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COMMENTARY

Sorting of GPIl-anchored proteins from yeast to mammals —
common pathways at different sites?

Manuel Muiiiz"* and Chiara Zurzolo®*

ABSTRACT

Glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-APs) are
luminal secretory cargos that are attached by a post-translational
glycolipid modification, the GPI anchor, to the external leaflet of the
plasma membrane. GPI-APs are conserved among eukaryotes and
possess many diverse and vital functions for which the GPI membrane
attachment appears to be essential. The presence of the GPI anchor
and its subsequent madifications along the secretory pathway confer
to the anchored proteins unique trafficking properties that make GPI-
APs an exceptional system to study mechanisms of sorting. In this
Commentary, we discuss the recent advances in the field of GPI-AP
sorting focusing on the mechanisms operating at the level of the exit
from the ER and from the trans-Golgi network (TGN), which take
place, respectively, in yeast and in polarized mammalian cells. By
considering the similarities and differences between these two sorting
events, we present unifying principles that appear to work at different
sorting stations and in different organisms.

KEY WORDS: GPI-anchored proteins, Membrane trafficking,
Sorting, Polarized epithelial cell, Yeast, Membrane domain

Introduction

In eukaryotic cells, proteins synthesized in the endoplasmic reticulum
(ER) are subsequently sorted upon vesicular transport through the
secretory pathway for delivery to their proper cellular destinations
(Bonifacino and Glick, 2004). Glycosylphosphatidylinositol (GPI)-
anchored proteins (GPI-APs) are a particular category of luminal
secretory cargos, which contain a soluble protein attached by a
conserved post-translational glycolipid modification, the GPI
anchor, to the external leaflet of the plasma membrane. The GPI
anchor plays crucial roles both in the transport and targeting of the
protein to the plasma membrane, as well as for its function
(Ferguson et al., 2009). The GPI anchor consists of a lipid moiety
with a glycan backbone; it is generated by a series of sequential
reactions at the ER membrane before being added en bloc by
transamidation to the C-terminus of a newly synthesized protein.
After exiting the ER, GPI-APs are transported along the secretory
pathway, through the Golgi complex, to their final destination, the
plasma membrane, where they are involved in a wide variety of
vital physiological roles, including signal transduction, cell-cell
interactions, cell adhesion, host defense and cell wall biosynthesis
(Orlean and Menon, 2007).
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During their transport through the secretory pathway GPI-APs
are segregated and sorted from other types of cell surface
proteins. In yeast, this sorting event occurs during ER exit,
whereas in mammalian polarized epithelial cells, it takes place in
the Golgi during export from the trans-Golgi network (TGN)
towards the apical plasma membrane (Mayor and Riezman, 2004;
Muiiiz and Riezman, 2000). GPI-AP segregation and sorting upon
vesicle transport are proposed to be driven by their clustering into
special membrane domains or ‘lipid rafts’ that are enriched in
saturated lipids, such as sphingolipids and sterols, which would act
as selective platforms for vesicle budding (Surma et al., 2012). This
model is supported by the observations that purified Golgi-derived
vesicles in yeast are enriched in sphingolipids and ergosterol
(Klemm et al., 2009), and that long-chain sphingomyelin is
required for vesicle biogenesis at the Golgi complex in mammalian
cells (Duran et al., 2012).

Several mechanisms could contribute to the clustering of GPI-
APs with saturated lipids and their subsequent co-sorting in
specific vesicles. During their journey along the secretory
pathway, the GPI-anchor undergoes a series of structural
modifications, including the acquisition of a saturated lipid
moiety, which could lead the GPI-APs to associate with saturated
lipids into specialized domains (Fujita and Kinoshita, 2012).
Interestingly, in yeast, the lipid remodeling of the GPI anchor has
been shown to be required for GPI-AP segregation and sorting
upon ER exit (Castillon et al., 2009). Additionally, in mammalian
polarized epithelial cells, oligomerization and N-glycosylation of
GPI-APs have been reported to be crucial for their apical sorting
(Benting et al., 1999b; Catino et al., 2008; Imjeti et al., 2011).
Thus, different mechanisms might cooperate to coordinately sort
and route GPI-APs through their specific pathway to the plasma
membrane.

In this Commentary, we will examine the proposed
mechanisms involved in sorting of GPI-APs, which operate
upon the exit from the ER and from the TGN respectively in yeast
and in polarized mammalian cells. By considering the similarities
and differences between these sorting events, we present here
unifying principles of GPI-AP sorting and propose a general
mechanism.

