens system for giving ×266.7 final magnifi-
cation, and electron-multiplying charge-coupled device cameras 
(Hamamatsu Photonics) (21). Image acquisition was executed by 
custom-made software (Yokogawa Electric). For 3D images, we col-
lected optical sections spaced 100 nm apart in stacks by oscillating 
the objective lens vertically with a custom-made piezo actuator. 
Z-stack images were converted to 3D voxel data and processed by 
deconvolution with Volocity software (PerkinElmer) using the 
theoretical point-spread function for spinning-disk confocal 
microscopy. Measurement of ERES including cargo was performed 
by colocalization analysis with automatic thresholding of Volocity 
software. MetaMorph software (Molecular Devices) was used for 
presenting line-scan analysis.

Statistical analysis
Statistical significance was determined using GraphPad Prism soft-
ware. For the two-tailed Student’s t test and ordinary one-way analysis 
of variance (ANOVA) test, differences among groups were considered 
significant for P < 0.05 (*).

Light microscopy
For fluorescence microscopy of Gas1-GFP, log-phase cells were grown 
overnight in YPD and collected by centrifugation, washed twice 
with phosphate-buffered saline, and incubated at least 15 min on ice 
before being examined under the microscope as described previously 
(24). Acquisition was performed using a Leica DMi8 microscope 
equipped with an objective lens (HCX PL APO 1003/1.40 Oil PH3 
CS), L5 (GFP) filter, a Hamamatsu camera, and Application Suite X 
(LAS X) software following the instructions of the manufacturer.

Immunoblotting
Samples were denatured with SDS sample buffer for 10 min at 65°C 
and then separated by SDS–polyacrylamide gel electrophoresis (PAGE). 
For immunoblot analysis, 10 l of sample was loaded in each lane. 
Primary antibodies: Rabbit polyclonal anti-Gas1 was used at 1:3000 
dilution, rabbit polyclonal anti-Emp24 was used at 1:500 dilution, 
and rabbit polyclonal anti-GFP was used at 1:3000 dilution (gifts from 
H. Riezman). Mouse monoclonal anti-Pgk1 was used at 1:5000 di-
lution (gift from J. de la Cruz). Secondary antibody: Horseradish 
peroxidase (HRP)–conjugated goat anti-rabbit immunoglobulin G 
(IgG) was used at 1:3000 dilution (Pierce). HRP-conjugated goat 
anti-mouse IgG was used at 1:3000 dilution (Pierce). Immunoreactive 
bands were visualized by chemiluminescence with SuperSignal West 
Pico reagents (Thermo Fisher Scientific).

Native coimmunoprecipitation
The native coimmunoprecipitation experiment was performed on 
enriched ER fractions as described (31). Briefly, 100 optical density 
at 600 nm (OD600) units of yeast cells were washed twice with TNE 
buffer [50 mM tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 
1 mM phenylmethylsulfonylfluoride, and protease inhibitor cock-
tail; Roche Diagnostics] and disrupted with glass beads, after which 
cell debris and glass beads were removed by centrifugation. The 
supernatant was then centrifuged at 17,000g for 15 min at 4°C. The 
pellet was resuspended in TNE, and digitonin was added to a final 
concentration of 1%. The suspension was incubated for 1 hour at 
4°C with rotation, after which insoluble components were removed 
by centrifugation at 13,000g for 60 min at 4°C. For immuno-
precipitation of Gas1-GFP, the sample was first preincubated with 
empty agarose beads (ChromoTek) at 4°C for 1 hour and subse-
quently incubated with GFP-Trap_A (ChromoTek) at 4°C for 3 hours. 
The immunoprecipitated beads were washed five times with TNE 
containing 0.2% digitonin, eluted with SDS sample buffer, resolved 
on SDS-PAGE, and analyzed by immunoblot.

Cross-linking assay
The cross-linking assay was performed on enriched ER fractions as 
described (31). Briefly, enriched ER fractions were incubated with 
0.5 mM dithiobis(succinimidylpropionate) (Pierce, Thermo Fisher 
Scientific, Rockford, IL, USA; 20°C, 20 min). The cross-linking re-
action was quenched by addition of glycine (50 mM final concentration, 
5 min, 20°C).

