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ABSTRACT
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 long-standing fundamental
question that still remains unanswered. The present thesis aimed to directly address this
central issue by investigating in yeast whether and how specific membrane lipids are
involved in differential protein export from the endoplasmic reticulum (ER), the first
essential transport step of the secretory pathway. We conduct 3D simultaneous multicolor high resolution live imaging to demonstrate that newly synthesized lipid-linked
plasma membrane proteins, glycosylphosphatidylinositol (GPI)-anchored proteins (GPIAPs) having a very long chain ceramide (C26) lipid moiety, are clustered and sorted into
specialized endoplasmic reticulum exit sites (ERES) that are distinct from those used by
transmembrane plasma membrane proteins during their export from the ER. Furthermore,
we show that the chain length (C26) of ceramide in the ER membrane is critical for this
sorting selectivity. We also show that, in addition to the presence of C26 ceramide in the
ER membrane, clustering of GPI-APs requires binding to the transmembrane p24 protein
complex, the cargo receptor that specifically exports GPI-APs from the ER. Using
molecular dynamics simulations, we found that membrane ceramides accumulate around
the cytosolic leaflet of the p24 transmembrane helix. Based on our results we propose a
mechanism for C26 ceramide-based sorting by which the local enrichment of C26
ceramide in both leaflets of the ER membrane upon multivalent p24 binding of GPI-APs
with C26 ceramide in the luminal leaflet and p24 association of free C26 membrane
ceramide in the cytosolic leaflet could promote concomitant protein clustering and
membrane curvature by C26 acyl chain interdigitation. In sum, our study provides in vivo
evidence for lipid chain length-based protein cargo sorting into selective export sites of
the secretory pathway and better comprehension of potential mechanism for this lipidbased sorting.
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1.1. Protein sorting in the secretory pathway
Eukaryotic life depends on the spatiotemporal dynamic organization of cellular
membrane systems. Central to achieving this complex organization is the secretory
pathway, which synthesizes and regulates the delivery of membrane lipids and a third of
the eukaryotic proteome, to their proper functional destinations (Bonifacino and Glick
2004; Harayama and Riezman 2018).
The secretory pathway is made up of membrane-bound organelles like the endoplasmic
reticulum (ER), Golgi complex and plasma membrane (PM) where tubulovesicular
transport intermediates mediate intracellular membrane transport between these
organelles (Fig. 1). The starting point of the secretory pathway is the ER. There most of
the transmembrane proteins and nearly all the secreted proteins are synthesized,
posttranslationally modified, correctly folded, monitored by a quality control system and
eventually transported from ER exit sites (ERES) to the Golgi for further processing
(Ellgaard and Helenius 2003; Smith, Ploegh, and Weissman 2011). Upon arrival at the
trans-Golgi network (TGN), they are sorted and selectively incorporated into different
post-Golgi carriers that deliver them to the PM, endolysosomal system or secretory
granules in specialized cells (Lee et al. 2004; Emr et al. 2009; Glick and Nakano 2009).
These anterograde membrane trafficking pathways are balanced by retrieval pathways
that bring membrane and selected proteins back to the compartment of origin.

Figure 1. Intracellular transport pathways.
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The scheme represents the compartments of the secretory and endocytic pathways. Transport
steps are indicated by arrows. Colors indicate the known locations of the main coat adaptors which
are the responsible of vesicle formation. COPII coats (blue) mediate the transport from the
endoplasmic reticulum to Golgi complex. COPI coats (red) are involved in intra-Golgi transport
and retrograde transport from the Golgi to the ER. Clathrin carriers (orange) are responsible for
post-Golgi transport. Figure adopted from (Bonifacino and Glick 2004).

The process of directing each individual protein to a specific destination is known as
protein sorting and is essential to maintain cellular compartmentalization and
homeostasis. Proteins need to be correctly localized to perform their proper function.
Consequently, protein sorting along the secretory pathway is important for a wide variety
of cellular functions, such as cell signaling, regulated secretion or the establishment and
maintenance of cell polarity, and this, in turn, is fundamental for many physiological
processes at the organism level, including cell differentiation, cell migration, neuron
synapse, immune response or epithelial barrier function. It is not surprising, then, that a
growing number of diseases that span from genetic to neurodegenerative diseases are
found to be associated with, or directly caused by defects in protein sorting. For example,
the missorting and the consequent incorporation of transporters, channels and receptors
on the wrong surface of polarized epithelial cells have been associated with many genetic
diseases, like polycystic kidney syndrome or familial hypercholesterolemia (Di Martino,
Sticco, and Luini 2019). Also, accumulated evidence in Alzheimer's disease research
indicates that this devastating disorder is directly associated with protein sorting defects
(Wang et al. 2014). Therefore, further understanding of the fundamental principles of
protein sorting is a major goal for basic and biomedical research.
Proteins are transported between the different secretory organelles in membrane-bound
carriers, such as lipid vesicles, that bud from a donor compartment and fuse with a
downstream acceptor compartment (Fig. 1). Protein sorting along the secretory pathway
is intrinsically linked to vesicle biogenesis since during the sorting process, selected
protein cargoes are incorporated into specific forming vesicles. This selective recruitment
can rely on positive sorting signals present in the secretory proteins that are specifically
recognized by elements of the vesicular transport machinery (Fig. 2). For instance,
cytosolic coat protein complexes bend the donor membrane to form vesicles and
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simultaneously select specific cargo molecules for incorporation into the vesicles. Coats
can capture transmembrane proteins through direct binding to specific aminoacid
sequences on their cytoplasmic domains. Recruitment of luminal proteins, like soluble
proteins, or transmembrane proteins lacking cytosolic coat binding signals can be
accomplished by cargo-coat adaptors or cargo receptors, which specifically bind an
aminoacid sequence or a carbohydrate motif on the secretory protein to couple cargo
recognition with vesicle formation.

Figure 2. Cargo captures by the COPII vesicle coat.
The Sec24 subunit of the COPII coat complex recruits a diverse range of cargo including
transmembrane proteins (TM) and soluble proteins via a cargo receptor. Each cargo-binding site
A, B or C-site on Sec24 recognizes distinct ER export motifs. The A-site mediates interaction
with the YxxxNPF motif through a hydrophobic pocket. B-site, a groove on Sec24, recognizes
the three motifs: DxE, LxxME and LxxLE. The C-site interacts with SNARE protein via a
conformational epitope in the cargo protein. Figure adopted from (Gillon, Latham, and Miller
2012).

Nevertheless, the existence of secretory proteins without any known sorting signal in their
sequence indicates that alternative mechanisms to the cargo capture by the vesicle coat
must also contribute to protein sorting. In this sense, the interaction of secretory proteins
with lipid membranes might also play a relevant role in their sorting along the secretory
pathway.
Membranes of the secretory compartments differ in lipid composition. The generation of
this lipid heterogeneity can be achieved by different types of mechanisms including
vesicular trafficking that would preferentially transfer specific lipids from their site of
synthesis to other destinations. It has been proposed that certain lipids could laterally
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segregate specific secretory proteins by clustering them into specialized membrane
domains that would act as sorting platforms for their export in selective transport carriers.
This hypothetical lipid-based mechanism was initially postulated many years ago to
explain the selective sorting of protein cargo to the apical plasma membrane in
mammalian polarized epithelial cells (Simons and van Meer 1988; Surma, Klose, and
Simons 2012). However, this proposed model is still based on indirect or inconclusive
evidence and, therefore, the issue of lipid-based protein sorting in the secretory pathway
is still an open question. In the present thesis, we have addressed this central issue by
investigating the hypothetical role of the specific lipid ceramide in protein sorting during
export from the ER, the first essential transport step of the secretory pathway.

1.2. Membrane lipids in the secretory pathway
The function of each secretory organelle is not only defined by a specific set of proteins
but also by the characteristic lipid composition and organization of their membranes.
Indeed, a specific lipid composition can determine, in addition to the membrane curvature
and fluidity of the organelle, the kinds of peripherally associated proteins recruited to the
cytoplasmic side and the types of transmembrane proteins that will insert into the
membrane (van Meer, Voelker, and Feigenson 2008; Harayama and Riezman 2018)
Thus, lipid composition has a crucial function in establishing membranous organelle
identity.
Lipid composition of secretory organelles is given by different ratios of the three major
classes of eukaryote membrane lipids: Glycerophospholipids, sphingolipids, and sterols
(Fig. 3) (Holthuis and Menon 2014).
Glycerophospholipids constitute the bulk of the membrane’s lipid matrix. They contain
two hydrophobic acyl chains and a phosphate head group ester linked to a glycerol
backbone (Fig. 3A). Based on the structure of the glycerophospholipid head groups, are
classified into phosphatidylcholine (PtdCho) and phosphatidylethanolamine (PtdEtn)
which are zwitterionic (having overall neutral charge), or phosphatidylserine (PtdSer) and
phosphatidylinositol (PtdIns) which are anionic (having a negative charge). PtdCho
accounts for more than 50% of all glycerophospholipids in most eukaryotes and usually
contains one cis-unsaturated acyl chain. The rigid kink of the cis-double bond lowers the
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packing density of the acyl chains, which increases membrane fluidity (Holthuis and
Menon 2014).
Sphingolipids contain a sphingoid long chain base (LCB) attached to a fatty acid via an
amide bond (Fig. 3B). Sphingolipids are distinguished from each other by the type of
LCB, their fatty acid composition (degree of saturation, hydroxylation or chain length) or
by the different head groups attached to the primary hydroxy at C-1 (Zelnik et al. 2020).
The N-acyl chains of sphingolipids tend to be more saturated and can be longer than the
acyl chains of glycerophospholipids. Therefore, glycerophospholipids tend to be
unsaturated and sphingolipids saturated (Grösch, Schiffmann, and Geisslinger 2012;
Harayama and Riezman 2018). The synthesis of the simplest sphingolipid, ceramide,
takes place in the ER, and most complex sphingolipids are synthesized in the Golgi
apparatus by ceramide modification.
Sterols are the major non-polar lipids of cell membranes with an inflexible core formed
by four fused rings (Fig. 3C). Cholesterol predominates in mammals whereas ergosterol
predominates in yeast. By interfering with acyl-chain packing, sterols inhibit the
transition of the membrane to solid gel state. At the same time, sterols rigidify fluid
membranes by reducing the flexibility of neighboring unsaturated acyl chains (Holthuis
and Menon 2014).
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Figure 3. Chemical diversity of membrane lipids in mammals.
a) Glycerophospholipids (GPLs) have a glycerol backbone with fatty acids at the sn‐1 and sn‐2
positions. The head group consists of a phosphate and an alcohol, which defines the GPL name.
b) Sphingolipids consist of a sphingoid base (which is simultaneously the backbone and a
hydrophobic tail), an N-acyl chain and a head group. Hydroxylation and unsaturation define the
sphingoid base type, DHS (dihydrosphingosine), SPH (Sphingosine) and PHS
(phytosphingosine), whereas the head group defines the sphingolipid name. c) The major
mammalian sterol, cholesterol. Figure adopted from (Harayama and Riezman 2018).

The secretory pathway is thought to present a gradient of lipid compositions and physical
properties from early to late secretory compartments. The ER membranes are rich in short
and unsaturated glycerophospholipids but poor in saturated lipids, such as sterols and
sphingolipids, thereby conferring relatively thin and loosely packed membranes, adapted
for its biogenic function. By contrast, PM is highly enriched in sterols and sphingolipids,
being then much thicker and more tightly packed than the ER membranes, adapted for its
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barrier function (Fig. 4). Interestingly, saturated glycerophospholipids are also found in
the cytosolic leaflet of the PM. The Golgi cisternae are likely intermediate, possibly with
progressive accumulations of these saturated lipids from cis to trans. The step change in
membrane thickness caused by the abrupt increase in the concentration of sterols and
sphingolipids is reflected in the length and composition of transmembrane domains
(TMDs) of single-spanning membrane proteins that populate the secretory pathway.
TMDs of ER and Golgi-resident proteins are significantly shorter than those of plasmamembrane (Sharpe, Stevens, and Munro 2010; Holthuis and Menon 2014).

Figure 4. Membranes of early and late secretory organelles have contrasting lipid
compositions and physical properties.
The ER has a thin bilayer, loose lipid packing, and neutral cytoplasmic surface charge adapted
for its biogenic function. The plasma membrane (PM) has a thick bilayer, tight lipid packing, and
negative cytoplasmic surface charge adapted for its barrier function. These contrasting physical
properties are reflected in the length (20 aa and 25 aa, respectively) and geometry of
transmembrane domains (TMDs) of ER and plasma-membrane- resident proteins. Figure adopted
from (Holthuis and Menon 2014).
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1.2.1. Lateral segregation of lipids as potential protein sorting mechanism.
Vesicles can transport bulk amounts of lipids bidirectionally from one organelle to
another as basic constituents of the vesicle membrane. However, lipids are far from just
passive passengers of transport vesicles with the simple structural role of sealing the
carrier compartment (Harayama and Riezman 2018). Now it is getting clear that they can
play active roles in vesicular trafficking like facilitating the recruitment of specialized
cytosolic proteins of the transport machinery or increasing the membrane curvature to
generate the vesicle bud (Melero et al. 2018). Moreover, segregation of membrane lipids
into different fluid phases has been also suggested as a sorting mechanism for lipids. Lipid
sorting upon vesicular transport could contribute, for example, to an enrichment of
sphingolipids and sterols along the secretory pathway by their preferential incorporation
into anterograde transport vesicles or by their exclusion from retrograde transport
vesicles. Consistent with this, in mammalian cells retrograde transport vesicles derived
from the Golgi contain, in general, a lower level of sphingolipids and cholesterol than the
donor Golgi membranes (Brügger et al. 2000) and, conversely, anterograde secretory
vesicles in yeast have a higher level of sterol and sphingolipids than their parental transGolgi membranes (Klemm et al. 2009). Likewise, in mammalian cells, sphingomyelin
has been recently observed to be sorted into specific post-Golgi vesicles (Deng et al.
2016). Furthermore, long-chain sphingolipids have been shown to be required for vesicle
biogenesis at the Golgi and effective protein secretion (Duran et al. 2012; Wattelet-Boyer
et al. 2016).
Lateral segregation of lipids by phase separation has been also invoked to play a key role
in protein sorting along the secretory pathway. A lipid-based mechanism for the
preferential sorting of cargo without involvement of coats proteins proposed that
saturated lipids, such as sphingolipids and sterols, could laterally segregate specific
secretory proteins by clustering them into specialized membrane domains that would act
as sorting platforms for their export in selective transport carriers. Such hypothetical
mechanism is based on the lipid raft concept, which posits that preferential interactions
between sphingolipids and sterols by hydrogen bonding can induce the formation of
tightly packed membrane domains floating in a fluid bilayer of unsaturated
glycerophospholipids. These lipids rafts would act as lipid-ordered (Lo) platforms that
recruit and laterally segregate proteins regulating their specific cellular localization and
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function (Simons and Ikonen 1997; Simons and Sampaio 2011). Although Lo phases of
sphingolipids and sterols can be spontaneously generated in artificial model membranes,
the existence of lipid rafts in living cells has not been confirmed yet by direct microscopy
observation (Levental and Veatch 2016). The reason for this difficulty could stem from
their suspected small size and transient nature. Biochemically, lipid rafts are frequently
defined by their resistance to extraction by detergents in vitro, being found in detergent
resistant membrane fractions (DRM) (Brown and Rose 1992; Schuck et al. 2003; Morris,
Jen, and Warley 2011). However, detergent treatment can alter their composition or even
induce phase separation. Consequently, DRM must not be equated with lipid rafts. In
addition, it has been shown that the length of a transmembrane protein must match the
thickness of the host membrane (Bretscher and Munro 1993). Since lipids rafts are
thought to be thicker than the surrounding membranes, a hydrophobic mismatch could
operate to sort specific transmembrane proteins along the secretory pathway. However, it
has been proposed that in this case the membrane thickness could be determined by
integral membrane proteins instead of cholesterol content (Sharpe, Stevens, and Munro
2010; Jensen and Mouritsen 2004). In other words, the transmembrane protein would
reorganize the lipids around its transmembrane domain to avoid hydrophobic exposure
and not the other way around as the raft hypothesis proposes.
Therefore, the nature and even the real existence of lipids rafts in living cells and their
possible function in protein sorting have been questioned and are the subject of longstanding debate (Munro 2003; Hanzal-Bayer and Hancock 2007).
The raft hypothesis was initially postulated to explain the sorting of specific proteins in
the absence of any known coat from the TGN to the apical membrane, which is enriched
in sphingolipids and cholesterol unlike the basolateral membrane in mammalian polarized
epithelial cells (Fig. 5).
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Figure 5. Model of transport carrier generation based on clustering of lipid rafts and
domain induced budding.
Right: Cargo directed to the endosomal compartments in yeast, or the basolateral plasma
membrane in epithelial cells, is sorted by adaptor and coat proteins recognizing cytoplasmic
sorting signals. The generation of transport vesicles by membrane bending and consequent
budding is driven by the formation of the coat, helped by specific bending proteins. Left: Lipid
rafts carrying associated cargo proteins are sorted into a lipid raft transport carrier, following their
clustering into a raft platform. Raft coalescence is induced by clustering agents, which might be
luminal lectins or cytosolic peripheral proteins. The growing platform selects raft constituents
and excludes non-raft cargo, sorted away by signals that are dominant over lipid raft sorting
principles. Membrane bending and vesicle budding are driven by the growing line tension
between the domains, but these processes could be additionally facilitated by auxiliary factors as
membrane bending proteins. GSL, glycosphingolipids. Figure adopted from (Simons and Gerl
2010).