Sorting of GPI-APs at ER - the case of yeast cells

Initial studies suggested that most secretory cargo travels together
in common coat protein complex II (COPII) carrier vesicles that
form at ER exit sites (ERES) for transport to the Golgi (Lee et al.,
2004), and that sorting would then occur at the Golgi to route
cargo to their final destinations. Subsequent studies supported a
model in which secretory pathway sorting that had been
previously exclusively attributed to the Golgi compartment can
also take place at the ER (Muiiiz et al., 2001). Pioneering work in
yeast demonstrated that GPI-APs are segregated from other
plasma membrane proteins at the level of the ER, and then
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concentrated at specific ERES from where they are subsequently
incorporated into distinct COPII vesicles for Golgi delivery
(Castillon et al., 2009; Muhiz et al., 2001). This indicates that
following ER exit, there are at least two parallel pathways in yeast
that route different secretory proteins to the Golgi. Nevertheless, it
is unknown whether GPI-APs continue to travel separately from
other secretory proteins through the Golgi cisternae to the plasma
membrane, or if they mix in the same Golgi cisternae to be sorted
again in the TGN (Harsay and Bretscher, 1995).

Lipid-dependent sorting of GPI-APs into specific ERES

Segregation of GPI-APs from transmembrane proteins and their
subsequent concentration into specific ERES has been shown to
be independent of the COPII machinery and to be driven by a
lipid-based mechanism, which involves the structural remodeling
of the lipid moiety of the GPI anchor (Castillon et al., 2009)
(Fig. 1). This process begins immediately after the GPI anchor is
attached to the nascent protein and, in yeast, consists of inositol
deacylation followed by replacement of the unsaturated short

fatty acid diacylglicerol chains (C18) with very long and more
hydrophobic fatty acid chains (C26). Then, the C26 diacylglicerol
is predominantly substituted by ceramide that contains also a very
long saturated fatty acid (C26) (Fujita and Kinoshita, 2012). GPI-
lipid remodeling allows for the biochemical isolation of GPI-APs
in vitro in detergent-resistant membrane (DRM) fractions, which
has been proposed to reflect their clustering into ceramide-
enriched domains (Bagnat et al., 2000; Castillon et al., 2009)
(Fig. 1). Interestingly, ER exit of GPI-APs requires ongoing
synthesis of ceramide, which in yeast also takes place in the ER
(Guillas et al.,, 2003). Therefore, these data indicate that
ceramides and lipid-remodeled GPI-APs might cooperate to be
co-sorted at specific ERES, from where they can be co-
transported to the Golgi by COPII vesicles. The fact that both
ceramides and lipid-remodeled GPI-APs contain a very long
saturated fatty acid (C26) in contrast to the ER glycerolipids (C16
and C18), might favor their selective clustering by self-assembly
at specific ER membrane domains. This in turn would facilitate
the sorting and concentration of GPI-APs at ERES in a
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Fig. 1. GPI-lipid remodeling and clustering. After protein attachment, the GPI-lipid undergoes a structural remodeling that has the purpose of providing
saturated lipids. In yeast, this process occurs entirely at the ER and consists of the inositol deacylation followed by the replacement of the primary
unsaturated lipid moiety by another lipid containing a very long highly saturated fatty acid, usually ceramide (C26) (shown in the upper panel). In mammalian
cells, the GPI-inositol is also deacylated at the ER, but the subsequent fatty acid remodeling to acquire a saturated fatty acid occurs at the Golgi (shown in
the lower panel). This difference with regard to the site of lipid remodeling between yeast (ER) and mammals (Golgi) might be linked to the specific lipid
environment. Yeast ceramides are synthesized in the ER and have the same length (C26) as GPI-lipids, which can lead to their clustering in specific membrane
domains that sort them into specialized ERES. In contrast, in mammalian cells, ceramides that are made in the ER are shorter (C18—-C24). Only at the
Golgi, where ceramides are converted into sphingolipids and where cholesterol is enriched, a more saturated lipid environment that favours clustering of
remodeled GPI-APs is generated. A possible intermediate step of homodimerization prior to oligomerization is indicated. For clarity, not all the intermediate
remodeling steps are shown. Remodeling enzymes are labeled in red. GPI, glycosylphosphatidylinositol; Pl, phosphatidylinositol, IPC, inositolphosphoceramide.
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COPIl-independent manner and provide an unfavorable
membrane environment for the incorporation of transmembrane
proteins. Consistently, yeast ceramides are required to stabilize
the association of GPI-APs with the ER membrane (Watanabe
et al., 2002).