MS analysis of cellular membrane ceramides
MS analysis of ceramides in wild-type and GhLag1 strains was per-
formed as described previously (50). Briefly, cells were grown in YPD 
at 30°C to exponential phase (3 to 4 OD600 units/ml), and 25 × 107 
cells were harvested. Their metabolism was quenched with tri-
chloroacetic acid. Lipids were extracted with the extraction solvent 
[ethanol, water, diethyl ether, pyridine, and 4.2 N ammonium 
hydroxide (15:15:5:1:0.018 v/v)] and with 1.2 nmol of the internal 
standard C17 ceramide (860517, Avanti Polar Lipids). The extract 
was subjected to mild alkaline-hydrolysis using monomethylamine 
reagent [methanol, water, n-butanol, and methylamine solution 
(4:3:1:5 v/v)] followed by salt removal using water-saturated n-
butanol. Last, the extract was resuspended in positive mode solvent 
[chloroform/methanol/water (2:7:1) + 5 mM ammonium acetate] 
and infused onto the mass spectrometer. Multiple reaction monitoring 
(MRM) was performed for the identification and quantification of 
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sphingolipid molecular species. A TSQ Vantage Triple Stage Quad-
rupole Mass Spectrometer (Thermo Fisher Scientific) equipped 
with a robotic nanoflow ion source Nanomate HD (Advion Biosciences, 
Ithaca, NY) was used for the lipid analysis. The collision energy was 
optimized for each ceramide class. MS data were obtained in positive 
ion mode. For each biological replicate, the signal of the lipid is the 
median of three independent measurements.

MS analysis of the GPI-lipid of Gas1-GFP
Cells (800 × 107) expressing Gas1-GFP were subjected to native 
immunoprecipitation as described (31). The purified Gas1-GFP was 
separated by SDS-PAGE and transferred onto polyvinylidene diflu-
oride (PVDF) membrane. The protein was visualized by staining the 
PVDF with amido black. The band of Gas1-GFP was excised from 
the PVDF and washed with methanol five times and one wash with 
liquid chromatography–MS (LC-MS) grade water. Lipid moieties were 
released from Gas1-GFP by incubating the membrane strips with a 
mixture of 500 l of 0.3 M NaOAc (pH 4.0), buffer, and 500 l of 
freshly dissolved 1 M sodium nitrite for 3 hours at 37°C, which cleaved 
between the glucosamine and inositol to release inositophosphoryl-
ceramide (51). Afterward, the membrane strips were washed four 
times with LC-MS grade water, dried at room temperature, and pre-
served in a nitrogen atmosphere at −80°C until the analysis. As con-
trol, a blank sample piece of the PVDF membrane was used for each 
experiment. The extracted lipids from Gas1-GFP were subsequently 
analyzed by MS as described (50). Briefly, PVDF strips containing 
the GPI-lipids were resuspended in 75 l of negative mode solvent 
[chloroform/methanol (1:2) + 5 mM ammonium acetate], and 
sphingolipid species were analyzed with electrospray ionization 
(ESI)–MRM/MS (TSQ Vantage) as mentioned above. In this case, 
MS data were obtained in negative ion mode.

Analysis of GPI-lipid remodeling
Lipid moieties of GPI anchor were isolated from GPI-APs labeled 
with [3H] myo-inositol as described previously (16). The lipids were 
separated by thin-layer chromatography using a solvent system 
(55:45:10 chloroform-methanol–0.25% KCl) and visualized using 
FLA-7000 (Fujifilm).

MS analysis of the GPI-glycan of Gas1-GFP
Cells (600 × 107) expressing Gas1-GFP were washed twice with 
TNE buffer and disrupted with glass beads, after which cell debris 
and glass beads were removed by centrifugation. The supernatant 
was then centrifuged at 17,000g for 1 hour at 4°C. The pellet was 
washed in TNE and incubated with 1U PI-PLC (Invitrogen) in TNE 
containing 0.2% digitonin for 1 hour at 37°C. After the enzymatic 
treatment, membranes were removed by centrifugation at 17,000g 
for 1 hour at 4°C. For immunoprecipitation of Gas1-GFP, the 
supernatant was incubated with GFP-Trap_A (ChromoTek) over-
night at 4°C. The purified Gas1-GFP separated by SDS-PAGE was 
stained with Coomassie brilliant blue. The stained band of Gas1-
GFP was excised from the periaqueductal gray and then was subjected 
to in-gel digestion with trypsin after alkylation with iodoacetamide 
and reduction with dithiothreitol. Tryptic peptides and the peptides 
carrying GPI-glycan were extracted and dried. The dried peptides 
were dissolved in 20 l of water. A portion (8 l) was injected into 
LC. The peptides were separated using an octadecylsilane (ODS) 
column (Develosil 300ODS-HG-5; 150 mm × 1.0 mm inside diam-
eter; Nomura Chemicals, Aichi, Japan) under specific gradient con-