12

INTRODUCTION
Interestingly one of these apical-sorted proteins are the glycosylphosphatidylinositol
(GPI)-anchored proteins (GPI-APs), which are luminal secretory proteins attached to the
membrane by a glycolipid or GPI anchor. GPI-APs, through hydrophobic interactions
with the saturated fatty acyl chains of the GPI anchor, are found in DRM (Schroeder,
London, and Brown 1994) and therefore are generally considered as model raft proteins
(Fig. 6) (Pike 2006).

Figure 6. Lipid raft domain.
Lipid raft are usually defined as small, highly dynamic and transient membrane entities that are
enriched in saturated phospholipids, sphingolipids, glycolipids, sterols, lipidated proteins and
glycosylphosphatidylinositol (GPI)-anchored proteins. Enrichment of these hydrophobic
components confers to these lipid domains distinct physical properties, these include increased
lipid packing and decreased fluidity. Figure adopted from (Sezgin et al. 2017).

In mammalian polarized epithelial cells, the hypothetical association of GPI-APs with
lipid rafts is thought to be one of the determinants for transport to the apical plasma
membrane (Simons and Ikonen 1997; Simons and Sampaio 2011). This notion is
supported by the fact that either cholesterol depletion or inhibition of sphingolipid
biosynthesis affects apical sorting of GPI-APs (Mays et al. 1995; Paladino et al. 2004).
However, the validity of such approaches is questionable since they likely cause various
indirect consequences and pleiotropic effects to the cells (Kwik et al. 2003; Zidovetzki
and Levitan 2007; Guan et al. 2009). Therefore, alternative approaches to test a potential
lipid-based sorting mechanism for GPI-APs are required. In this sense, in yeast cells, GPIAPs are early sorted from other secretory proteins upon their export from the ER. The
determinants of this sorting process during ER export are unknown, but it has been
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speculated that this mechanism might require lipids. This thesis addresses whether and
how membrane lipids drive the differential ER export of GPI-APs from the ER.

1.3. Differential ER export of GPI-anchored proteins in yeast
Many secretory proteins that are delivered to the cell surface are attached to the external
leaflet of the plasma membrane through to a post-translational glycolipid modification,
the GPI anchor. This class of lipid-anchored proteins or GPI-APs is expressed from yeast
to human (Kinoshita and Fujita 2016). In mammalian cells, the GPI-AP family is
represented by more than 150 different proteins including enzymes, adhesion molecules,
receptors, protease inhibitors, transcytotic transporters, and complement regulators.
Because of this wide range of key biological activities performed by GPI-APs, they have
been found to be essential in processes such as embryogenesis, development,
neurogenesis, fertilization, and the immune system, being involved in the development
of prominent human diseases, including neurodegeneration and cancer, underlining their
clinical significance (Lebreton, Zurzolo, and Paladino 2018; Manea 2018). The yeast
Saccharomyces cerevisiae has more than 60 GPI-APs, which are essential for growth. A
subset of yeast GPI-APs remain attached to the plasma membrane, but many others
undergo shedding, being released, and subsequently incorporated into the cell wall (Pittet
and Conzelmann 2007; Vazquez et al. 2014).
The core structure of the GPI anchor precursor is largely conserved in evolution and
consists of a phospholipid moiety with a glycan backbone (Fig. 7). Once the GPI anchor
precursor has been made by a series of sequential reactions at the ER membrane involving
more than 20 genes (Fig. 8), it is then attached en bloc in the ER lumen by a GPItransamidase complex to newly synthesized proteins containing a GPI attachment signal
sequence at their C terminus (Fig. 9) (Orlean and Menon 2007). Immediately after
attachment to the protein, the structure of the lipid and glycan parts of the GPI anchor are
modified by several remodeling enzymes. Remodeled GPI-APs are exported from the ER
and transported along the secretory pathway, through the Golgi complex, to their final
destination, the plasma membrane (Fig. 10).
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GPI glycan

GPI lipid

Figure 7. Common backbone of GPI anchors.
GPI anchor attachment is a post-translational modification of proteins by glycolipid in eukaryotes.
The highly conserved core structure of the GPI anchor precursor comprises the GPI glycan:
Ethanolamide phosphate (EtNP), three Mannose (Mans), a Glucosamine (GlcN), and the GPI
lipid: Inositol phospholipid. The entire protein is anchored to the outer leaflet of the plasma
membrane by fatty chains of inositol phospholipid. Figure adopted from (Kinoshita and Fujita
2016).

Figure 8. Biosynthesis of the GPI precursor and its transfer to protein in the ER membrane
in yeast.
The GPI is synthesized in the ER by at least 11 stepwise reactions and transferred en bloc to the
C-terminus of proteins. GlcN-PI flips from the cytoplasmic side to the luminal side (step 3).
Figure adopted from (Li et al. 2018)
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Figure 9. GPI attachment to proteins by GPI transamidase complex.
Precursor of GPI-APs have N-terminal signal peptide for translocation across the ER membrane
and GPI attachment signal peptide at the C-terminus. After removal of the N-terminal signal
peptide, GPI transamidase recognizes and cleaves the GPI attachment signal peptide between w
and w + 1 site amino acids, generating protein-enzyme complex linked by a thioester bond
between active site cysteine and carboxyl-group of the w site amino acid. The thioester bond is
attacked by the amino group of the terminal EtNP of GPI to complete transamidation. Figure
adopted from (Kinoshita 2014).

The presence of the GPI anchor confers to GPI-APs a unique mode of membrane
association within the lumen of secretory organelles that leads them to be transported
differently than transmembrane secretory proteins. Indeed, GPI-APs are segregated and
sorted from other plasma membrane proteins during their transport through the secretory
pathway. In mammalian polarized epithelial cells, this sorting event has been documented
to occur in the Golgi during export from the trans-Golgi network (TGN) towards the
apical plasma membrane, whereas in yeast it takes place during the ER exit (Fig. 10)
(Mayor and Riezman 2004; Muñiz, Morsomme, and Riezman 2001). The main goal of
this thesis is to understand the underlying mechanism by which yeast GPI-APs are
segregated and sorted from transmembrane plasma membrane proteins during the exit
from the ER.
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Figure 10. GPI-APs are segregated and sorted from other types of cell surface proteins
during their transport through the secretory pathway.
The scheme illustrates the known sites for sorting of GPI-APs in yeast and mammalian cell
systems. In mammalian polarized epithelial cells, GPI-AP sorting takes place in the Golgi, during
export from the TGN toward the apical plasma membrane (PM). GPI-APs and other apicallytargeted proteins are segregated from basolateral proteins into different secretory vesicles that
follow separate routes to the cell surface. In yeast, this sorting occurs upon the ER export. Newly
synthesized GPI-APs are segregated in the ER and incorporated into distinct COPII vesicles for
Golgi delivery. The speculative possibility that GPI-APs continue to travel separately from other
secretory proteins to different Golgi cisternae is shown, although this issue has not been
experimentally addressed yet. Figure adopted from (Muñiz and Riezman 2016).

1.3.1. Brief overview of COPII-dependent export from the ER
The secretory pathway is initiated when correctly folded, assembled, and remodeled
secretory proteins are selectively incorporated into protein-coated membrane vesicles that
transport them from the ER to the Golgi. These vesicles are generated by polymerization
of the cytosolic coat protein complex II (COPII), which locally bends the ER membrane
at specific domains called ER exit sites (ERES). For efficient ER export, most secretory
proteins are actively captured by direct or indirect interactions with the COPII coat to be
first concentrated at ERES and then packaged into nascent COPII vesicles (C.K. Barlowe
and Miller 2013).
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The highly conserved and essential COPII coat complex basically consists of the two
protein heteromeric complexes Sec23/Sec24 and Sec13/Sec31 and the small GTPase
Sar1. The hierarchical sequential assembly of the COPII coat is initiated when Sar1 is
activated by its specific Guanosine Exchange Factor, the ER transmembrane protein
Sec12 (C. Barlowe and Schekman 1993; Nakańo and Muramatsu 1989). GTP binding by
Sar1 induces its conformational change, which exposes an N-terminal amphipathic ahelix and then inserts it into the ER membrane (Lee et al. 2005). Sar1-GTP on the ER
membrane recruits the Sec23/Sec24 heterodimer, leading to the formation of the inner
layer of the COPII coat through the interaction with Sec23 and the capture of cargo
proteins through the contact with Sec24 forming the pre-budding complex (Sato and
Nakano 2005). Then the Sec13/Sec31 heterodimer is recruited on top of the pre-budding
complex through the interactions with Sec23 forming the outer layer of the COPII coat.
Once assembled, the inner and outer layers polymerize to form a caged structure at ERES
(Fig. 11) (Stagg et al. 2006; Stagg et al. 2008). The structural and functional organization
of the ERES is, however, still not well defined but depends on the presence of Sec16, a
large multidomain peripheral protein. Sec16 has been proposed to oligomerize in a
preformed cluster that would act like a scaffold for COPII vesicle budding by binding
COPII coat components. In addition, Sec16 is also thought to perform together with
Sec12, the activator of the GTPase Sar1, to regulate the activity of Sar1 and so they can
regulate the assembly of the COPII coat by recruiting first the inner layer Sec23/Sec24
and then the external layer Sec13/Sec31 (Kurokawa and Nakano 2019).

Figure 11. COPII assembly at the ER.
COPII-coated vesicle formation is initiated by the recruitment of Sar1 to the ER membrane in the
GTP-bound state catalyzed by Sec12 GEF activity. Sar1-GTP recruits the Sec23/Sec24
heterodimer through interaction with Sec23. At the ER membrane, Sec24 recruits the cargo into
pre-budding complexes. Next, the outer coat Sec13/Sec31 heterodimer is recruited by the inner
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coat layer through interactions with Sec23. Sec13/Sec31 assembly into the coat drives membrane
curvature, facilitating membrane deformation. Luminal cargoes diffuse into the nascent bud or
they are recruited by interacting directly with Sec24 or indirectly through cargo receptor proteins.
Vesicle release from the ER is achieved in a manner related to Sar1 GTP hydrolysis. Sec16
facilitates COPII vesicle formation at the ER, being a scaffold for the different COPII components
and contributing to ERES structure. Figure adopted from (D'Arcangelo, Stahmer, and Miller
2013).

The COPII coat assembly is performed in the ER Exit Sites (ERES), which number is
distinct in different species but appears to correlate with the localization of the Golgi
apparatus (Fig. 12). For example, the ERES on vertebrate cells display hundreds of
punctate structures on the surface of the ER membrane which are found mainly adjacent
to the ER-Golgi intermediate compartment (ERGIC) (Budnik and Stephens 2009). In the
yeast S. cerevisiae Golgi cisternae are scattered throughout the cytoplasm, instead to be
arranged into stacks, (Losev et al. 2006) and the ERES exhibit higher probability of
staying in the close vicinity of cis-Golgi, but not with the trans-Golgi cisternae (Okamoto
et al. 2012). This suggest that both, ERES and the first post-ER compartment, would
generate a functional unit for cargo transport. Furthermore, the ERES distributed
throughout the ER network shown significantly overlapped localization with reticulon
Rtn1, protein that is accumulated on the high-curvature regions of the ER membrane (ER
tubules and the rims of the ER sheet) (Okamoto et al. 2012; Shindiapina and Barlowe
2010). This suggest that ERES are preferentially organized at the ER high-curvature
domain. Interestingly, ERES seem to prefer saddle-like ER membrane structures,
harbouring both positive and negative curvatures, which probably consist of various,
differently shaped lipid components including cone-shaped and reverse-cone-shaped
lipids. Since vesicle budding requires not only positive curvature but also negative
curvature to be constricted at the neck, the saddle-like shape of the ER membrane surface
may facilitate COPII vesicle formation within the ERES (Voeltz et al. 2006; De Craene
et al. 2006; Okamoto et al. 2012).
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Figure 12. The ERES are located adjacent to the first post-ER compartments, ERGIC in
vertebrate cells or cis-Golgi in S. cerevisiae.
Vertebrate cells have a Golgi ribbon, which is composed of cis, medial and trans Golgi cisternae
tightly connected each other. The ERES are represented like red dot structures on the surface of
the ER membrane, most of which look distant from the Golgi ribbon but close of ERGIC in green.
S. cerevisiae cells have dispersed Golgi cisternae, scattered in the cytoplasm, where cis-Golgi in
green is frequently next to the ERES in red which are located at high-curvature regions of the ER.
Figure adopted from (Kurokawa and Nakano 2019).

1.3.2. Specialized COPII-mediated export of GPI-APs from the ER
GPI-APs use a specialized COPII system for ER export. Due to their complete luminal
topology, GPI-APs need a transmembrane cargo-coat adaptor or cargo-receptor to be
indirectly connected with the cytosolic COPII coat for efficient packaging into nascent
COPII vesicles. This adaptor role for GPI-APs is achieved by the p24 proteins. The
conserved p24 family members are abundant type I transmembrane proteins with a large
luminal domain and a short cytoplasmic tail harbouring COPII and COPI coat binding
signals. Different p24 proteins assemble in a heteromeric complex that continuously
cycles between ER and Golgi compartments (Dancourt and Barlowe 2010; Strating and
Martens 2009). In yeast, the p24 complex basically comprises four p24 proteins: Emp24,
Erv25, Erp1 and Erp2. It has been directly shown that the p24 complex links GPI-APs in
the ER lumen with the cytosolic COPII subtype Lst1, a paralog of Sec24 (Fig. 13) (Miller
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et al. 2003; Castillon et al. 2011; Manzano-Lopez et al. 2015). Disruption of specific p24
binding site on Lst1 resulted in the accumulation of GPI-APs at the ER, indicating that
the p24 complex connects Lst1 in the cytosol with GPI-APs in the ER lumen for efficient
GPI-AP packaging into COPII vesicles.
The need to use this specialized COPII machinery appears to be due to the luminal
topology of both the p24 complex and GPI-APs which, when locally concentrated at
specific ERES, impose special scaffolding requirements for COPII-coated vesicle
budding, such as the presence of Lst1 and more dependence on Sec13 (D'Arcangelo et al.
2015; Stachowiak, Brodsky, and Miller 2013). Sec13 could confer sufficient rigidity to
the coat in order to overcome the membrane-bending force potentially associated with
GPI-AP-enriched membranes, because the size of the heavily glycosylated GPI-AP
luminal domains are large in relation to their membrane anchors. In turn, Lst1p has been
proposed to adjust this coat rigidity by creating a larger diameter vesicle bud, which is
consistent with the observation that mixed Sec24-Lst1 COPII vesicles formed in vitro are
slightly larger than those vesicles formed only by Sec24 (Miller et al. 2003; Shimoni et
al. 2000). Therefore, Lst1 and Sec13 function to provide specialized structural scaffolding
to the COPII coat, which could be required to encapsulate potentially larger cargos, such
as clusters of GPI-APs and p24 proteins embedded into more rigid ceramide-enriched
membranes, as discussed below.