This specific lipid-based sorting mechanism from yeast
would not be expected to operate in mammalian cells as such,
because mammalian GPI-APs acquire their saturated GPI-fatty
acids in the Golgi instead of the ER, and mammalian
ceramides are also shorter (C18—C24) (Kumagai et al., 2005).
Consistently, unlike yeast, GPI-APs in mammalian cells have
been found to be concentrated in the same ERES and COPII
vesicles together with other secretory proteins (Rivier et al.,
2010) (Fig. 2). In addition, the ER-to-Golgi transport of
mammalian GPI-APs does not depend on de novo sphingolipid
biosynthesis (Rivier et al.,, 2010), although, however, the
transport of the longest ceramides (C24) depends on GPI-APs
(Loizides-Mangold et al., 2012). Nevertheless, a minor fraction of
newly synthesized mammalian GPI-APs are associated with
DRMs in the ER in a cholesterol-dependent manner, suggesting a
possible association of GPI-APs to cholesterol-enriched domains
at this level (Bonnon et al., 2010; Sarnataro et al., 2002).
However, this association would not be sufficient to sort GPI-APs
into specific ERES and COPII vesicles.

Concentrative sorting

ERES
Yeast

p24 recruitment

GPI-AP-ceramide cluster

Formation of GPI-AP-containing COPII vesicles

After being sorted and concentrated into specific ERES, GPI-APs
must be packaged into COPII vesicles for delivery to the Golgi.
Because GPI-APs do not span the ER membrane, incorporation
into forming COPII vesicles would be expected to require a
transmembrane cargo—coat adaptor (or cargo receptor). In yeast,
as well as in mammalian cells, the COPII adaptor role for GPI-
APs is fulfilled by proteins of the conserved p24 family (Castillon
etal., 2011; Fujita et al., 2011) (Fig. 2). These are abundant type |
transmembrane proteins with a large luminal domain and a short
cytoplasmic tail, harboring binding signals for both COPII and
COPI coats. Different p24 proteins assemble in a heteromeric
complex that continuously cycles between ER and Golgi
compartments (Dancourt and Barlowe, 2010; Strating and
Martens, 2009). The yeast p24 complex is required for the
incorporation of GPI-APs into COPII vesicles (Muiiz et al.,
2000) (Fig. 2). Moreover, disruption of the p24-protein-binding
site on Lstlp, an isoform of the Sec24p cargo-binding subunit of
the COPII coat (Peng et al., 2000), specifically impairs the ER-to-
Golgi transport of GPI-APs, suggesting that the yeast p24
complex functions as an adaptor that links them to the COPII coat
(Castillon et al., 2011). However, this complex is not involved in
cargo concentration, and recognizes preferentially GPI-APs after
their lipid remodeling (Castillon et al., 2011); therefore its linker
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Fig. 2. GPI-AP sorting upon ER exit in yeast. A model for the ER export mechanism of GPI-APs in yeast (upper panel) and mammalian cells (lower panel)
is shown. In yeast, GPI-APs are sorted from transmembrane cargo proteins and concentrated at specific ERES upon GPI-lipid remodeling. This process
provides the GPI-APs with a long saturated fatty acid (C26) that might favor their selective clustering with the, also very long saturated ceramide chains (C26),
through self-assembly at specific ER membrane domains. This in turn might facilitate GPI-AP sorting and their concentration at ERES in a COPII-
independent manner. The p24 complex is subsequently recruited to these specific ERES by binding to the fully remodeled GPI-APs and so connects them to the
cytosolic COPII coat and ensures their efficient incorporation into the nascent COPII vesicle. In contrast, in mammalian cells GPI-fatty acid remodeling does
not occur in the ER and therefore GPI-APs are not concentrated at ERES by a lipid-based mechanism. Instead, they might use a COPIl-mediated mechanism for
their concentration in which the p24 complex recognizes GPI-APs that contain an unsaturated fatty acid and couples them with the COPII coat assembly that
drives luminal cargo concentration at ERES and subsequent vesicle budding.
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function must take place after remodeling and concentration at
ERES. It is conceivable that the p24 complex is recruited to
specific ERES that contain pre-concentrated remodeled GPI-APs
in order to connect them to the cytosolic COPII coat and thus
ensures their efficient incorporation into the nascent COPII
vesicle (Fig. 2). In addition, in mammalian cells, the p24 proteins
selectively bind and export GPI-APs from the ER (Fujita et al.,
2011). However, in contrast to yeast, in mammalian cells, the p24
complex is required for concentration of GPI-APs into ERES.
This is likely due to the fact that GPI-fatty acid remodeling of
mammalian GPI-APs does not occur in the ER and therefore they
are not concentrated at ERES by a lipid-based mechanism, but
use a COPII-mediated concentration mechanism by which the
COPII coat assembly drives luminal cargo concentration through
the p24 proteins (Fuyjita et al., 2011) (Fig. 2).