ditions. The mobile phases were solvent A (0.08% formic acid) and 
solvent B (0.15% formic acid in 80% acetonitrile). The column was 
eluted with solvent A for 5 min, at which point the concentration of 
solvent B was increased to 40% over 55 min at the flow rate of 50 l 
min−1 using an Accela HPLC system (Thermo Fisher Scientific, 
Boston, MA, USA). The eluate was introduced continuously into an 
ESI source, and tryptic peptides and the peptides carrying GPI-glycan 
were analyzed by LTQ Orbitrap XL (hybrid linear ion trap-orbitrap 
mass spectrometer; Thermo Fisher Scientific). In the MS setting, 
the voltage of the capillary source was set at 4.5 kV, and the tem-
perature of the transfer capillary was maintained at 300°C. The 
capillary voltage and tube lens voltage were set at 15 and 50 V, re-
spectively. MS data were obtained in positive ion mode over the mass 
range mass/charge ratio (m/z) 300 to m/z 3000 (resolution, 60,000; 
mass accuracy, 10 parts per million). MS/MS data were obtained by 
ion trap in LTQ Orbitrap XL [data-dependent top 3, Collision-
induced dissociation (CID)].

MD simulation
MD simulations were run with the GROMACS (52) software using 
the MARTINI 2 force field (53–55). The CHARMM GUI Membrane 
Builder (56, 57) was then used to build bilayers containing dioleoyl-
phosphatidylcholine (DOPC) and Cer C18 or DOPC and Cer C26. 
The topology and coordinates for Cer C26 were derived from those 
of DXCE by removing extra beads in the sphingosine tail. The bilay-
ers were equilibrated and run using the procedure described below, 
and the last coordinates of the systems were used to build systems 
containing Emp24. The yeast Emp24 transmembrane domain 
(residues 173 to 193) was built as an -helix using the visual MD 
(VMD) tool molefacture (58). The protein was then coarse grained 
using CHARMM GUI and inserted in the bilayer, after removing 
overlapping lipids. The final systems contain 1202 DOPC and 302 
Cer C26 or 1197 DOPC and 295 Cer C18 and Emp24. The systems 
were ionized to a concentration of 0.150 M. Four independent rep-
licas for both bilayer compositions were run.

Lipid bilayers were equilibrated using the CHARMM GUI pro-
cedure that involves minimization followed by an equilibration for 
405,000 steps in which positional restraints are gradually lowered 
and removed, while the time step increases from 0.005 to 0.02 ps. 
The equilibration was followed by a 6-s production, with a time 
step of 0.02 ps. After insertion of Emp24, the same CHARMM GUI 
procedure was used for minimization and equilibration of the sys-
tems, and then production was run for 8 s.

For all systems, during equilibration, pressure was controlled by 
a Berendsen barostat (59), while during production, pressure was 
controlled by a Parrinello-Rahman barostat (60). In all the cases, 
average pressure was 1 bar, and a semi-isotropic pressure coupling 
scheme was used. A velocity-rescale thermostat (61), with separate 
temperature coupling for the protein, lipids, and solvent particles, 
was used in both equilibration and production. Target temperature 
was 310 K during the entire run. Nonbonded interactions were cal-
culated by generating a pair list using the Verlet scheme with a buf-
fer tolerance of 0.005. Coulombic terms were calculated using reaction 
field and a cutoff distance of 1.1 nm. A cutoff scheme was used for 
the van der Waals terms, with a cutoff distance of 1.1 nm and the 
Verlet cutoff scheme for the potential shift (62).

The number of lipids interacting with the protein was calculated 
using VMD, using a cutoff of 0.7 nm between the phosphate 
bead of DOPC or the AM1 bead of ceramides and the protein. The 
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depletion-enrichment (D-E) factors were calculated, as in (63) ac-
cording to the following formula

	​ D − E factor  = ​  
​​(​​ ​number of Cer ⁄ number of total lipids​​)​​​ within 0.7 of protein​​

    ─────────────────────────   ​​(​​ ​number of Cer ⁄ number of total lipids​​)​​​ bulk​​  ​​	

The values reported are obtained as average and the error bars as 
SE over four independent replicas. The statistical significance of the 
D-E factor was calculated from t test [(averageDE-factor-1)/SE]. 
P values were calculated from a one-tailed distribution.

2D lateral density maps for the systems containing Emp24 were 
calculated using GROMACS tools, over the last 250 ns of trajectory. 
To obtain an enrichment/depletion map for ceramides, the density 
maps of Cer was divided by the sum of the maps of Cer and DOPC 
and then divided by the concentration of Cer in bulk. The same 
colormap scale has been used.

All the images were rendered using VMD and the graphs created 
using MATLAB or python scripts.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eaba8237/DC1
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