Figure 13. GPI-APs are exported from the ER by a specialized COPII machinery.
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This specialized machinery involves the transmembrane receptor p24 complex and the specific
COPII coat subunit Lst1, a paralog of Sec24 specifically required for GPI-AP ER export. In yeast,
the p24 complex is constituted by Emp24, Erv25, Erp1 and Erp2. In the ERES the p24 complex
forms a pre-budding complex connecting GPI-APs in the ER lumen with the cytosolic inner
COPII coat through specific interaction with Lst1, which forms a dimmer with Sec23. Once
stabilized on the membrane, the inner COPII coat Lst1/Sec23 acts as structural scaffolds for the
recruitment of the outer COPII coat Sec13/31p and thus subsequently lead to productive COPII
vesicle budding. Figure adopted from (Kinoshita, Maeda, and Fujita 2013).

Recognition of GPI-APs by the p24 complex is regulated by the remodeling of the glycan
portion of the GPI anchor. This remodeling process involves the removal of the initial
side-chain EtNP on the second Man of the GPI-glycan by the specific phosphodiesterase
Ted1 in yeast or PGAP5 in mammalian cells (Fig. 14) (Manzano-Lopez et al. 2015; Fujita
et al. 2009). It has been shown in yeast that the p24 complex binds GPI-APs as a lectin
by recognizing the remodeled GPI-glycan. Binding of remodeled cargo induces the p24
complex to specifically recruit Lst1 that forms the dimmer with Sec23. Once stabilized
on the membrane, the inner COPII coat Lst1/Sec23 acts as structural scaffolds for the
recruitment of the outer COPII coat Sec13/31p and thus subsequently lead to productive
COPII vesicle budding. Therefore, the recruitment of the COPII coat by the p24 complex
is not constitutive but instead is actively regulated by binding of remodeled cargos. Since
GPI-glycan remodeling takes place after protein attachment, this mechanism suggests that
COPII vesicle production is fine-tuned by the number of proteins that are correctly
anchored and ready for ER export. The existence of this type of regulatory mechanism
could help to better understand how the ER export can be adapted to different needs for
luminal cargo secretion, which occurs in many specialized secretory cells.
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Figure 14. GPI-anchor remodeling triggers the specialized COPII coat recruitment.
Remodeling of the GPI-glycan by Ted1 (removal of the black star) is required for the GPIanchored cargo to bind the p24 cargo receptor complex, which interacts directly with the
remodeled GPI-glycan. Binding to the remodeled GPI-AP might cause conformational change in
the p24 receptor (represented by a red star), triggering recruitment of the specific COPII coat
subunit Lst1 (shown in a complex with Sec23) and subsequent packaging of both p24 and GPIAP into COPII vesicles. Figure adopted from (Fromme 2015; Manzano-Lopez et al. 2015).

1.3.3. GPI-AP sorting upon export from the ER in yeast
At first, it was believed that all secretory proteins travel together in the same COPII
vesicles from the ER to the Golgi, from where they are sorted to their final destinations.
However diverse studies using biochemical and morphological approaches showed that
in yeast cells, GPI-APs are segregated from other secretory proteins, in particular other
plasma membrane proteins, already in the ER and subsequently incorporated into distinct
COPII vesicles (Fig. 15) (Muñiz, Morsomme, and Riezman 2001; Castillon et al. 2009).
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Figure 15. GPI-AP sorting during ER exit.
GPI-APs are segregated in the ER from transmembrane (TMD) plasma membrane proteins, and
subsequently incorporated into distinct ERES and COPII vesicles.

The determinants of this sorting process during ER export are unknown, but it has been
speculated that this mechanism might involve lipids, and specifically the structural
remodeling of the lipid moiety of the GPI anchor (Muñiz and Riezman 2016) (Fig. 15).
In yeast, GPI-lipid remodeling begins immediately after the GPI anchor is attached to the
nascent protein and occurs entirely in the ER (Pittet and Conzelmann 2007). It consists
of inositol deacylation (Tanaka et al. 2004) followed by replacement of the unsaturated
short fatty acid diacylglycerol chains (C18:1) with very long and more hydrophobic fatty
acid chains (C26:0) (Bosson, Jaquenoud, and Conzelmann 2006). Then, the C26
diacylglycerol lipid moiety is often replaced by the enzyme Cwh43 with ceramide that
contains also a very long saturated fatty acid (C26:0) (Fujita and Kinoshita 2012; Yoko
et al. 2018; Umemura et al. 2007; Ghugtyal et al. 2007) (Fig. 16). It has been proposed
that those GPI-APs destined to function at the plasma membrane undergo ceramide
remodeling by Cwh43, whereas those GPI-APs destined to be transferred to the cell wall
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after their shedding from the plasma membrane maintain the C26 diacylglycerol as GPIlipid moiety (Yoko et al. 2018). Therefore, the type of remodeled lipid moiety of GPIAPs (C26:0 diacylglycerol or C26:0 ceramide) could contribute to determine their final
destination in yeast, although the molecular basis for this is still unknown (Yoko et al.
2018).

Figure 16. GPI-AP biosynthetic pathway in yeast.
(1) GPI-APs receive the GPI anchor as a conserved posttranslational modification in the ER
lumen. (2) Immediately after attachment to the protein, an acyl-chain linked to inositol is
eliminated by Bst1. Then, an unsaturated fatty acyl chain in the sn2 position is removed by Per1,
and a very long saturated (C26:0) fatty acid is reacylated to the position by Gup1. (3). Many
fractions of lipid moieties in GPI anchors are further exchanged from diacylglycerol types to
ceramide types destined to remain in the plasma membrane. The reaction is mediated by Cwh43.
(4) Remodeled GPI-APs are transported from the ER to the plasma membrane via the Golgi
apparatus. Acyl-PI: acyl-phosphatidylinositol, pG1: Phosphatidylinositol, IPC: Inositolphosphoceramide, GlcN: Glucosamine, Man: mannose and EtNP: ethanolaminephosphate.

1.3.4. C26 ceramide synthesis at the ER and biophysical properties
In addition to the C26 ceramide incorporated by Cwh43 into the GPI anchor of GPI-APs
upon GPI-lipid remodeling, free C26 ceramide is also present in the ER membranes.
Indeed, ceramide is synthesized de novo in the ER, from where is delivered to the Golgi
to serve as the precursor of complex sphingolipids (Fig. 3). Yeast cells produce almost
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exclusively C26 ceramide. Biosynthesis of C26 ceramide is performed by two
homologous ER transmembrane enzymes Lag1 and Lac1, which transfer C26 fatty acids
from C26-coenzyme A onto the long chain base (LCB) dihydrosphingosine or
phytosphingosine (Fig. 17A). The sphingolipid hydroxylases Sur2 and Scs7 hydroxylate
in different positions the LCB and fatty acid moieties respectively (Grilley et al. 1998;
Haak et al. 1997) to yield five types of hydroxylated ceramides regarding the
hydroxylation state (Fig. 17B).

A

B

Figure 17. Ceramide synthesis pathway in yeast S. cerevisiae.
(A) Biosynthetic pathway of the yeast ceramides (Cers). Lag1 and Lac1 the main ceramide
synthases, homologous transmembrane proteins of the endoplasmic reticulum. Mutants that lack
both genes cannot produce ceramide and exhibit a striking synthetic growth defect. Cers are
classified into five types (A, B, B′, C, and D) according to the hydroxylation state. Sur2 is required
to produce Cer-B. Scs7 is required to produce Cer-B′ and -C. Hydroxylase involved in the
production of Cer-D remains unknown. All these five types of Cer are used as precursors for
complex sphingolipid (IPC, MIPC, and M(IP)2C) formation. (B) Summary table of the ceramide
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types according to the hydroxylation state. IPC: Inositolphospho-ceramide, MIPC: MannoseInositolphospho-ceramide, and M(IP)2C: Inositolphospho-mannosee-Inositolphospho-ceramide.
Figure adopted from (Otsu et al. 2020).

Once C26 ceramide is synthesized in the ER, it is mostly transported to the cis-Golgi by
COPII vesicles (Funato, Riezman, and Muñiz 2020) (Fig. 18) then converted in the
medial-Golgi to inositolphosphoceramides (IPC) by Aur1 and then mannosylated into
MIPC and M(IP)2C. A smaller proportion (20–30%) of ceramide is directly delivered to
the medial-Golgi via non-vesicular transport by Nvj2 (Liu et al. 2017).

Figure 18. Vesicular and non-vesicular transport of C26 ceramide from the ER to the
Golgi in yeast.
C26 ceramide is synthesized de novo in the ER, from where is mainly exported by COPII vesicles
for Golgi delivery to serve as the precursor of complex sphingolipids. PhyCer: Phytoceramide,
IPC: Inositolphospho-ceramide, MIPC: Mannose-Inositolphospho-ceramide, and M(IP)2C:
Inositolphospho-mannosee-Inositolphospho-ceramide. Figure adopted from (Funato, Riezman,
and Muñiz 2020).

Ceramides have unique biophysical properties. (Castro, Prieto, and Silva 2014; Alonso
and Goñi 2018). They are extremely hydrophobic and form an extensive hydrogen-bond
network due to the presence of H-bond donor and acceptor groups. These two properties
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confer to the ceramide the strong ability of segregating into ceramide-enriched domains
which display high organizational order (Sot et al. 2006; Veiga et al. 1999) and increase
the packing of the fluid phase (Silva et al. 2006). Evidence from artificial membranes
(Pinto et al. 2011) and cell studies (Pinto et al. 2014) has led to suggest that ceramideenriched domains might have gel phase-like properties under normal physiological
conditions (Castro, Prieto, and Silva 2014). Recent studies have shown that the acyl chain
length of ceramides directly impact on the biophysical properties of these domains, like
their packing, shape, size and thickness along the bilayer (Pinto et al. 2011; Zelnik et al.
2020). Therefore, it has been proposed that very long chain ceramide-enriched highly
ordered domains would significantly affect the diffusion rates of transmembrane proteins,
increasing the probability of the proteins interacting with one another and might also
impact in its transport along the secretory pathway. Furthermore, since ceramide forms
inverted cones, its local concentration in the membrane might affect the curvature of the
membrane, influencing the formation of budding vesicles. Because ceramides are made
in the ER, it has been suggested that they might be organized into specific ceramideenriched ordered domains in the ER membrane, which could regulate different ER
functions (Zelnik et al. 2020). Dysregulation of these domains would therefore lead to
detrimental consequences for cell physiology.

1.3.5. Hypothetical role of C26 ceramide in GPI-AP sorting from the ER
The unique biophysical properties of very long chain ceramides might have an important
impact on the ER secretory export of GPI-APs that acquire C26 ceramide upon GPI-lipid
remodeling by Cwh43. Indeed, GPI-anchor lipid remodeling is required for the isolation
of GPI-APs as DRMs (Fujita et al. 2006; Maeda et al. 2007; Castillon et al. 2011) which
has been proposed to reflect their association to ceramide-enriched domains, although
this interpretation of the experiments is highly questionable. Nevertheless, these results
clearly show that GPI-anchor lipid remodeling changes the physical properties of the GPIAPs and perhaps their functional association with the membrane. Interestingly, the
ongoing ceramide synthesis is specifically required for the ER exit of the C26 ceramidebased GPI-AP Gas1 (Horvath et al. 1994; Sütterlin et al. 1997) and, in turn, ceramide
conversion to inositolphosphoceramide (IPC) at the Golgi depends on the GPI anchor
synthesis (Kajiwara et al. 2008), suggesting that C26-based GPI-APs and membrane C26
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ceramides transport to the Golgi is interdependent. Furthermore, biophysical studies with
artificial membranes suggest that very long acyl chain ceramides can coalesce to form
ordered domains with unique physical properties (Pinto et al. 2011; Silva et al. 2006).
These data have led to the hypothesis that GPI-APs with C26 ceramide and C26 ceramide
present at the ER membrane can exploit their physical properties to coalesce into ordered
domains or regions in the relatively disordered lipid environment of the ER membrane,
which is comprised of mostly shorter and unsaturated glycerolipids (C16:1 and C18:1)
(Fig. 19A) (Melero et al. 2018; Funato, Riezman, and Muñiz 2020). The formation of
these domains would laterally segregate C26 ceramide-based GPI-APs from
transmembrane secretory proteins at the ER membrane. Finally, segregated C26
ceramide-based GPI-APs and membrane C26 ceramides would be then selectively
concentrated at specific ERES from where they can enter into specialized COPII vesicles
for Golgi delivery (Muñiz and Riezman 2016) (Fig. 19B).
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Figure 19. Working hypothesis: Very long chain saturated ceramide (C26:0) drives GPI-AP
clustering and sorting upon exit from the ER.
(A) Based on previous evidence we propose an ER sorting model by which the acquisition of C26
ceramide upon GPI-lipid remodeling generates a hydrophobic mismatch in the ER membrane
leading to the GPI-AP clustering in ceramide-rich ordered domains. (B) This C26 ceramidedependent clustering would segregate GPI-APs from transmembrane secretory cargo proteins
(TM) and sort them into selective ERES and COPII vesicles.

1.4. Super-resolution confocal live imaging microscopy (SCLIM)
The main goal of this thesis is to directly test the hypothetical ceramide-based mechanism
by which very long chain ceramide could drive sorting of GPI-APs into specific ERES
distinct from those used by transmembrane plasma membrane proteins during ER export
(Fig. 19). However, live cell visualization of cargo protein incorporation into ERES is a
technical challenge, and a special non-conventional system of microscopy is required to
do so. The advancement of super-resolution imaging technologies has significantly
extended microscopy to the nanoscale dimensions, making it possible for the study of
cellular structures at the length scale that is smaller than the wavelength of light
(Jacquemet et al. 2020; Galbraith and Galbraith 2011). However, this powerful
technology is still limited by the highly dynamic nature of membrane trafficking
processes. In this thesis we have overcome this major limitation by taking advantage of a
novel microscopy technology that provides amazingly high-speed live cell imaging at
high space resolution (Fig. 20). This technology, termed Super-resolution confocal live
30