Several lines of evidence indicate that the p24 proteins interact
with GPI-APs through their GPI anchor (Castillon et al., 2011).
Because the yeast p24 complex preferentially binds lipid-
remodeled GPI-APs, it is likely that it recognizes the newly
remodeled lipid. Interestingly, in mammalian cells, the
transmembrane domain of the p24 protein appears to interact
directly and specifically with one sphingomyelin species (N-
stearoyl sphingomyelin or SM 18, a ceramide C18 with a
phosphorylcholine moiety attached to position 1) at the Golgi
(Contreras et al., 2012). Alternatively (or additionally), the p24
complex could interact with the GPI-glycan which, in mammalian
cells, is also remodeled before ER exit by metallophosphoesterase
1 (MPPEIL, also known as PGAPS5) which removes the
ethanolamine-phosphate (EtN-P) from its second mannose
(Fujita et al., 2009). Because this remodeling step is required
(like the GPI-inositol deacylation) for the binding of p24 to GPI-
APs, it is possible that the p24 complex recognizes the remodeled
GPI-glycan in addition to the GPI-lipid. In yeast, there are two
homologs of PGAPS, Tedlp and Cdclp, which could potentially
perform the same GPI-glycan remodeling reaction (Fujita et al.,
2011). Nevertheless, whether the p24 complex physically
recognizes remodeled structures on the GPI anchor remains to
be directly addressed. In addition, it is also unknown how the
different GPI anchor remodeling processes are coordinated to
allow the binding and export function of the p24 complex.

COPII vesicle formation from specific ERES with GPI-APs
presents special requirements. A recent study suggests that the
highly asymmetric membrane topology of both p24 and GPI-APs
must influence the mechanics of COPII budding (Copic et al.,
2012). Because both types of proteins have the bulk of their mass
residing in the ER lumen, their localized concentration at specific
ERES could create excess steric pressure on the luminal side of
the ER membrane that resists the outwards membrane bending
required to form a COPII vesicle. The authors of this work
propose that this potential problem is overcome by the presence
of Sec13p, a subunit of the outer layer of the COPII coat, which
would provide the sufficient rigidity to drive membrane bending
against this opposing resistance (Copic et al., 2012). In agreement
with this possibility, Sec13p, which is normally essential in yeast,
becomes dispensable in the absence of both p24 and remodeled
GPI-APs. However, another possibility is that clustering of GPI-
APs at the ERES would result in the segregation of saturated
lipids and therefore create high tension at the edges of these
domains that would be naturally released by the vesicle budding.
In addition, it has been shown that the ER export of GPI-APs
requires the specific COPII protein Lstlp, an isoform of the
Sec24p cargo binding subunit (Peng et al., 2000). Because Lstlp
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contains a binding site for p24 proteins (Miller et al., 2003), one
specific role of the p24 complex might be to link Lstlp to GPI-
APs. In line with this possibility, it has been observed that the
specific interaction of p24 proteins with Lstlp is required for the
efficient ER trafficking of GPI-APs (Castillon et al., 2011).
Interestingly, COPII vesicles that are produced in vitro are larger
if Lstlp is present during the budding reaction. This suggests that
Lstlp can be used to ensure the packaging of potentially large
cargoes, such as clusters of GPI-APs or oligomers of the plasma
membrane ATPase Pmalp, whose export from the ER is also
facilitated by Lstlp (Shimoni et al., 2000). Nevertheless, how
Lstlp is specifically attracted to specific ERES to accommodate
GPI-APs into specialized COPII vesicles remains to be explored.

During their transport or right upon arrival at the Golgi,
remodeled GPI-APs dissociate from the p24 complex, most likely
in a pH-dependent manner (Fujita et al., 2011). Upon their
release, remodeled GPI-APs can progress through the secretory
pathway and p24 proteins can be recycled to the ER in COPI
vesicles. Of interest, in yeast it has been reported that the retrieval
of the p24 complex is involved in a post-ER quality control
system that monitors the completion of anchor remodeling and
contributes to the retention of unremodeled GPI-APs in the ER
(Castillon et al., 2011). It would be interesting to explore whether
this post-ER quality control system also operates in mammalian
cells.

Sorting of GPI-APs at Golgi - the case of polarized

epithelial cells

In polarized epithelial cells which display (at least) two distinct
plasma membrane domains (apical and basolateral) (Rodriguez-
Boulan et al., 2005), sorting occurs mainly at the level of the
TGN, where proteins are segregated into vesicles that undertake
different routes to the plasma membrane (Weisz and Rodriguez-
Boulan, 2009; Cao et al., 2012) (Fig. 3). In contrast to basolateral
proteins, which contain conserved sorting sequences in their
cytosolic tail (Folsch et al., 1999; for a review, see Rodriguez-
Boulan et al., 2005), different signals have been found within the
tail, the transmembrane or cytosolic part of apically sorted
proteins, but there is no consensus sequence (Rodriguez-Boulan
et al.,, 2005). Furthermore, N- or O-glycans on the Iuminal
domain can also act as apical determinants (Alfalah et al., 1999;
Gut et al., 1998; Rodriguez-Boulan and Gonzalez, 1999; Yeaman
et al., 1997; Scheiffele et al., 1995).

GPI-APs are predominantly sorted to the apical surface. This
appears to be dependent on their inclusion into sphingolipid-
(more specifically glycosphingolipid, GSL) and cholesterol-rich
microdomains (or rafts), which might act as apical sorting
platforms at the level of the TGN (Simons and Ikonen, 1997).
Pulse—chase experiments have shown that, following fatty acid
remodeling of the GPI-anchor (Maeda et al., 2007; Fujita and
Kinoshita, 2012), GPI-APs acquire resistance to detergent
extraction during their transport through the Golgi, and co-
migrate with glycosphingolipids and cholesterol on sucrose
density gradients (Brown and Rose, 1992; Zurzolo et al., 1994).
Furthermore, inhibitors of sphingolipid biosynthesis and/or
removal of cholesterol impairs their apical sorting, supporting
the original hypothesis that raft association at the TGN is
involved in their apical transport (Paladino et al., 2004; Lipardi
et al., 2000). However, resistance to detergents only defines a
biochemical property of the GPI-AP and not an association with
specific membrane domains in vivo. Furthermore, in different
epithelial cell lines, some GPI-APs are sorted basolaterally
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Fig. 3. GPI-AP sorting upon TGN exit in polarized epithelial cells. A schematic model for the sorting mechanism of GPI-APs at the TGN in polarized
epithelial cells is shown. Upon GPI-lipid remodeling with saturated fatty acid chains in the Golgi, GPI-APs can be segregated from other transmembrane
proteins (TM) into sphingolipids and cholesterol-enriched domains. Further segregation would then occur as consequence of the oligomerization process that
might involve putative luminal receptors binding either the ectodomain or the lipid anchor. Vesicle formation and budding might derive from the coalescence of
lipid domains that are driven by the protein oligomerization. Putative cytosolic receptors might also facilitate vesicle budding. Note that the mechanism of sorting

of transmembrane proteins is not illustrated for clarity.

despite their association with DRMs (Zurzolo et al., 1993;
Paladino et al., 2004; Benting et al., 1999a; Sarnataro et al., 2002)
indicating that DRM association is a general property of GPI-
APs, and although it might be required, it is not the primary
mechanism for apical sorting (Paladino et al., 2004).

Oligomerization at the Golgi as a specific apical sorting mechanism
for GPI-APs

One specific property of apical GPI-APs compared to basolateral
ones is their ability to form high-molecular-mass oligomers at the
Golgi (Paladino et al., 2004) (Fig. 1). This appears to be an
essential step for GPI-AP apical sorting in different epithelial
cells, as impairment of oligomerization results in their missorting
to the basolateral domain (Paladino et al., 2007; Paladino et al.,
2004). Pulse—chase experiments, followed by separation on sucrose
velocity gradients, demonstrated that GPI-APs oligomerize during
their passage through the Golgi concomitantly to their acquisition
of detergent resistance. This suggests that oligomerization might
cooperate with segregation of GPI-APs in specific membrane
domains to promote apical sorting (Paladino et al., 2004). Indeed,
whereas both apical and basolateral GPI-APs dynamically
partition into rafts because of the chemical properties of the
GPI anchor (Simons and Sampaio, 2011), it is possible that in
order to be included in a raft-enriched apical vesicle GPI-APs
need to be stabilized into rafts. Oligomerization might promote
this process by increasing the affinity of apical GPI-APs for rafts,
as previously suggested in the case of cluster induced sorting of
GPI-APs in early endosomes (Fivaz et al., 2002; Howes et al.,
2010).