INTRODUCTION
imaging microscopy (SCLIM) (Kurokawa et al. 2013; Kurokawa et al. 2019) has been
developed by the laboratory of Akihiko Nakano in RIKEN Center for Advanced
Photonics (Japan), with whom we have established a fruitful collaboration. SCLIM
exploits the cutting edge of the light microscopy enabling live imaging of highly dynamic
membrane trafficking events at extremely high resolutions both in space and time. It is
based on the combination of a high-speed spinning-disk confocal scanner and a highspeed, high-signal-to-noise-ratio, and ultrahigh-sensitivity camera system. The highresolution is achieved by a novel mathematical image-processing method providing
spatial resolution far beyond the diffraction limit. The spatiotemporal resolutions are
superior so that can be tracked the 4-dimensional behaviors of individual structures of 70
nm diameter in a living cell. Other methods of super-resolution light microscopy
(stochastic optical reconstruction microscopy (STORM), photo-activated localized
microscopy (PALM) or stimulated emission depletion (STED)) have been developed and
applied to observe intracellular events, but at the moment most of them require a
considerable time for measurement. SCLIM has a clear advantage in speed and is very
suitable for live imaging. Completely simultaneous multicolor observation is also an
exclusive advantage of SCLIM and will be extremely powerful to dissect many events
involving directional movement between membrane-bound compartments (Kurokawa et
al. 2013; Kurokawa et al. 2019).
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Figure 20. Super-resolution Confocal Live Imaging Microscopy (SCLIM).
The SCLIM developed by A. Nakano (RIKEN) provides high-speed live cell imaging at high
space resolution to observe highly dynamic membrane trafficking events in 4D. Figure from
(http://sclim.riken.jp/en/index.html).
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compartmentalization and homeostasis. In addition to the 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. However, direct in
vivo evidence for this possible lipid-based mechanism is still lacking.
This thesis aimed to address whether and how lipids act as determinants of protein sorting
in membrane trafficking. For this purpose, we have investigated in yeast the molecular
mechanism by which glycosylphosphatidylinositol (GPI)-anchored proteins, a diverse
class of proteins having a very long and saturated lipid moiety linked to the membrane,
are separated from transmembrane secretory proteins in the ER to be subsequently
packaged into distinct COPII-coated vesicles. To directly address this differential ER
export of GPI-AP we take advantage of SCLIM technology, 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.
The hypothetical model of lipid-based protein sorting upon exit the ER was addressed
through the following specific aims:
1. To optimize a genetic cell system that allows SCLIM simultaneous in vivo
visualization of the entry of newly synthesized GPI-APs and transmembrane
cargos into ERES.
2. To examine the ER sorting of GPI-APs by SCLIM.
3. To test the hypothesis that very long acyl chain ceramide (C26) drives the ER
sorting of GPI-APs.
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3.1. Optimization of a genetic system for in vivo and simultaneous
visualization by SCLIM of the entry of newly synthesized GPIAP and transmembrane cargos into ERES
In order to analyze the ER sorting of GPI-APs, we adapted to the SCLIM technology
(Super-resolution Confocal Live Imaging Microscopy), a genetic system that allows in
the yeast Saccharomyces cerevisiae in vivo and simultaneous observation of the entry of
newly synthesized cargos into ERES. As cargos, we chose the C26 ceramide-based GPIAP Gas1 labelled with GFP and the transmembrane secretory protein Mid2 labelled with
iRFP, both of which are plasma membrane resident proteins (Rolli et al. 2009; Philip and
Levin 2001). These two cargos were co-expressed under a galactose inducible promoter
to ensure visualization of newly synthesized cargos at the ER. Co-expression of these two
cargos was induced in the sec31-1 temperature-sensitive mutant strain constitutively
expressing the COPII outer coat protein Sec13 tagged with mCherry as ERES marker
(Kurokawa, Okamoto, and Nakano 2014). At the restrictive temperature (37ºC), the
newly synthesized cargos are accumulated at the ER because sec31-1 mutation affects
the function of the COPII outer coat component Sec31, inhibiting COPII-coated vesicle
budding and ER export. Upon shift-down to low temperature (24ºC), sec31-1 mutant cells
are restored from the secretory block and the accumulated newly synthesized cargo
initiates export from the ER by accessing to the ERES. Thus, after ER block release, we
can simultaneously image by SCLIM the incorporation into the ERES labelled with
Sec13-mCherry of the two types of newly synthesized fluorescent-tagged cargos, the C26
ceramide GPI-AP Gas1-GFP and transmembrane plasma membrane protein Mid2-iRFP
(Fig. 21). 2D optical sections are collected and processed to generate high-resolution 3D
cell hemisphere images.
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Figure 21. Genetic system to visualize newly
synthesized cargo incorporation into ERES.
(1) The fluorescent GPI-AP Gas1-GFP (green) and the
transmembrane protein (TMP) Mid2-iRFP (blue) are
co-expressed under the control of galactose promoter,
together with the constitutive ERES marker Sec13mCherry (magenta) in the sec31-1 temperaturesensitive (ts) mutant strain. (2) Newly synthesized
cargos are accumulated at the ER by incubating at
restrictive temperature the ts COPII mutant allele sec311 which at 37ºC cannot form COPII vesicles in the
ERES. (3) ER export is restored by shifting-down to
permissive temperature (24ºC) and incorporation of the
two different types of cargos into ERES can be
simultaneously visualized by SCLIM.

SEC13/31

3.2. Newly synthesized C26 ceramide-based GPI-APs are segregated
from transmembrane cargos by forming clusters associated to
specific ERES
We first applied the SCLIM technology to further define how normal yeast GPI-APs
having C26 ceramide moieties are sorted from transmembrane secretory proteins upon
exit from the ER. SCLIM visualization showed that after incubation at 37ºC and
subsequent release at 24ºC for 5 min, most of newly synthesized Gas1-GFP and Mid2iRFP still remain accumulated in the ER of sec31-1 mutant cells (Fig. 22). They presented
different distribution patterns. Whereas Mid2-iRFP was distributed throughout the ER
membrane, Gas1-GFP was concentrated and clustered into discrete ER membrane regions
(Fig. 22A, B, C). Furthermore, clusters of Gas1-GFP were devoid of Mid2-iRFP (Fig
22D). Therefore, these results indicate that transmembrane secretory proteins and GPIAPs are segregated early into distinct ER membrane domains. Remarkably, Gas1-GFP
clusters were adjacent to specific ERES labelled with the COPII outer coat protein Sec13
tagged with mCherry (Fig. 22E, F).
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Figure 22. 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-based GPI-AP Gas1-GFP (GPI-AP, green) and the transmembrane plasma membrane
protein Mid2-iRFP (TMP, blue), and the constitutive COPII outer coat protein Sec13-mCherry as
ERES marker (ERES, magenta) were incubated at 37ºC for 30 min and then shifted down to 24ºC
and imaged by SCLIM after 5 min. (A-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 μm (A, B). Scale unit 0.551 µm (C). Gas1-GFP (green)
was detected in discrete ER zones or clusters whereas Mid2-iRFP (blue) was detected distributed
throughout the ER membrane (C). (D) Graphs show relative fluorescence intensities of Gas1GFP (green) and Mid2-iRFP (blue) along the white arrow lines in the Gas1-GFP clusters (left
panel). (E, F) Representative merged 3D images of cargo and ERES markers are shown. Scale
unit 0.551 µm. Gas1-GFP (Green) was detected in discrete ER zones or clusters adjacent to
specific ERES. (F) The white filled arrowheads mark Gas1-GFP clusters associated to ERES.
Middle panel shows a merged enlarged 3D image of selected Gas1-GFP clusters marked in (F).
Right panel shows the same enlarged image as in the middle panel but rotated to better see how
the right Gas1-GFP cluster associates with the adjacent ERES.

3.3. 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, different from the ones used by Mid2-iRFP
to exit the ER. To address this possible sorting event, we exploited the ability of SCLIM
technology to detect only the cargo present in the ERES. This system allowed us to
analyze and quantify the proportion of ERES in which only one type of cargo or both are
present (Fig. 23). We found that most of the ERES (70%) exclusively contained only one
type of cargo. Lower panels of Fig. 23C 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. Interestingly, some ERES
(10%) were found containing both cargos, but they segregated in clearly distinct areas.
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. 23D). This
sorting efficiency agrees well with previous biochemical (Muñiz, Morsomme, and
Riezman 2001) and morphological determinations (Castillon et al. 2009). Moreover, we
could also observe the behavior of segregated cargos during their entry in ERES (Fig.
39

RESULTS
23E). As shown in Fig. 23E, only a small portion of Gas1-GFP (panel 3) or Mid2-iRFP
(panel 4) enters the ERES from one side and is confined in a discrete region of the ERES.
Interestingly, Gas1-GFP and Mid2-iRFP were occasionally found in the same ERES
(panel 5) but entered from different sides and concentrated in separated regions that might
represent distinct COPII vesicles.
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Figure 23. Newly synthesized C26 ceramide-based GPI-APs and transmembrane cargos are
recruited to different ERES.
sec31-1 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 37ºC for 30 min and then shifted down to 24ºC for releasing secretion block and
imaged by SCLIM after 20 min. (A) Representative merged or individual 2D projection images
(of 10 z sections) of cargo and ERES markers are shown. Scale bar, 1 μm. (B) Upper panels show
representative merged or individual 3D cell hemisphere images of cargos and ERES marker.
Lower panels show the same images as that in the upper panels but processed to display only the
cargo (Gas1-GFP, grey, and Mid2-iRFP, light blue) present in the ERES (Sec13-mCh, magenta).
Scale unit, 0.456 µm. (C) Representative merged 3D image processed as in the lower panel in
(B). The open arrowheads mark ERES with just one cargo (1-4). The grey filled arrowheads mark
ERES containing segregated cargos (5). The white filled arrowhead marks one ERES containing
colocalizing cargos. Lower panels show processed merged or individual enlarged 3D images of
selected ERES marked in (C). These panels show individual ERES containing only Gas1-GFP
(1) or Mid2-iRFP (2) respectively. Scale bar, 100 nm. (D) Quantification of several micrographs
described in (C). The graph plots the 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 indicate the SD. Statistics: two-tailed, unpaired t-test. ***P
= 0.0002. (E) Panels show merged or individual enlarged 3D images of selected ERES marked
in (C). Panels 3 and 4 show that either Gas1-GFP (green) or Mid2-iRFP (blue) enters ERES
(magenta) from one side and is confined in a small zone within the ERES. Panel 5 shows that
Gas1-GFP (green) and Mid2-iRFP (blue) occasionally approach the same ERES (magenta) but
from different sides and are restricted to segregated zones within the ERES. Scale bar, 100 nm.

We also confirmed that the observed segregation and sorting of the C26 ceramide-based
GPI-AP Gas1 into selective ERES is specific since another transmembrane secretory
cargo, the plasma membrane protein Axl2 tagged with GFP (Roemer et al. 1996), showed
a similar behavior to Mid2-iRFP (Fig. 24). Newly synthesized Axl2-GFP distributed
through the ER membrane like Mid2-iRFP (Fig. 24A, B) and colocalized with Mid2iRFP in the majority of ERES (Fig. 24B, C, D). Panels 1 and 2 of Fig. 24C show two
typical examples of ERES with both transmembrane cargos overlapping. In these cases,
both cargos entered together into the ERES (Fig. 24E, panel 3).
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Figure 24. Different transmembrane cargos are recruited to the same ERES.
sec31-1 cells expressing galactose-inducible transmembrane secretory cargos, Axl2-GFP (TMP,
green) and Mid2-iRFP (TMP, blue), and constitutive ERES marker Sec13-mCherry (ERES,
magenta) were incubated at 37ºC for 30 min and then shifted down to 24ºC for releasing secretion
block and imaged by SCLIM after 20 min. (A) Representative merged or individual 2D projection
images (10 z sections) of cargo and ERES markers are shown. Scale bar, 1 μm. (B) Upper panels
show representative merged or individual 3D cell hemisphere images of cargos and ERES marker.
Lower panels show the same images as that in upper panels but processed to display only the
cargo (Axl2-GFP, yellow, and Mid2-iRFP, light blue) present in the ERES (Sec13-mCh,
magenta). Scale unit, 0.450 μm. (C) Representative merged 3D image processed as in the lower
panel in (B). The white filled arrowheads mark ERES with overlapping cargo. The open
arrowheads mark ERES containing only one cargo. Right panels show processed merged or
individual enlarged 3D images of selected ERES with overlapping cargos marked in (C). Scale
bar, 100 nm. (D) Quantification of several micrographs described in (C). The graph plots the
average percentage of ERES 15 containing only one cargo, segregated cargos and overlapping
cargos in sec31-1 expressing Gas1- GFP and Mid2-iRFP, or Axl2-GFP and Mid2-iRFP. n = 432
in 54 cells (Gas1-GFP and Mid2-iRFP) and n = 310 in 41 cells (Axl2-GFP and Mid2-iRFP) in
three independent experiments. Error bars indicate the SD. Statistics: two-tailed, unpaired t-test.
***P = 0.0002 (Gas1-GFP and Mid2-iRFP) and ****P < 0,0001 (Axl2-GFP and Mid2-iRFP).
(E) The panel 4 displays merged or individual enlarged 3D images of a selected ERES marked in
(C), which shows that Axl2-GFP (green) and Mid2-iRFP (blue) approach the same ERES
(magenta) from the same side and stay in the same restricted zone within the ERES. Scale bar,
100 nm.

3.4. The cellular membranes of GhLag1 strain contain shorter C18C16 ceramide while Gas1-GFP still has C26 ceramide as normal
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
ceramide synthases Lag1 and Lac1 were replaced by GhLag1, the Lag1 homologue from
cotton, resulting in a yeast strain that produces cellular membranes with shorter ceramides
than the wild-type strain (Epstein et al. 2012). Lipidomic analysis performed in
collaboration with Riezman Lab (University of Geneva) showed that GhLag1 expression
specifically affected to the sphingolipid species but not to other lipids such as
glycerolipids (Fig. 25A). Focusing on ceramides species, we observed that while in wildtype strain 95% of total ceramide is very long (C26) chain ceramide, in GhLag1 85% is
long (C18 and C16) and only 2% very long (C26) chain ceramide (Fig. 25B). In addition
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to a shorter acyl chain, the lipidomic analysis also revealed that ceramides generated in
the GhLag1 are less hydroxylated than the wild-type. While the wild-type strain produces
mainly hydroxy-phytoceramide- C (PHC-C), where the sphingoid base and the acyl chain
of the ceramide are hydroxylated (Fig. 25C), in GhLag1 strain the major ceramide form
is phytoceramide- B (PHC-B), where only the sphingoid base is hydroxilated (Fig. 25C).
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Figure 25. In GhLag1 strain, sphingolipids are the main lipid class affected in cellular
membrane, mostly containing shorter (C18-C16) and less hydroxylated ceramides than the
wild-type.
(A) Volcano plot representation of sphingolipid and glycerophospholipid changes in GhLag1
cells. Significant differences are considered for values of the x axis {𝑥: −5 ≥ 𝑥 ≥ 5} and y axis
(𝑦 > 2). The Fold change value was calculated using the ratio between the means of GhLag1
strains/wild-type (Being the mean the relative lipids concentrations of each specie) (n=3). Log 2
of the fold change in the x axis and the -log10 p-value in the y axis. False positives are removing
using the Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with Q=1%.
(B) The graph shows the acyl chain length analysis by mass spectrometry of ceramides present in
the cellular membranes of wild-type and GhLag1 strains. Data are presented as the percentage of
the total ceramides. Mean of 3 independent experiments are shown. Error bars indicate the SD.
Statistics: two-tailed, unpaired t-test. **** P<0.0001. (C) The graph shows the analysis by mass
spectrometry of ceramides species present in cellular membranes of wild-type and GhLag1 strains
DHC-A: Dihydroceramide-A, DHC-B´: Dihydroceramide-B´, PHC-B: Phytoceramide-B, PHCC: Phytoceramide-C, PHC-D: Phytoceramide-D.

Even though C18 and C16 ceramides are by far the major ceramides detected in GhLag1
membranes, the mass spectrometry analysis also determined that the GPI anchor of Gas1GFP expressed in GhLag1 strain contains C26 ceramide, the same lipid, as in wildtype
(Fig. 26A) (Yoko et al. 2018). 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 (Fig.
26B. Collaboration with Funato Lab at the University of Hiroshima) (Bosson et al. 2009).
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
protein clustering and sorting.

47

RESULTS

A

B

Figure 26. In GhLag1 strain the GPI anchor still has C26 inositolphosphoceramide (IPC)
as in wild-type cells, incorporated into the GPI anchors by the ceramide remodelase Cwh43.
(A) The graph shows the acyl chain length analysis by mass spectrometry of IPCs present in the
GPI anchor of Gas1-GFP (GPI-IPC) expressed in wild-type and GhLag1p strains. Data are
presented as the percentage of the total signals of complex sphingolipid species. Mean and SD of
5 independent experiments are shown. Error bars indicate the SD. Statistics: two-tailed, unpaired
t-test. ns P=0.9134. (B) Wild-type, GhLag1, cwh43Δ and GhLag1 cwh43Δ strains were labeled
with [3H] myo-inositol for 2 h at 25ºC. The labeled PI moieties were prepared from GPI-APs and
analyzed by thin-layer chromatography using the solvent system (55:45:10 chloroform-methanol0.25% KCl). Lipids extracted from wild-type cells (free lipids) were used as a standard. pG1,
phosphatidylinositol with a C26:0 fatty acid in sn-2 position; IPC, inositolphosphorylceramide.
PI, phosphatidylinositol.
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3.5. ER clustering of C26 ceramide-based GPI-APs requires the
presence of C26 ceramides in the membrane and interaction with
the p24 complex receptor trough the GPI-glycan
We first investigated by conventional fluorescence microscopy the capacity of C26 Gas1GFP to aggregate into clusters in the GhLag1 strain bearing the sec31-1 temperaturesensitive mutant allele in which mainly long (C18-C16) chain ceramides are present in
the ER membrane (Fig. 27). 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 (Fig. 27 A, B). However, we had found that membrane ceramides from the
GhLag1 strain, in addition to have a shorter acyl chain, are also less hydroxylated than in
wild-type strain. Thus, to determine if the clustering defect of sec31-1 GhLag1 cells is
only caused by the reduction of the ceramide acyl chain length, we analyzed the
contribution of ceramide hydroxylation to the ER clustering of Gas1-GFP. Sur2 and Scs7
are the responsible enzymes for hydroxylation of the sphingoid base and the acyl chain
of ceramide, respectively. We constructed double mutants combining deletions of these
individual enzymes with the sec31-1 mutant strain and examined if they can form Gas1GFP clusters. We observed that in both sec31-1 sur2Δ and sec31-1 scs7Δ, Gas1-GFP was
clustered like in sec31-1 (Fig 27 A, B). This result necessarily implies that the Gas1-GFP
clustering defect observed in sec31‐1 GhLag1 is caused by a reduction of the length of
the acyl chain of ceramides, but not because their reduced hydroxylation level. Therefore,
taken together, these experiments show that the presence of C26 ceramide in the
membrane is critical for the formation of clusters of C26 ceramide-based GPI-APs at the
ER (Fig. 27).
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Figure 27. ER clustering of C26 ceramide-based GPI-APs requires the presence of C26
ceramides in the membrane and it is not affected by the hydroxylation status of membrane
ceramide.
(A) Fluorescent micrographs of live sec31-1, sec31-1 GhLag1, sec31-1 sur2Δ, sec31-1 scs7Δ and
cells expressing galactose-inducible Gas1-GFP were incubated at 37ºC for 30 min and then
visualized by conventional fluorescence microscopy after shifting down to 24ºC. The white
arrowheads indicate clustered Gas1-GFP. The open arrowheads indicate unclustered Gas1-GFP
distributed throughout the ER membrane showing the ER-characteristic nuclear ring staining. The
scale bar represents 5 µm. Raw images. (B) Quantiﬁcation of several micrographs described in
(B). The graph plots the average percentage of the cells, for which Gas1-GFP is found in dot-like
structures. n ≥ 180 cells in three independent experiments. Error bars indicate the SD. Statistics:
two-tailed, unpaired t-test. ***P = 0.0003

Precisely because C26 ceramide-based clustering occurs intimately associated to specific
ERES (Fig. 22), we next investigated whether this process might also involve the function
of the ER export protein machinery. Indeed, GPI-APs use a specialized COPII system for

50

RESULTS
ER export which is actively regulated by the structural remodeling of the glycan part of
the GPI anchor by Ted1 (Fujita et al. 2009; 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 isoform of the major COPII cargo binding
subunit Sec24 required to form COPII vesicles enriched in GPI-APs (Fig. 14) (ManzanoLopez et al. 2015; Castillon et al. 2011; Miller et al. 2003). 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 if they can form clusters of Gas1-GFP. We observed
that in both sec31-1 emp24Δ and sec31-1 ted1Δ, Gas1-GFP was mainly unclustered and
distributed throughout the ER membrane as seen previously for sec31‐1 GhLag1, whereas
in sec31-1 lst1Δ, Gas1-GFP was clustered like in sec31-1 (Fig. 28 A, B).

A

B

Figure 28. ER clustering of C26 ceramide-based GPI-APs requires, in addition to C26
membrane ceramides, the interaction with the p24 complex receptor trough the GPI-glycan.
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(A) Fluorescent micrographs of live sec31-1, sec31-1 GhLag1, sec31-1 emp24Δ, sec31-1 ted1Δ
and sec31-1 lst1Δ cells expressing galactose-inducible Gas1-GFP were incubated at 37ºC for 30
min and then visualized by conventional fluorescence microscopy after shifting down to 24ºC.
The white arrowheads indicate clustered Gas1-GFP. The open arrowheads indicate unclustered
Gas1-GFP distributed throughout the ER membrane showing the ER-characteristic nuclear ring
staining. The scale bar represents 5 µm. Raw images. (B) Quantiﬁcation of several micrographs
described in (A). The graph plots the average percentage of the cells, for which Gas1-GFP is
found in dot-like structures. n ≥ 300 cells in three independent experiments. Error bars indicate
the SD. Statistics: two-tailed, unpaired t-test. **** P<0.0001.

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.

3.6. C26 ceramide-based clustering does not entail differential
protein interactions with the specialized ER export protein
machinery
We then addressed the possibility that the acyl chain length of the ceramide in the ER
membrane could regulate the p24 binding of Gas1-GFP through the GPI-glycan. First,
we isolated the GPI-glycan from Gas1-GFP expressed in GhLag1 strain for subsequent
mass spectrometry glycan analysis by Miyako Nakano Lab (University of Hiroshima).
We found that the presence of shorter C18-C16 ceramide in the membrane does not affect
the GPI-glycan remodeling (Fig. 29). Furthermore, we observed that the presence of
shorter C18-C16 ceramide in the membrane neither affects the ability of the p24 complex
to bind and export GPI-APs from the ER nor to recruit the specialized COPII subtype
Lst1 (Fig. 30). 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.
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Figure 29. The GPI-glycan of Gas1-GFP is normally remodeled in the GhLag1 strain as in
wildtype.
The table shows the percentage of different GPI-glycan structures found in Gas1-GFP
immunoprecipitated from wild-type and GhLag1 cells. The relative abundance (%) of each GPIglycan was calculated from the peak intensity of monoisotopic masses of each GPI-glycan in
extracted ion chromatogram using Xcalibur software ver. 2.2. (Thermo Fisher Scientific). These
structures contain GPI peptides (KN) bearing hexosamine (glucosamine) attached to Man1 as
reported previously ((Fujita et al. 2009).
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Figure 30. C26 ceramide-based clustering does not entail differential interactions of the
components of the specialized GPI-AP ER export machinery.
(A) Analysis of the specific requirements for Gas1 transport in GhLag1 strain. ER-to-Golgi
transport of Gas1 expressed in the strain GhLag1 requires the activities of the ceramide
remodelase Cwh43, the GPI-glycan remodelase Ted1 and the cargo receptor p24 complex
because cwh43Δ GhLag1, ted1Δ GhLag1 and emp24Δ GhLag1 mutant cells accumulate the
precursor ER form of Gas1. Such requirements indicate that, in GhLag1 cells, Gas1 is remodeled
with ceramide and exported from the ER by the p24 complex trough the remodeled GPI-glycan.
Western blot analysis for Gas1 of cell extracts prepared from wild-type and GhLag1 strains
bearing different deletions. ER (p) and Golgi (m) Gas1 forms are indicated. (B) Coimmunoprecipitation (IP) assay between Gas1-GFP and the p24 complex subunit Emp24. Gas1GFP expressed in GhLag1 strain is specifically recognized by the p24 complex in a Ted1dependent manner. This physical interaction is specific because Pgk1, an unrelated cytosolic
protein, is not recovered after Gas1-GFP IP. Enriched ER fractions of wildtype and GhLag1
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strains without and with ted1Δ deletion expressing Gas1-GFP were solubilized and analyzed by
native immunoprecipitation (IP) with anti-GFP antibody followed by immunoblotting (IB) with
anti-Emp24 and anti-Pgk1 antibodies. Totals (T) represent a fraction of the solubilized input
material. (C) Crosslinking assay between Lst1-mCherry and Emp24-CFP. Lst1-mCherry is
efficiently recruited by the p24 complex in GhLag1 strain. Extracts of wild-type and GhLag1
strains expressing Emp24-CFP and Lst1-mCherry were incubated with (+) and without the
crosslinker DSP, solubilized, and immunoprecipitated with anti-GFP antibody, followed by IB
with anti-mCherry and Pgk1 antibodies. Totals (T) represent a fraction of the solubilized input
material.

3.7. Ceramides are enriched around the cytosolic portion of the
transmembrane helix of the p24 protein Emp24
Prompted by the fact that both p24 receptor and C26 membrane ceramides are required
for ER clustering of C26 Gas1-GFP, we have investigated using molecular dynamics
(MD) simulations in collaboration with Vanni Lab (University of Fribourg) whether the
p24 protein Emp24 can interact with C26 ceramide. Indeed, the transmembrane helix of
the Emp24 human homologue TMED2, has been shown to selectively interact with the
C18 ceramide-based sphingolipid sphingomyelin in the cytosolic leaflet trough a
VxxTLxxIY amino acid motif (Contreras et al. 2012). Using molecular dynamics (MD)
simulations, 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. 31). This suggests that the transmembrane helix of Emp24 can cause an asymmetric
distribution of lipids in the membrane.
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Figure 31. Ceramides are enriched around the cytosolic portion of Emp24 TM.
(A) Molecular dynamics (MD) simulation. Representative snapshot of the lateral view of the lipid
bilayer system, containing DOPC (gray) and ceramide (red) with the Emp24 transmembrane
(TM) domain (yellow) spanning the bilayer. (B) Quantitative analysis of the distribution of
ceramide C18 (Cer C18) or C26 (Cer C26) around the Emp24 TM in the luminal leaflet (upper
graph) or in the cytosolic leaflet (lower graph) of DOPC:Cer bilayers, resulting from the MD
simulations. The graphs plot the Depletion-Enrichment (D-E) factor which indicates ceramide
depletion around the Emp24 TM for values below 1 or ceramide enrichment for values above 1.
The D-E analysis shows that both C18 and C26 ceramides are depleted around the luminal portion
of Emp24 TM but enriched with similar preferences around the cytosolic portion of Emp24 TM.
The cartoons represent the D-E analysis for each considered membrane leaflet (DOPC gray,
ceramides red). (C) Representative snapshot of the top view of the lipid bilayer system (cytosolic
side), containing DOPC (gray), ceramide (red) and Emp24 TM (yellow). The black ring
represents the outermost radius of Emp24 and it indicates the position of the protein in the
simulations/analysis. (D) Top view D-E map for Cer18 or Cer26 around the Emp24 TM (black
ring) in the cytosolic leaflet of DOPC:Cer bilayers, resulting from the MD simulations. The maps
are obtained as average over 4 replicas.

3.8. Decreasing the acyl chain length of membrane ceramide from
C26 to C18-C16 reroutes C26 ceramide-based GPI-APs to exit
the ER with transmembrane proteins via the same ERES
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 towards the plasma membrane
(Fig. 32).
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Figure 32. Gas1-GFP is exported from the ER towards the plasma membrane in GhLag1
strain.
Gas1-GFP localizes at the plasma membrane of GhLag1 cells. Live images of wild-type and
GhLag1 cells expressing Gas1-GFP at 24ºC. The scale bar, 5 μm.

We reasoned that if sorting is driven by ceramide acyl chain length, Gas1 in GhLag1
strain could then be rerouted towards 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. 33).
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Figure 33. 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 37ºC for 30 min and then shifted down to 24ºC for releasing secretion
block and imaged by SCLIM after 20 min. (A) Representative merged or individual 2D projection
images (10 z sections) of cargo and ERES markers are shown. Scale bar, 1 μm. (B) Upper panels
show representative merged or individual 3D cell hemisphere images of cargos and ERES marker.
Lower panels show the same images as that in upper panels but processed to display only the
cargo (Gas1-GFP, grey, and Mid2-iRFP, light blue) present in the ERES (Sec13-mCh, magenta).
Scale unit, 0.45 µm. (C) Representative merged 3D image processed as in the lower panel in (B).
The white filled arrowheads mark ERES with overlapping cargo. The open arrowheads mark
ERES containing only one cargo. Right panels show processed merged or individual enlarged 3D
images of selected ERES with overlapping cargos marked in (C). Scale bar, 100 nm. (D)
Quantification of several micrographs described in (C). The graph plots the 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 indicate the SD.
Statistics: two-tailed, unpaired t-test. ***P = 0.0002 (sec31-1) and **P = 0.0031 (sec31-1
GhLag1). (E) The panel 3 displays merged or individual enlarged 3D images of a selected ERES
marked in (C), which show that Gas1-GFP (green) and Mid2-iRFP (blue) approach the ERES
(magenta) from the same side and stay in the same restricted zone within the ERES. Scale bar
100 nm.

After ER retention at 37ºC and subsequent release at 24ºC, most of newly synthesized
Gas1-GFP was unclustered and distributed throughout the ER membrane as observed by
conventional microscopy (Fig. 33A, B). Furthermore, a large percentage of ERES (67%)
included both cargos co-localizing within them (Fig. 33D). Panels 1 and 2 of Fig. 13C
show two typical examples of ERES with overlapping Gas1-GFP and Mid2-GFP.
Moreover, both cargos were recruited into the same ERES (Fig. 33E, panel 3). Therefore,
our findings demonstrate that ceramide acyl chain length in the ER membrane is an
essential determinant for ER protein clustering and sorting.
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4.1. Ceramide chain length-dependent protein sorting into selective
ERES
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 cuttingedge microscopy technology called super-resolution confocal live imaging microscopy
(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 to specific ERES, whereas transmembrane
secretory proteins distribute throughout the ER membrane (Fig. 22). Moreover, these two
types of cargos selectively entered into different ERES (Fig. 23). Decreasing the acyl
chain length of cellular ceramide in the membrane from C26 to C18-C16 disrupted Gas1GFP clustering into the discrete ER regions and Gas1-GFP was rerouted to exit the ER
with transmembrane proteins via the same ERES (Fig. 33).
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 specialization (Fig. 30). Instead, our findings support an alternative
sorting mechanism driven by lipid-based protein clustering and consequent exclusion of
other cargos. Our observation that Gas1-GFP zones or clusters associated to specific
ERES are devoid of the transmembrane 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 (Fig. 22 and 23). By contrast, the presence of C18C16 ceramides in the ER membrane does not cause GPI-APs to form zones or clusters
and, thus, they would not exclude or displace transmembrane secretory proteins from
accessing the same ERES (Fig. 28 and 33). Therefore, we propose that C26 ceramide
drives segregation and sorting by promoting protein clustering linked to specific ERES
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4.2. Potential mechanism of ceramide chain length-dependent
protein sorting
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 unsaturated glycerolipids (Pinto
et al. 2011; Silva et al. 2006). These small and transient clusters could further coalesce
into larger and more stable clusters upon binding with the p24 complex (Kusumi,
Koyama-Honda, and Suzuki 2004). Consistent with this, we show that C26 Gas1-GFP
needs to interact with the p24 complex to form large visible clusters (Fig. 28). The p24
complex is a hetero-oligomer consisting of four different p24 transmembrane proteins in
yeast (Marzioch et al. 1999), providing multivalent binding that could lead to the
crosslinking of small GPI-AP clusters generating larger stabilized clusters (Kusumi,
Koyama-Honda, and Suzuki 2004). Interactions between the protein ectodomains of GPIAPs could also contribute to their clustering as shown during their Golgi transport in
mammalian polarized epithelial cells (Paladino et al. 2004). 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 remodel membranes by promoting high
curvature and membrane bending by interdigitation (Pinto et al. 2011; Zelnik et al. 2020;
Ventura et al. 2020). Using molecular dynamics (MD) simulations, we found that both
C18 and C26 ceramides accumulate around the cytosolic leaflet of the transmembrane
helix of the p24 protein Emp24, and that they do so with similar preferences (Fig. 31).
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 (Noemi
Jiménez-Rojo et al. 2019; N. Jiménez-Rojo et al. 2020). Therefore, we speculate that local
enrichment of C26 ceramides in both leaflets of the ER membrane, 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
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clustering and membrane curvature generation by interdigitation (Sorre et al. 2009),
leading to GPI-AP segregation into discrete zones next to ERES, which also prefer highly
curved zones of the ER membrane (Okamoto et al. 2012). In GhLag1 cells, lack of
interdigitation of shorter C18-C16 membrane ceramides prevents ER membrane bending
and GPI-AP clustering and segregation from transmembrane secretory proteins. This
proposed mechanism is supported by previous studies (Iwabuchi et al. 2008; Sych, Mély,
and Römer 2018). 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 membrane deformation and
internalization (Sych, Mély, and Römer 2018). Remarkably, Iwabuchi et al. found that
multivalent ligand binding to the GSL lactosylceramide (LacCer) 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 (Iwabuchi et al. 2008).