Alternatively, GPI-APs oligomerization could lead to the
clustering of small rafts into larger and more stable domains. This
will increase the length of the line tension at the boundary between
the raft and non-raft phases (an energy per unit length of boundary
owing to differences in thickness between the rafts and the
surrounding area), which could be relieved by the budding of the
domain and subsequent fission of the vesicle at the boundaries (Roux
etal., 2005; Allain et al., 2004; Schuck and Simons, 2004; Cao et al.,
2012; Surma et al., 2012) (Fig. 3). Similarly, the multivalent binding
of the pentameric shiga toxins to the glycosphingolipid GB3 at the
plasma membrane has been shown to induce lipid clustering,
enhancing phase separation (Romer et al., 2007) and resulting in
tubular membrane formation (Ewers et al., 2010).

A growing bud could also facilitate protein sorting by
recruiting curvature-preferring proteins into the lipid raft
platform, further increasing the propensity to generate curvature
in a feedback loop (van Meer and Vaz, 2005; Tian and Baumgart,
2009; Huttner and Zimmerberg, 2001; McMahon and Gallop,
2005; Kuzmin et al., 2005). Thus, the mechanism of
oligomerization of GPI-APs could have a double role: first, it
would enable GPI-APs to be segregated from the remainder of the
proteins in Golgi membranes and, second, it would drive the
budding of an apical vesicle, inducing coalescence of ‘raft-like’
domains.

Mechanism of oligomerization

One of the burning questions is what are the molecular
determinants that drive oligomerization of apical GPI-APs
compared to basolateral ones. Oligomerization could be driven
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by interactions that involve the protein ectodomain, the GPI
anchor and/or the surrounding lipid environment (Paladino et al.,
2008) (Fig. 1). The evidence showing that oligomerization occurs
concomitantly with association to the raft and that cholesterol
depletion impairs oligomerization in the Golgi, points towards a
role of the GPI anchor and the surrounding lipid environment
(Paladino et al., 2004). Interestingly, a reporter GPI-AP (GFP-
FR) in which GFP was fused to the GPI attachment signal of an
apical GPI-AP (folate receptor, FR) oligomerizes and is apically
sorted. By contrast, GFP—PrP, in which GFP is fused to the GPI
attachment signal of a basolateral GPI-AP (prion protein, PrP),
is sorted basolaterally and does not oligomerize (Paladino et al.,
2008). Strikingly, cholesterol addition enables the basolaterally
directed GPI-APs to form oligomers, results in lower diffusional
mobility in the Golgi membranes and causes their partial
rerouting to the apical surface (Paladino et al., 2008; Lebreton
et al., 2008). One possibility is that cholesterol addition is
able to stabilize the segregation of basolateral GPI-APs into lipid
rafts, thus allowing their oligomerizaton and apical sorting.
Alternatively, an increased concentration of cholesterol might
change the characteristics of the Golgi lipid environment,
thereby enabling the protein to oligomerize and to be sorted
into apically delivered vesicles. Cholesterol might also have a
more direct role, not linked to the existence of specific
membrane domains, and somehow ‘force’ the clustering of an
unremodeled or differently remodeled anchor. Indeed, as in the
case of raft association (Fujita and Kinoshita, 2012; Maeda and
Kinoshita, 2011), it might be possible that oligomerization relies in
part upon the remodeling of the anchor, and that different GPI
anchors would have a different sensitivity for the Golgi remodeling
enzymes. Interestingly, lyso-GPI proteins (an intermediate
precursor in the GPI lipid remodeling process) are apically sorted
independently of raft association and are sensitive to cholesterol
depletion (Castillon et al., 2013). Whether this apical sorting is
mediated by protein oligomerization remains to be established.
However, one should be cautious in the interpretation of this data
because lyso-GPIs contain an incomplete lipid moiety (without the
unsaturated acyl-chain) that might not reflect the biochemical
properties of the native unremodeled GPI anchor (containing
phosphatidylinositol).

In addition, the protein ectodomain might have an important
role in GPI-AP oligomerization. Once formed, oligomers are
insensitive to cholesterol depletion, suggesting the involvement
of protein—protein interactions (Paladino et al., 2004). Indeed, a
double cysteine mutation (S49C/S71C) in the GFP ectodomain of
GFP-FR, which compromises its ability to dimerize, results in
impaired oligomerization and missorting (Paladino et al., 2004).
In this case, cholesterol addition does not reverse this phenotype,
suggesting that the intrinsic ability of the protein to dimerize is
necessary (Paladino et al., 2008). However, evidence exists for a
role of lipid anchor remodeling in GPI-AP homodimerization
(Fig. 3) (Seong et al., 2013). Consistently, recent data support the
idea that the dimer is the fundamental unit for the clustered
organization of GPI-APs at the plasma membrane in fibroblasts
(Suzuki et al., 2012). Although fibroblasts and polarized
epithelial cells might share this requirement, we have recently
shown that the plasma membrane organization of GPI-APs is
considerably different between fibroblasts and epithelial cells.
Furthermore, we find that, in polarized epithelial cells, the
oligomerization-based sorting mechanism of GPI-APs in the
Golgi appears to regulate both their organization and function at
the apical membrane (Paladino et al., 2014).
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Non-covalent interactions between protein ectodomains that
are mediated by post-translational modifications might be
responsible for the formation of oligomers. Whereas the
addition of N-linked glycans to the GPI-anchored form of rat
growth hormone has been shown to be necessary for its apical
delivery (Benting et al., 1999b), contrasting data exist regarding
the role of N-glycosylation of native GPI-APs (Pang et al., 2004;
Potter et al., 2004). In Madin—Darby canine kidney (MDCK)
cells, mutagenesis of both N- and O-glycosylation sites does not
affect oligomerization and apical sorting of PLAP (placental
alkaline phosphatase, a model GPI-AP), whereas treatment with
tunicamycin, which blocks N-linked glycosylation, does (Catino
et al., 2008). This indicates that N-linked sugars of protein
ectodomains are not directly involved in the apical sorting of
GPI-APs, but that an N-glycosylated interactor might be involved
(Catino et al., 2008; Rodriguez-Boulan and Gonzalez, 1999). In
contrast, both in Caco2 and MDCK cells, mutagenesis of both
glycosylation sites of porcine membrane dipeptidil peptidase
(MDP) impairs its apical sorting, although oligomerization of the
protein was not assessed in this study (Pang et al., 2004). Finally,
in Fisher rat thyroid (FRT) cells, point mutation of the N-
glycosylation sites on the protein ectodomain affects PLAP
oligomerization. Interestingly, in these cells, the Golgi is
saturated with cholesterol compared to MDCK cells, and
addition of cholesterol is not sufficient to allow oligomerization
and apical sorting of basolateral GPI-APs. Therefore, these data
indicate that at least two oligomerization mechanisms exist, one
that is cholesterol-dependent and one that is cholesterol-
independent and depends on glycosylation (Imjeti et al., 2011).

Additional factors: involvement of putative receptors
Another question is whether oligomerization is sufficient, or
accessory mechanisms are at play, that result in the sorting of
GPI-APs into apically delivered vesicles (Paladino et al., 2004;
Paladino et al., 2007). Morphological studies indicate that GPI-
APs are segregated from transmembrane proteins in the TGN,
from where they exit in distinct vesicles (Keller et al., 2001;
Guerriero et al., 2008). In addition, it has been reported that GPI-
AP-carrying vesicles emerge from large Golgi domains with a
spherical appearance, in contrast to the elongated Golgi
extensions from which basolateral carriers appear to arise
(Luini et al., 2005). The process of carrier generation probably
does not rely exclusively on lipid clustering. Membrane-bending
factors such as BAR-domain-containing proteins (Peter et al.,
2004) or the insertion of a small amphipathic or hydrophobic
wedge to induce membrane asymmetry and curvature (McMahon
and Gallop, 2005) are likely to be required. Recently, depletion of
four-phosphate-adaptor protein 2 (FAPP2), which contains a
hydrophobic wedge in its PH domain, by RNA interference (Cao
et al., 2009; Lenoir et al., 2010) was found to result in delayed
delivery and/or intracellular accumulation of apical raft-
associated proteins (either transmembrane proteins or GPI-APs)
in polarized MDCK cells, whereas their basolateral transport was
unaffected (Vieira et al., 2005).