Figure 34. Decreasing the acyl chain length of cellular ceramide in the membrane from C26
to C18-C16 disrupted GPI-APs clustering into the discrete ER zones and GPI-APs is
rerouted to exit the ER with transmembrane proteins (TMPs) via the same ERES.
(A) In wild-type cells local enrichment of C26 ceramides in both leaflets of the ER membrane,
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
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and membrane curvature generation by interdigitation leading to GPI-AP segregation from TMP
into discrete zones next to specific ERES. (cluster highlighted by the red backdrop and
interdigitation by yellow backdrop) (B) In GhLag1 strain the acyl chain length of membrane
ceramides decreasing to C18-C16.These shorter ceramides accumulation around p24 in the
cytosolic leaflet could prevent its interdigitation with the luminal C26 ceramide-base GPI-APs
and the local enrichment of ceramides in both leaflets, disrupting GPI-APs clusters formation.
Thus, this more flexible lipid environment around p24 would not exclude TMP from accessing
the same ERES that GPI-AP. The figure is not drawn to scale.

4.3. Ceramide-dependent ER sorting in mammalian cells?
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
(Zurzolo and Simons 2016). This clustering is driven by GPI-AP oligomerization
(Paladino et al. 2004) but it might also depend on the ceramide chain length as we found
in yeast. Indeed, 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 (N. Jiménez-Rojo et al. 2020). 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 membrane to facilitate GPI-AP clustering and sorting. Although this
possibility still requires direct testing, it is supported by the previous findings that the
transport to the Golgi of very long acyl chain ceramides is not carried out by cytosolic
transfer proteins and depends upon GPI anchor synthesis like in yeast. Therefore, an
evolutionary conserved mechanism appears to operate to selectively co-transport very
long acyl chain ceramides and GPI-APs in the same transport vesicles (Funato and
Riezman 2001; Kajiwara et al. 2008; Funato, Riezman, and Muñiz 2020; LoizidesMangold et al. 2012; Yamaji et al. 2016).
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Figure 35. Model of evolutionary conserved mechanism for co-sorting of very long acyl
chain ceramides and GPI-APs in specific COPII-vesicles.
Ceramide is synthesized de novo in the ER, from where is delivered to the Golgi to serve as the
precursor of complex sphingolipids in both yeast and mammalian systems. Yeast cells only
produces very long acyl chain ceramide (C26 Cer), which is mainly transported to the Golgi by
COPII vesicles, then converted to inositolphosphoceramides (IPC). IPC formation at the Golgi
depends on the GPI anchor synthesis, suggesting that C26 ceramides and C26 ceramide-based
GPI-APs cooperate to be co-sorted at specific ERES, from where they are co-transported to the
cis-Golgi by specialized COPII vesicles. In mammalian cells, from the different types of
ceramides produced, just the synthesis of very long acyl chain glucosylceramides (GlcCer) at the
cis-Golgi depends on GPI biosynthesis, suggesting like in yeast that their precursor very long
chain ceramides (VLCer) are co-transported with GPI-APs in the same COPII vesicles. Figure
adopted from (Funato, Riezman, and Muñiz 2020).

The co-transport mechanism of very long chain ceramides and GPI-APs poses the issue
of the precise role of non-vesicular versus vesicular lipid traffic. Since practically all
lipids can be efficiently exported by non-vesicular pathways, it is possible that the major
role of non-vesicular transport is to maintain the proper lipid composition of each
organelle, whereas COPII-dependent vesicular mechanism could be selective for specific
lipids with particular biophysical or other properties, like very long chain ceramides, that
are required for protein sorting and concentration or specific membrane properties related
to vesicle formation or fusion, such as those affecting coat protein recruitment, membrane
bending rigidity or other properties. In this case, vesicular lipid transport would be
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essentially to serve as an organizer of vesicular traffic of proteins such as for GPI-APs in
yeast, as we have shown in this thesis.

4.4. Cell surface organization might be early programmed from the
ER by lipid length-based sorting
Interestingly, in both yeast and mammalian polarized epithelial cell systems, GPI-AP
clustering and segregation from other plasma membrane proteins occurs before arrival to
the cell surface. Paladino et al. 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 organization of GPI-APs and their
biological activities at the cell surface (Paladino et al. 2014). In yeast, the C26 ceramidedependent clustering of GPI-APs at the ER shown in this study could regulate then the
clustered organization and functional activity of GPI-APs at the plasma membrane (Rolli
et al. 2009; Bagnat and Simons 2002). Consistent with this model, hypersensitivity of
GhLag1 cells to a GPI inhibitor or to drugs affecting cell wall integrity (Epstein et al.
2012), and ceramide requirement for functional Gas1-GFP clustering at the tip of the
mating projection of yeast cells (Bagnat and Simons 2002) indicate possible physiological
consequences of GPI-AP mis-sorting. 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.
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1. Newly synthesized C26 ceramide-based GPI-APs segregate from transmembrane
cargos by forming clusters associated to specific ERES.
2. Segregated C26 ceramide-based GPI-APs and transmembrane cargos are sorted
into different ERES.
3. ER clustering of C26 ceramide-based GPI-APs requires the presence of C26
ceramides in the membrane and interaction with the p24 complex receptor through
the GPI-glycan.
4. C26 ceramide-based clustering does not entail differential protein interactions
with the components of the specialized GPI-AP ER export machinery.
5. Ceramides accumulate around the cytosolic portion of Emp24 transmembrane
domain.
6. Chain length of ceramide in the ER membrane is critical for sorting of C26
ceramide-based GPI-AP cargos in selective ERES.
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6.1. Organisms and culture conditions
6.1.1. Cell culture of Escherichia coli
The E. coli DH5a strain was used for storing and replicating plasmids as well as
molecular cloning.
E. coli cell culture was performed using Luria-Bertani (LB) medium (0.5%, yeast extract,
1% bactotryptone, 0.5% NaCl and/or 2% bacteriological agar) supplemented with 100
μg/ml of ampicillin (Amp) when selection was required. The material and the media used
were previously sterilized by means of autoclave cycle (20 min, 121ºC).
E. coli cultured in liquid medium, were incubated on orbital shakers at 37ºC and 250 rpm.
The antibiotics were incorporated into the medium from a concentrated solution,
previously sterilized by filtration through nitrocellulose membranes with a pore diameter
of 0.2 μm and considering that the temperature of the medium was not higher than 50ºC.
The LB medium with Amp can be stored at 4ºC only 3 weeks without antibiotic
degradation.
E. coli cells were stored at -80ºC for long-term preservation in a 1: 1 proportion LB liquid
medium and 50% glycerol.
6.1.2. Cell culture of Saccharomyces cerevisiae
The yeast strains used are derived from two main genetic backgrounds: BY4742 and
W303. They are shown in table I.

Table I
Strain

Relevant genotype

Source

MMY1583

MATα sec31-1 SEC13-mCherry::TRP1 GALp-MID2-iRFP::URA3 leu2 his3 ade2

This study

MMY1635

MATa sec31-1 SEC13-mCherry::TRP1 lag1Δ::HIS3 lac1Δ::ADE2

This study

TDH3::GhLAG1::TRP1 GALp-MID2-iRFP::URA3 leu2
RH2874

MATα leu2 lys2 trp1 ura3

H. Riezman

MMY870

MATa cwh43Δ::KanMx leu2 his3 ade2 trp1 ura3

This study

MMY1192

MATa ted1Δ::KanMx leu2 his3 ade2 trp1 ura3

This study

RH1961

MATa emp24Δ::LEU2 leu2 his4 ura3 bar1

H. Riezman

RH6979

MATα lag1Δ::HIS3 lac1Δ::ADE2 TDH3::GhLAG1::TRP1 leu2 ura3

H. Riezman
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MMY1659

MATα cwh43Δ::KanMx lag1Δ::HIS3 lac1Δ::ADE2 TDH3::GhLAG1::TRP1 leu2 ura3

This study

MMY1661

MATα ted1Δ::KanMx lag1Δ::HIS3 lac1Δ::ADE2 TDH3::GhLAG1::TRP1 leu2 ura3

This study

RH6986

MATα emp24Δ::KanMx lag1::HIS3 lac1::ADE2 GPD-Flag-GhLAG1::TRP1 leu2 ura3

H. Riezman

MMY1594

MATα sec31-1 SEC13-mCherry::TRP1 emp24Δ::Hph ura3 leu2 his3 ade2

This study

MMY1658

MATa sec31-1 SEC13-mCherry::TRP1 ted1Δ::KanMx ura3 leu2 ade2

This study

MMY1758

MATα sec31-1 SEC13-mCherry::TRP1 lst1Δ::KanMx ura3 leu2 his3 ade2

This study

RH7058

MATa LST1-mCherry::kanMx ura3 leu2 his3 trp1

H. Riezman

MMY1745

MATα LST1-mCherry::kanMx lag1Δ::HIS3 lac1Δ::ADE2 TDH3::GhLAG1::TRP1 ura3

This study

leu2

Strains were grown either in rich medium (YP) or in synthetic minimal medium. The YP
composition was 1% yeast extract, 2% peptone and with or without 2% bacteriological
agar, supplemented with 0.2% adenine and uracil, and containing either 2% glucose
(YPD), 2% raffinose (YPR) or 2% galactose (YPG) as carbon source. The synthetic
minimal medium composition was 0.67% yeast nitrogen base, 0.5% ammonium sulfate,
supplemented with the appropriate amino acids bases as nutritional requirements and
containing either 2% glucose (SD) or 2% galactose (SG) as carbon source.
Medium sterilization was carried out by means of an autoclave cycle (20 min, 121ºC),
except for the concentrated solutions of yeast nitrogen base and L-tryptophan that were
filtered and subsequently added to the medium. For yeast selection 200 μg/ml G-418
(Sigma-Aldrich) or 150 μg/ml Hygromycin B (Amresco) was added to the medium.
Yeasts were inoculated from solid medium plates into 12 ml tubes with 4 ml of liquid
medium. They were grown at 24ºC under agitation (250 rpm) until stationary phase. After
this, they were inoculated in new tubes or Erlenmeyer flasks of variable volume, and they
were cultivated until reaching 1-1.5 O.D 600 (Log phase), concentration at which most of
the assays were carried out.
For long-term preservation of the yeast strains, they were frozen at -80ºC in a 1:1
proportion of YPD medium and 50% glycerol.
For sporulation, diploids were grown for 24 h in pre-sporulation medium (Pre-SPO) (10%
glucose, 0.8% yeast extract, 0.3% peptone, 2% agar) and were subsequently transferred
to sporulation medium (SPO) (1% potassium acetate, 0.05% glucose, 0.1% yeast extract,
2% agar).
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To determine the yeast sex after micromanipulation, halo plates were used which contain
two different YPD solid medium. The first type is present in the base of the plate contain
YPD solid medium acidified to pH 5.5 with HCl (Panreac), and the second type maintain
the same composition at the first, but the bacteriological agar was reduced to 0.8%. In the
second medium hypersensitive cells to alpha factor (RH123) were added when the
medium temperature was cooled to 45ºC after sterilization process. Subsequently, this
mix of hypersensitive cells and YPD pH 5.5 medium were added on top of the plates.

6.2. Genetic techniques
6.2.1. Standard molecular biology techniques
Standard DNA manipulations techniques were performed following the Sambrook &
Russell manual (Sambrook J 2001) and with the material describe below.
6.2.2. Polymerase Chain Reactions (PCRs)
Standard PCRs were performed with a high-fidelity DNA polymerase, VELOCITY DNA
Polymerase (Bioline). The MJ Mini Thermal Cycler (BioRad) was used. DNA was
purified using ISOLATE II PCR and Gel Kit Product (Bioline). The oligonucleotides
describe in the table III were synthesized by the company StabVida.
6.2.3. Enzymatic restriction and ligation of plasmids or DNA fragments
The restriction endonucleases were obtained from New England Biolabs. Ligation of
DNA fragments was performed with the T4 DNA ligase (New England Biolabs).
Dephosphorylation of digested plasmid was accomplished with Shrimp Alkaline
Phosphatase (Sigma-Aldrich) to prevent plasmid religation.
6.2.4. DNA fragment separation and visualization on agarose gels
The separation of the DNA fragments was carried out by electrophoresis on agarose gels.
The gels were prepared in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA).
The agarose concentration (w/v) in the gels was variable between 0.8% (for the separation
of bands with approx. 1 kb) and 2% (for bands with less than 40 bp). Before being
subjected to electrophoresis, the samples were supplemented with DNA loading buffer (1
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mM EDTA pH 8, Bromophenol Blue 0.25%, Glycerol 50%). The electrophoresis was
carried out in Horizontal BioRad Cells, applying 120 V.
For the detection of DNA in the agarose gels, these were submerged, after electrophoresis,
in a solution of ethidium bromide (1 µg/ml) for 20 min. The visualization of the DNA
and the storage of the images were carried out with an ultraviolet light transilluminator.
The extraction and purification of DNA fragments from agarose gels was performed using
the ISOLATE II PCR and Gel Kit (Bioline) and to estimate the purity of the DNA
dilutions obtained from the purification, the Nanodrop ND-1000 spectrophotometer was
used.
6.2.5. Purification of plasmids from E. coli
The routine purification of plasmids from E. coli was carried out by the alkaline lysis
method used the solutions supplied by MIDIPrep Kit (Sigma-Aldrich). From a E. coli
culture supplemented with 100 μg/ml of ampicillin (Amp) like selectable marker, having
grown overnight at 37ºC under shaking, it was collected by centrifugation (5 min at 3,000
g) in 1.5 ml tubes and the cell pellet was resuspended by pipetting up and down, or
vortexing in 100 μl of solution I (Resuspension solution) (25 mM Tris-HCl pH 8, 50 mM
glucose, 10 mM EDTA pH 8). Next, 200 µl of solution II (Lysis solution) (0.2 N NaOH,
1% SDS (w/v)) was added and the sample was mixed by gently inverting 6 to 8 times, it
is important let the mixture sit for 3 to 5 min until it becomes clear and viscous as well as
do not allow lysis to proceed longer than 5 min. To neutralize the lysis, 150 µl of solution
III (Neutralization solution) (5M potassium acetate pH 4.8) was added and remixed by
gently inverting 6 to 8 times. The sample was then centrifuged for 15 min at 13,000 g,
after that the supernatant was collected to a new tube. The DNA was precipitated from
the supernatants of the aqueous phase by adding 1 ml of absolute ethanol and precipitation
at -20ºC for 30 min. The DNA was concentrated by centrifugation at 13,000 g for 15 min,
the precipitate was washed with 1 ml of 70% (v/v) ethanol solution in water and
centrifuged as described. After removing the supernatant, it was air dried. Finally, the
nucleic acids were resuspended in 40 µl of H2Odd. To estimate the purity and
concentration of the DNA dilutions, the Nanodrop ND-1000 spectrophotometer was used.
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6.2.6. Purification of genomic DNA from S. cerevisiae
From a 5 ml of YPD yeast culture in stationary phase (2 O D600), it was washed with 1ml
H2Od and resuspended in 300 µl Spheroblasting buffer (For 1 ml: 450 µl Sorbitol 2M
autoclaved, 200 µl EDTA 0.5M, 10 µl β-mercaptoethanol, 340 µl H2O) and 10 µl of
zymolyase 20T 15mg/ml (USBiological). Then it was incubated for 45 min at 30ºC. After
that it was centrifugated at 3,000g 3min and the pellet was resuspended into 500µl of G2
buffer (800mM guanidine HCl, 30mM Tris pH 8.0, 30mM EDTA pH 8.0 adjusted with
NAOH, 5% Tween 20 (v/v), 0.5% Triton X100 (v/v)). Then was added 2 µl RNAase A
(19 mg/ml) (Invitrogen), 15 µl Proteinase K (20mg/ml) (Invitrogen) and 200 µl glass
beads. The mixture was vortexed two times 30 sec and incubated for 30min at 55ºC. After
the incubation the mixture was centrifugated at 9,000g 3min and the supernatant was
transferred onto FavorPrep PCR Purification Column (from FavorPrep™ GEL/PCR
Purification Kit). The FavorPrep Column was subjected to a gentle centrifugation (9,000g
3 min) where the genomic DNA was bind to the column silica matrix. The silica matrix
was washed with 750 µl the FavorPrep Wash Buffer (centrifugated at 13,000g 30 s) and
consecutively dry off (13,000g 3 min). For better drying of the silica matrix the column
was placed on thermoblock at 70ºC 2 min. Finally, the DNA elution was performed
adding 50 µl hot H2Odd (70ºC) onto the Colum and maintained it for 5 min on the
thermoblock (70ºC) and then it was centrifugated at 13,000g 3 min.
To check the conservation status of genomic DNA after the extraction process, 10 µl of
the eluded DNA is subjected to agarose gel electrophoresis (Described in Materials and
Methods section 6.2.4) and this should present a band at a height than 10000 bp. Part of
the degraded RNA could be present in band of around 200 bp. To estimate the purity and
concentration of the DNA dilution, the Nanodrop ND-1000 spectrophotometer was used.
6.2.7. Transformation of E. coli.
DH5α E. coli cells were made suitable for transformation (competent) chemically,
according to the following method. From an exponential phase culture, 500 ml of SOB
medium (2% tryptone, 0.5% yeast extract, 0.05% sodium chloride, 1.25 mM KCl, 10 mM
MgCl2, pH 7) was inoculated and cultivated overnight at 22ºC. Once the culture reached
between 0.4 and 0.7 O.D600, the cells were transferred to tubes and cool on ice. The cells
were then concentrated by centrifugation at 3,000 g for 10 min at 4ºC and washed with
TB buffer (10 mM Pipes, 15 mM CaCl2, 250 mM KCl, 55 mM MnCl2, pH 7.2). After
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washing, for every 100 ml of inoculated SOB medium, cells were resuspended in 20 ml
of TB and incubated at 4ºC for 10 min. Then, all cells were unified in 20 ml of fresh TB,
supplemented with 1.5 ml of sterile DMSO, and incubated for a further 10 min at 4ºC.
These already competent cells were frozen in liquid nitrogen in aliquots of 100 to 500 μl
and stored at -80ºC.
Competent E. coli cells transformation were carried out by adding to the cell suspension,
previously thawed on ice, the DNA in a maximum volume of 10 µl. After 30 min of
incubation on ice, they were heat shocked at 42ºC for 40 sec. They were subsequently
incubated on ice for 5 min. Then, 1 ml of LB medium was added and incubated for 1 h at
37ºC. Finally, 100 μl of culture were seeded in LB medium plates with the antibiotic for
the selection and they were incubated at 37ºC for 12-15 hr. The remaining volume of the
cell suspension was kept at 4ºC during that time, and if positive transforming colonies
were not obtained, this was seeded.