It is also unclear whether specific cargo receptors and coat
proteins on the cytosolic side are required for the formation of
vesicles that contain raft components, including GPI-APs. GPI-
AP oligomerization and, consequently, raft clustering could be
promoted by a variety of raft-associated proteins (Schuck and
Simons, 2004). For instance, the protein VIP17/MAL has been
shown to be required for the apical delivery of some, but not all
GPI-APs (Cheong et al., 1999; Martin-Belmonte et al., 2000).
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Other factors, including caveolins, flotillins and stomatin, and
raft-associated  oligomerizing proteins have also been
hypothesized to promote GPI-AP clustering (Schuck and
Simons, 2004). However, it is not clear how these proteins,
which are linked to the cytoplasmic leaflet of membranes through
their myristoylated or palmitoylated tail, could interact with GPI-
APs in the ectoplasmic leaflet. Similarly, clustering of raft lipids
on the cytoplasmic side by annexin oligomers (such as of annexin
IT and annexin XIII), should cluster raft components in the
exoplasmic leaflet (Jacob et al., 2004; Fiedler et al., 1995; Lafont
et al., 1998; Lecat et al., 2000). Thus, although the mechanistic
roles of these proteins have not been elucidated, it will be very
interesting explore their possible function in apical sorting of
GPI-APs.

Finally galectin-4, which interacts with the sulfatides that carry
long-chain-hydroxylated fatty acids and that are specifically
enriched in lipid rafts, could be able to cross-link rafts and lead
to the generation of lipid-raft-enriched transport carriers. Depletion
of galectin-4 has been shown to affect apical trafficking of
both transmembrane and GPI-anchored raft-associated proteins
(Delacour et al., 2005), suggesting it has a more general
involvement in the transport of all apical proteins, and is not a
specific sorting receptor for GPI-APs. More recent data point
towards galectin-9 as a stronger candidate to have a clustering
function, owing to its binding for the Forssman glycolipid, the major
apical glycosphingolipid in MDCK cells (Mishra et al., 2010).
Furthermore, the GPI anchor of certain GPI-APs can be modified
with the addition of branched N-acetylgalactosamine (GalNAc)
residues to the GPI-glycan (Ferguson et al., 2008), which could
be potentially recognized by multivalent galectins. Thus, it is
conceivable that a joint recognition of the glycan moieties of GPI
anchors and of the surrounding glycosphingolipids by galectins
could promote the stabilization of GPI-AP clusters in GSL-enriched
domains, thereby facilitating their sorting into apically delivered
vesicles. Further studies will be necessary to test this hypothesis.

Conclusions and perspectives

The comparison of the events of GPI-AP sorting upon exit from the
ER in yeast and from the TGN in polarized epithelial cells,
respectively, points to several significant analogies that could be
reconciled in a common mechanism. First, both sorting processes
occur in a specialized saturated lipid environment: very long chain
ceramides at the ER in yeast, and sphingolipids and cholesterol at
the TGN in polarized epithelial cells. In addition, GPI-AP sorting
appears to require the full lipid remodeling of the GPI anchor with
saturated lipid as long as the ceramides in yeast or the sphingolipids
in polarized epithelial cells (Fig. 1). Because in yeast GPI-APs are
sorted from the ER upon GPI-lipid remodeling, it is conceivable
that, in mammalian cells, GPI-APs also rely on this process for their
sorting, although this remains to be shown. GPI-lipid remodeling
can lead to the lateral association of GPI-APs with saturated lipids,
thereby creating specialized domains at the ER or TGN membrane.
These initial clusters can be further stabilized by oligomerization
through interactions between the protein ectodomains of the GPI-
APs to segregate them from other secretory proteins and that,
subsequently, act as selective vesicle budding platforms for sorting,
as proposed for apical sorting in polarized epithelial cells (Figs 2,
3). This mechanism could also operate in yeast although this has
still to be investigated. Finally, sorting upon vesicle formation
could be also favored if the level of GPI-AP clustering is further
increased by cargo receptors that bind glycosphingolipids, such as
galectin-9 in mammalian cells or GPI-APs as is the case for the p24

complex in yeast. Testing the predictions of this model in both
systems represents an exciting challenge for future research.
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