6.2.8. Transformation of S. cerevisiae
6.2.8.1.

One-Step Method

Yeast transformation with plasmids was carried out using the “One-Step Method” (Chen,
Yang, and Kuo 1992). Starting from cell suspension of 5x107 viable cells, they were
washed with H2Od by two times. The cells were then centrifuged and resuspended in 100
µl One-Step buffer (0.2 M lithium acetate, 40% PEG-4000, 100 mM DTT) by
transformation. Then 1 µl of the plasmid of interest and 2 µl of denatured single-stranded
DNA from salmon sperm (Sigma-Aldrich) were added. It was mixed using a vortex at
full speed for 10 sec. Subsequently, it was incubated for 30-40 min at 45ºC. Finally, the
transformation suspension was seeded directly in the selective medium and incubated at
the optimum temperature for three days.
6.2.8.2.

Lithium Acetate/Single-Stranded Carrier DNA/Polyethylene

Glycol Method
Yeast transformation with linearized DNA, PCR fragments or integrative plasmids was
carried out using the “Lithium Acetate/Single-Stranded Carrier DNA/Polyethylene
Glycol Method” (Gietz and Woods 2002; Gietz and Schiestl 2007) briefly described
below.
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10 ml of YPD liquid medium per transformation was inoculated and incubated at 30ºC
and 200 rpm. After several cycles of growth, the culture was collected between 0.4-0.7
O.D600. It was washed 2 times with 25 ml of H2Odd and transferred to a 1.5ml tube where
was washed one time with 1 ml of 0.1 M LiAc. Then the cell pellet was resuspended in
100µl of 0.1 M LiAc and was aliquoted in two tube with 50 µl each one (Called
Transformation tube and Control tube). Both tubes were centrifugated and the LiAc
removed. The pellet of Transformation tube was resuspended with the T Mix (240 µl of
PEG 3350 50% (w/v), 36 µl Lithium Acetate 1.0 M, 10 µl pre-boiled SS-CarrierDNA (2
mg/ml), 1-2 µg of purified and linearized DNA without exceeding a volume of 74 µl and
finally, H2Odd if is required to obtain a final T Mix volume of 360µl) whereas the Control
tube pellet was resuspended with the T Mix without the linearized DNA. Then the tubes
were vortex 1 min at full speed and incubated at 30ºC (24ºC for thermosensitive yeast
strains) for 30 min with gentle shaking. After that they were incubated in a water bath at
42ºC for 15 min. After centrifugation the supernatant was removed, and the cells were
resuspended in 1 ml YPD or SC and incubated for 2-3 hr. Finally, they were seeded onto
plates of selective medium in this way: 100 µl on one plate and the remaining volume
onto a different plate after centrifugation and removing most of the supernatant.
6.2.9. Generation of yeast strains
6.2.9.1.

Crossing, sporulation and tetrad dissection

With the objective of obtaining diploid yeast, complementary sex strains (MAT), α and
a, were mixed in YPD plates and incubated for 12 h. Next, to select diploids, cells were
transferred to a synthetic minimal medium plate in the absence of two requirements, so
that the diploid could grow, but the haploid parental lines could not. In some cases, the
presence of an antibiotic or incubation at restrictive temperatures for certain alleles was
necessary. After 1 or 2 days the diploids were transferred to Pre-SPO (pre-sporulation)
plate to enhance the expense of nitrogen reserves, and finally they were transferred to
SPO (sporulation) plate (pre-sporulation and sporulation mediums in 6.1.2 Materials and
methods section). After about a week, the tetrads were separated using a dissecting
microscope (Singer Instrument), and germination was promoted by cultivating in YPD at
24ºC.
Scoring of genetic markers was accomplished as indicated below. Analysis of the
nutritional requirements, temperature sensitivity and drug resistant of yeast cells was
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done by replica plating. Briefly, a master plate containing the strain of interest was
stamped onto a velvet. Copy of this impression was transferred onto plates made with the
relevant selective medium or subjected to a specific temperature. The plates were
incubated 24-48 h to then check the growth. In some cases, additional verification by
immunoblot or fluorescence microscopy was necessary.
Verification of the sex of the generated spores was carried out by replicating on halo
plates (see of Materials and methods 6.1.2 section). After incubation at 24ºC for 24-48 h,
the MAT α strains generated a growth inhibition halo on the strain RH123 (hypersensitive
to alpha factor) present on the top of the plate, while the MAT a did not.
6.2.9.2.

Homologous recombination.

To generate a deletion of a gene of interest, a PCR-product encoding a selectable marker
flanked by 40-50 base homologous to the upstream of start codon and 50 base
homologous to the downstream of the stop codon of the gene of interest was generated.
The primer used are listed in the table III. Then the yeast was transformed with these
PCR-products following the method detailed in the Materials and Methods 6.2.8.2
section. These PCR products contain the yeast marker but do not have origin of
replication, so cells that grow in the selected medium have incorporated the DNA in its
genome deleting the gen of interest by homologous recombination. The gen deletion was
confirmed by PCR analysis and in some cases by additional immunoblot (see Materials
and methods 6.2.2 and 6.3.2 sections).
Strains expressing fluorescent protein-tagged Sec13-mCherry were constructed by
Nakano Lab (Kurokawa, Okamoto, and Nakano 2014) following the PCR-based method
using pFA6a plasmids as a template (Huh et al. 2003).
6.2.10. Plasmids construction
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 Erin O'Shea, Addgene plasmid # 64687;
http://n2t.net/addgene:64687; RRID:Addgene_64687) using the primers described in the
Table III (Mid2-iRFP tagged) and inserted at the C-terminus of the endogenous Mid2.
The Mid2-iRFP genomic sequence was amplified using the primers described in the Table
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III and cloned behind the GAL1 promoter into the NotI-SacI sites of the integrative
plasmid pRS306. The resulting plasmid pRGS7 was linearized with PstI for integration
at the URA3 locus.
Gas1-GFP fusion gene was expressed under the control of the GAL1 promoter in a CEN
plasmid, which was constructed as follows. The Gas1-GFP sequence was amplified by
PCR from pRS416-GAS1-GFP plasmid (Rolli et al. 2009) (a gift from Laura Popolo)
using the primers described in the Table III and cloned into XmaI-XhoI sites of the CEN
plasmid pBEVY-GL LEU2 (a gift from Charles Miller. Addgene plasmid # 51225;
http://n2t.net/addgene:51225; RRID:Addgene_51225). The resulting plasmid 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 amplified by PCR from the pRS304-p2HSE-Axl2-GFP plasmid (Kurokawa,
Okamoto, and Nakano 2014) and cloned into BamHI-PstI sites of pBEVY-GL LEU2
vector. The resulting plasmid was named pRGS12.
The plasmids used in this study are listed in Table II.
Table II
Name

nº

Characteristic

Source

pKTiRFP-KAN

251

Used to generate-iRFP protein-tagging

Addgene

pBEVY-GL

279

2μ; LEU2; Gal-promoter

Addgene

pRS306-Gal

285

CEN; URA3 Integrative; Gal-promoter

J. Manzano

pRGS6

303

2μ; LEU2; Gal-promoter-Gas1-GFP

This Study

pRGS7

304

CEN; URA3 Integrative; Gal-promoter-Mid2-iRFP

This Study

pRGS12

329

2μ; LEU2; Gal-promoter-AXL2-GFP

This Study

pFA6a-kanMX6

141

Used to generate PCR fragments for resistance to G418

V. Goder

pFA6a-hphMX6

298

Used to generate PCR fragments for resistance to Hygromycin B

V. Goder
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6.2.11. Primers
Primers used in this study are listed in Table III
Table III
Target
Mid2-iRFP tagged

Primer Sequence (5'-3')
F -AAGAAAAATTCTATGATGAACAAGGTAACGAATTATCACCACGAAATTATGGTGACGGTGCTGGTTTAR -TTGAGGAATGAAAAGTAGCCATAAGCACTAAATGATATGAATGGATATGAAGCGACCAGCATTCACAT-

Mid2-iRFP insertion in

F -TATTCAGCGGCCGCATGTTGTCTTTCACAACCAA-

pRS306-GAL promoter

R -TATTCAGCGGCCGCATGTTGTCTTTCACAACCAA-

plasmid
Gas1-GFP insertion in

F -GACTGACCCGGGATGTTGTTTAAATCCCTTTC-

pBEVY-GL plasmid

R -AATAGTCTCGAGTTAAACCAAAGCAAAACCGA-

Axl2-GFP insertion in

F -GCTTGAGGATCCATGACACAGCTTCAGATTTCATTATTGCTG-

pBEVY-GL plasmid

R -CGATTCCTGCAGCTATTTGTATAGTTCATCCATGCCATGTGT-

Lst1_KO

F -AATTTTGAGGGTTACTAAGGAGGCCATTTGCAGAAGAATATTGGACCATCCGGATCCCCGGGTTAATTAAR -GTTATTTCCAGTTTTCTGCGTGTAAGCACAGGGTCTCCTTTGAGCGAGGCGAATTCGAGCTCGTTTAAAC-

Lst1_KO_Check

F -GTAACAACTTAGGTCTGATTCAACCR -ACGAACCGCATCGGCCACAGCCACA-

Cwh43_KO

F -TTTCTCGAGGAATAAGTAACCAGGAATACAGAAGGTATCCACCGCCAGTTCGGATCCCCGGGTTAATTAAR -CAGTACACACAATGTGATTACACTGATTTATAAAACCACCTTACGGCCTCGAATTCGAGCTCGTTTAAAC-

Cwh43_KO_Check

F –TAACTTATAATTTCTCCACAGTATTR -CAAGATCGTCTAAGTAACATACATA-

Emp24_KO

F -ATAGTATCCCTCCGCACAAAAATACACACGCATAAGGATGCGGATCCCCGGGTTAATTAAR -GCAAAAGTAAATAGATATGAACTACATTTTCCTGCTTTACGAATTCGAGCTCGTTTAAAC-

Emp24_KO_Check

F -GAGATCGGGTCGCTTAAACATTTTGR -GTGGAAGGATCAAGGTAAAAAGTAT-

6.3. Biochemistry techniques
6.3.1. Polyacrylamide gel electrophoresis
Acrylamide electrophoresis gels were resolved using the Mini-Protean system (Bio-Rad).
Precision Plus Protein Standards Dual Color (Bio-Rad) was used as protein ladder.
Before loading the samples on the gel, they were supplemented with loading buffer (SDS
10% (w/v), 0.3 M Tris-HCl pH 6.8, bromophenol blue 0.05 % (w/v), β-mercaptoethanol
25% (v/v), glycerol 50%) and they were heated to 65ºC for 10 min or 95ºC for 5 min
depending on the sample.
Electrophoresis under denaturing conditions were carried out on polyacrylamide gels
containing SDS (hereinafter SDS/PAGE). The separator gel was prepared in buffer (375
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mM Tris-HCl pH 8.8, SDS 0.1%), at 7.5, 10 or 12.5% (w/v) of polyacrylamide from 40%
acrylamide and bis-acrylamide solution, 37.5:1 (Amresco). The packing gel of the
samples was prepared in buffer (125 mM Tris-HCl pH 6.8, SDS 0.1%), at 5.25% (w/v)
of polyacrylamide. The gels were polymerized with APS 0.1% (w/v), using TEMED as
a catalyst agent at final concentration of 6 mM. Electrophoresis was carried out at 200 V,
constant voltage. For the development of the electrophoresis, 25 mM Tris-HCl, 0.32 M
glycine (pH 8.3) and 0.1% SDS (w/v) were used as electrophoresis buffer.
After completion of the electrophoresis, when necessary, the proteins were stained with
Coomassie buffer (50% methanol, 7.5% acetic acid, 0.25% coomassie) for 5 min. The
gels were washed several times with fixing buffer (45% methanol, 1% acetic acid) to
remove excess of dye and promote dehydration. For their subsequent maintenance, they
were dried on Whatman paper and sucked at 100ºC for 45 min. In other cases, after
electrophoresis, a immunoblot was performed (see Materials and methods 6.3.2 section).
6.3.2. Immunoblotting
The transfer process was carried out in Towbin buffer (25 mM Tris pH 8.3, 192 mM
glycine, 20% methanol (v/v)) at 70 V for 60 min at 4ºC. The acrylamide gel with the
proteins of interest separated by electrophoresis on SDS-PAGE were placed on a
nitrocellulose membrane of 0.45 µm pore diameter which was previously soaked in
Towbin buffer. The gel-membrane pair was covered on both sides with 2 sheets of
Whatman paper soaked in Tobwin buffer and inserted into the tray. A properly transfer
of protein to a nitrocellulose membrane was verified by reversible staining with Ponceau
Red. After incubating 5 min with the dye, it was washed several times with distilled water
until the protein bands were observed.
Then, TBS-Tween 20 (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Tween 20)
supplemented with 5% (w/v) of skimmed milk powder was used as the blocking solution.
The membranes were incubated 30 min at room temperature or overnight at 4ºC.
Incubation with the primary antibodies was carried out in blocking solution containing
the antibodies at specific concentration (see table IV) for 1 h at room temperature. The
primary antibodies were stored at -20ºC for reuse, previously adding 2 mM Na3N (azide).
Subsequently, the membranes were washed with blocking solution 6 times for 5 min to
remove the primary antibody as well as the azide residues. Then the secondary antibody
solution (HRP-labeled (Pierce)) was added at specific concentration (see table IV). After
1 h of incubation, the remains of antibody, as well as milk, were removed by washing at
81

MATERIALS AND METHODS
least 6 times with TBS-Tween 20 for 3-5 min. For the detection of chemiluminescence
of HRP-labeled secondary antibodies, the West Pico Signal Detection Kit (Pierce) was
used. When it was necessary to detect smaller amounts of protein, the Super Signal West
Femto Signal Detection Kit (Pierce) was used. The membranes were immersed in said
revealing solutions and exposed in the LAS3000mini device (Fujifilm) for the time
necessary for detection. Chemiluminescence quantification was performed with the
Multigauge program (Fujifilm). The antibodies used are detailed in Table IV below.
Table IV
Antigen

Host

Class

Dilution

Source

GFP

Rabbit

Primary-Polyclonal

1:3000

H. Riezman

Emp24p

Rabbit

Primary-Polyclonal

1:500

H. Riezman

Pgk1p

Mouse

Primary-Monoclonal

1:5000

J. De la Cruz

Gas1p

Rabbit

Primary-Polyclonal

1:3000

H. Riezman

RFP [5F8]

Rat

Primary-Monoclonal

1:2000

Chromotek.

Rabbit IgG

Goat

Secondary + HRP

1:3000

Pierce

Mouse IgG

Goat

Secondary + HRP

1:3000

Pierce

Rat IgG

Goat

Secondary + HRP

1:3000

Pierce

6.3.3. Yeast cell extracts
To obtain yeast cell extracts, two different methods were followed.
6.3.3.1.

Yeast cell extracts based on alkaline lysis.

The first one, based on alkaline lysis (Horvath et al. 1994) to obtain total protein extracts.
Starting from 2-4 x 107 cells, they were washed with H2Od and then treated with 0.15 M
NaOH on ice for 5 min. Next, they were centrifuged at low revolution, the supernatant
was removed, and the pellet was resuspended in 2X Laemli Loading Buffer (2% SDS,
200 mM β-mercaptoethanol, 20% glycerol, 120 mM Tris-HCl pH 6.8, 0.002% blue
bromophenol). Subsequently, it was heated to 65ºC for 10 min. Finally, to eliminate
insoluble cell debris, it was centrifuged 13,000 g and the pellet was removed. Samples
were analyzed by electrophoresis on SDS-PAGE and immunoblot.
6.3.3.2.

Yeast cell extract based on mechanical breaking
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To

obtain

more

conservative

extracts

for

subsequent

analyses

such

as

immunoprecipitations (IP) or Native Co-imunoprecipitations (Co-IP), the following
methodology was used.
Starting from 50-100 x 107 cells, they were collected (3,000 g, 5 min). After that all the
following steps were strictly performed on ice. They were washed with TNE buffer
(50mM Tris pH 7.4, 150mM NaCl, 5mM EDTA). The cell pellet was resuspended with
800 µl TNE buffer supplemented with 0.5 mM PMSF and 1μg/ml of protease inhibitor
cocktail (antipapain, leupeptin and pepstatin (Amresco) as well as glass beads free of
organic matter (Sigma-Aldrich) in a similar volume to cell pellet. They were subjected
mechanical breaking, 3 pulses in FastPrep-24 (MPBio) at 50 m/s for 30 s, allowing to
place the samples on ice for 3 min between pulses. The extract was transferred to a new
tube. This was subjected to 5 min of centrifugation at 1,000 g at 4ºC to precipitate large
cell debris and unruptured cells. Then the supernatant was pierced to a new tube. The
extract can be used for being analyzed by immunoblotting (see Materials and methods
6.3.2 section) or for an analysis of protein-protein interactions (see Materials and methods
6.3.4 section).
6.3.4. Analysis of protein-protein interactions
6.3.4.1.

Native Co-immunoprecipitation

To study the interaction between transmembrane proteins in vivo, yeast cell extracts
obtained by mechanical breaking (described in Materials and methods 6.3.3.2 section)
was used. All steps were performed on ice. The cell extracts were resuspended in TNE
buffer (50 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA) supplemented with 1%
Digitonin (w/v) (AppliChem) as well as with 0.5 mM PMSF and 1μg/ml of protease
inhibitor cocktail (antipapain, leupeptin and pepstatin (Amresco). After incubating the
cell extract for 1 h in the presence of the detergent, the insoluble contents were removed
by centrifuging at 13,000 g for 1 h at 4ºC. Next, the soluble fraction was incubated for 1
h in TNE 1% Digitonin with the agarose beads without antibody (Blocked Agarose Beads,
ChromoTek) to eliminate non-specific junctions (blocking process). After blocking
process, a fraction of the extract was taken as a control of the total protein, which load
volume varied between 0.2% -2%, according to the experiment. Subsequently of blocking
process, the soluble fraction was incubated for 3 h in the presence of the antibodies. The
GFP-Trap agarose beads (ChromoTek) were used for the immunoprecipitation of proteins
labeled with GFP. Once the immunoprecipitation was finished, the GFP-Trap agarose
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beads matrix was washed 6 consecutive times, changing the tube at least twice. During
the washes process, the digitonin concentration in the buffer was progressively changed
from 1% to 0.2%. Finally, using tips with a diameter smaller than the beads, the matrix
was dried by aspiration and 2x Laemli loading buffer was added and the
immunoprecipitate was denatured for 10 min at 65ºC.
In some cases, PBS or B88 buffers (20 mM HEPES pH 6.8, 150 mM KOAc, 5 mM
MgOAc, 250 mM sorbitol) were used instead of TNE.
To analyze the interaction between soluble proteins or between transmembrane proteins
with soluble proteins, HEPES buffer (20 mM HEPES pH7.2, 100 mM KCl, 5 mM MgCl2)
supplemented with 1% TX-100 was used. The protocol was essentially the same as
detailed above, except that the 1% concentration of TX-100 was maintained during the
washes process.
To study protein interaction present in the ER, before treating the cell extracts with
detergents, it was exposed to differential centrifugation for to obtain an enrichment of the
ER fraction (13,000 g, 15 min, 4ºC). After enrichment in ER fraction, the supernatant was
removed, and the precipitate was resuspended softly in the buffer of interest.
Finally, in all cases the samples were analyzed by electrophoresis on SDS-PAGE and
immunoblot.
6.3.4.2.

Crosslinking assay

The crosslinking assay was performed with enriched ER fractions. B88 buffer (20 mM
HEPES pH 6.8, 150 mM KOAc, 5 mM MgOAc, 250 mM sorbitol) supplemented with
1% Digitonin (w/v) and with 0.5 mM PMSF and 1μg/ml of protease inhibitor (PI) cocktail
(antipapain, leupeptin and pepstatin (Amresco) was used. The assay was performed in
this way. Cell extracts obtained by mechanical breaking (described in Materials and
methods 6.3.3.2 section) were resuspended in B88 buffer supplemented with PMSF and
of protease inhibitor (PI) cocktail. After that, it was incubated with the crosslinking agent,
0.5 mM dithiobis (succinimidylpropionate) (DSP; Thermo Fisher Scientific) at 20ºC for
20 min. Subsequent the crosslinking reaction was quenched by addition of 50 mM glycine
at 20ºC for 5 min. Then, it was exposed to a differential centrifugation for to obtain an
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enrichment of the ER fraction, 13,000 g at 4ºC for 15 min. The pellet was resuspended
with B88 buffer supplemented with 1% Digitonin, the PMSF and PI. Then it was
incubated at 4ºC for 1 h in an orbital. The insoluble contents were removed by
centrifuging at 13,000 g at 4ºC for 1 h. Next, the soluble fraction was incubated for 1 h
with the agarose beads without antibody (Blocked Agarose Beads, ChromoTek) to
eliminate non-specific junctions (blocking process). After that, a fraction of the extract
was taken as a control of the total proteins, which load volume varied between 0.2% -2%,
according to the experiment. Subsequently of blocking process, the soluble fraction was
incubated for 3 h in the presence of the agarose beads with antibodies. The GFP-Trap
agarose beads (ChromoTek) were used for the immunoprecipitation of proteins labeled
with GFP. Once the immunoprecipitation was finished, the GFP-Trap agarose beads
matrix was washed 6 consecutive times, changing the tube at least twice. During the
washes process, the digitonin concentration in the buffer was progressively changed from
1% to 0.2%. Finally, using tips with a diameter smaller than the beads, the matrix was
dried by aspiration and 2x Laemli loading buffer was added and the immunoprecipitated
was denatured for 10 min at 95ºC two times. Finally, the samples were analyzed by
electrophoresis on SDS-PAGE and immunoblot.

6.4. Mass spectrometry analysis
6.4.1. Mass spectrometry analysis of cellular membrane ceramides
Mass spectrometry analysis of ceramides in wild-type and GhLag1 strains was performed
as described previously (da Silveira Dos Santos et al. 2014). Briefly, cells were grown in
YPD at 30ºC to exponential phase (3-4 O.D. 600 units/ml) and 25x107 cell were
harvested. Their metabolism was quenched with trichloroacetic 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 alkalinehydrolysis using monomethylamine reagent [methanol, water, n- butanol, and
methylamine solution (4:3:1:5 v/v)] followed by salt removal using water-saturated nbutanol.

Finally,

the

extract

was

resuspended

in

positive

mode

solvent

(Chloroform/Methanol/Water (2:7:1) + 5mM Ammonium acetate) and infused onto the
mass spectrometer. Multiple Reaction Monitoring (MRM) was performed for the
identification and quantification of sphingolipid molecular species. A TSQ Vantage
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Triple Stage Quadrupole 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.
6.4.2. Mass spectrometry analysis of the GPI-lipid of Gas1-GFP
Cells (800x107) expressing Gas1-GFP were subjected to native immunoprecipitation as
described (31). The purified Gas1-GFP was separated by SDS-PAGE and transferred
onto 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 MS-LC grade water. Lipid moieties were released from
Gas1-GFP by incubating the membrane strips with a mixture of 500 μl of 0.3 M NaOAc,
pH 4.0, buffer and 500 μl of freshly dissolved 1 M sodium nitrite for 3 h at 37ºC, which
cleaved between the glucosamine and inositol to release inositophosphorylceramide
Mehlert (Mehlert and Ferguson 2009). Afterwards the membrane strips were washed four
times with MS-LC grade water dried at room temperature and preserved in a nitrogen
atmosphere at -80ºC until the analysis. As control 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 (da Silveira Dos Santos et al. 2014). In brief,
PVDF strips containing the GPI-lipids were resuspended in 75μl of negative mode solvent
(Chloroform/Methanol (1:2) + 5mM Ammonium acetate) and sphingolipid species were
analysed with ESI-MRM/MS (TSQ Vantage) as mentioned above. In this case MS data
were obtained in negative ion mode.
6.4.3. Mass spectrometry analysis of the GPI-Glycan of Gas1-GFP
Cells (600 x 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 17,000 g for 1 h at 4ºC. The pellet
was washed in TNE and incubated with 1U PI-PLC (Invitrogen) in TNE containing 0.2%
digitonin for 1 h at 37ºC. After the enzymatic treatment, membranes were removed by
centrifugation at 17,000g for 1 h at 4ºC. For immunoprecipitation of Gas1-GFP, the
supernatant was incubated with GFP-Trap_A (ChromoTek) overnight at 4ºC. The
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purified Gas1-GFP was separated by SDS-polyacrylamide gel electrophoresis (SDSPAGE) was stained with Coomassie Brilliant Blue. The stained band of Gas1-GFP was
excised from the PAG 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 μL of water. A portion (8 μL) was injected into LC. The peptides were separated
using an ODS column (Develosil 300ODS-HG-5; 150 × 1.0 mm ID; Nomura Chemicals,
Aichi, Japan) under specific gradient conditions. 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 μL 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 GPIglycan 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 temperature of the transfer capillary maintained at
300ºC. The capillary voltage and tube lens voltage were set at 15 and 50 V, respectively.
MS data were obtained in positive ion mode over the mass range m/z 300 to m/z 3000
(resolution: 60,000, mass accuracy: 10 ppm). MS/MS data were obtained by ion trap in
LTQ Orbitrap XL (data dependent top 3, CID).

6.5. Microscopy analysis
6.5.1. Conventional fluorescence light microscopy
For fluorescence microscopy of Gas1-GFP, log-phase cells were grown overnight in YPD
and collected by centrifugation, washed twice with PBS, and incubated at least 15 min on
ice before being examined under the microscope as described previously (Rolli et al.
2009).
For live imaging, temperature-sensitive sec31-1 mutant cells expressing GAS1-GFP
construct under GAL1 promoter were grown to mid-log phase overnight at 24ºC in YPR
medium. After induction for 1h at 24ºC in YPG, cells were incubated for 30 min at 37ºC
in SG and subsequently released from secretory block by shifting to 24ºC.
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Acquisition was performed using a Leica DMi8 microscope equipped with an objective
lens (HCX PL APO 1003/1.40OIL PH3 CS), L5 (GFP) filter, a Hamamatsu camera, and
Application Suite X (LAS X) software following the instructions of the manufacturer.
6.5.2. Super Resolution Confocal Live Image Microscopy (SCLIM)
For live imaging, temperature-sensitive sec31-1 mutant cells expressing constructs under
GAL1 promoter were grown to mid-log phase overnight at 24ºC in YPR medium. After
induction for 1h at 24ºC in YPG, cells were incubated for 30 min at 37ºC in SG and
subsequently released from secretory block by shifting to 24ºC. Cells were immobilized
on glass slides using concanavalin A and imaged by SCLIM. SCLIM was developed by
combining Olympus model IX-71 inverted fluorescence microscope with a UPlanSApo
100× NA 1.4 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 magnification, and EM-CCD cameras
(Hamamatsu Photonics) (Kurokawa et al. 2013). Image acquisition was executed by
custom-made software (Yokogawa Electric). For 3D images, we collected 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 (Perkin Elmer) 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.

6.6. Molecular dynamics simulation
Molecular dynamics simulations were run with the GROMACS (M.J. Abraham 2017)
software using the MARTINI 2 force field (S. J. Marrink et al. 2007; Siewert J. Marrink,
de Vries, and Mark 2004; Monticelli et al. 2008). The CHARMM GUI Membrane Builder
(Jo et al. 2008; Qi et al. 2015) was then used to build bilayers containing 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 bilayers were
equilibrated and run using the procedure described below and the last coordinates of the
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systems were used to build systems containing Emp24. The yeast Emp24 TM domain
(residues 173-193) was built as an alpha helix using the VMD tool molefacture
(Humphrey, Dalke, and Schulten 1996). 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 mol/L. 4 independent
replicas for both bilayer compositions were run.
Lipid bilayers were equilibrated using the CHARMM GUI procedure that involves
minimization followed by an equilibration for 405000 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 μs 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 systems and then production was run for 8 μs.
For all systems, during equilibration pressure was controlled by a Berendsen barostat
(Berendsen et al. 1984), while during production pressure was controlled by a ParrinelloRahman barostat (Parrinello and Rahman 1981). In all the cases, average pressure was 1
bar and a semi-isotropic pressure coupling scheme was used. A velocity-rescale
thermostat (Bussi, Donadio, and Parrinello 2007) with separate temperature coupling for
the protein, lipids, and solvent particles was used in both equilibration and production.
Target temperature was 310K during the entire run. Non-bonded interactions were
calculated by generating a pair-list using the Verlet scheme with a buffer tolerance of
0.005. Coulombic terms were calculated using reaction-field and a cut-off distance of 1.1
nm. A cutoff scheme was used for the vdW terms, with a cut-off distance of 1.1 nm and
the Verlet cut-off scheme for the potential-shift (de Jong et al. 2016).
The number of lipids interacting with the protein were 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 depletion-enrichment factors were calculated, as in (Corradi et al.
2018) according to the following formula:

,
𝐷 − 𝐸 𝑓𝑎𝑐𝑡𝑜𝑟 =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑒𝑟
8𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑙𝑖𝑝𝑖𝑑𝑠9
!"#$"% '.) *+ ,-*#."%
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑒𝑟
8𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑙𝑖𝑝𝑖𝑑𝑠9
,

/012
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The values reported are obtained as average and the error bars as standard error over 4
independent replicas. The statistical significance of the D-E factor was calculated from
T-test ((averageDE-factor-1)/standard error). 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.

6.7. Statistical analysis
Statistical significance was determined using GraphPad Prism software. For the twotailed Student’s t-test and Ordinary one-way ANOVA test, differences among groups
were considered significant for P < 0.05 (*).
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