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Le résumeé

Les protéines a ancrage glycosyl phosphatidyl inositol (GPI) sont des protéines, qui aprés
attachement au GPI dans le réticulum endoplasmique (RE), sont exportées a la surface de la
cellule. Exposées au milieu extracellulaire, elles assurent diverses fonctions comme
I'interaction cellule-cellule, I'adhésion cellulaire ou la transduction du signal dans les cellules
eucaryotes supérieures. Dans la levure Saccharomyces cerevisiae, les protéines a ancrage
GPI participent essentiellement a la synthése de la paroi extracellulaire, qui protége la cellule
contre de nombreux stress extérieurs.

Durant ce travail de these, nous nous sommes intéressés a la sortie du RE des protéines a
ancrage GPI. La formation de vésicules destinées au transport de protéines du RE a I'appareil
de Golgi est assurée par I'assemblage du manteau COPII. Apres échange du GDP par du GTP,
la Ras GTPase Sarlp recrute le complexe Sec23p/Sec24p et les protéines a charger. Ensuite
s’associe le complexe Sec13p/Sec31p, ce qui finalise I'assemblage du manteau COPII, et
ainsi, une vésicule dérivée du RE est formée. Il a été montré qu’il existe en fait deux
populations de vésicules a manteau COPIl: Une population transportant la protéine
transmembranaire Gaplp et une population transportant la protéine a ancrage GPI Gaslp.
Ce résultat suggere qu’il existe deux mécanismes d’incorporation des cargos et de
bourgeonnement des vésicules a partir du RE.

Dans un premier temps, nous avons recherché a identifier les signaux essentiels a
I’événement de triage des protéines lors de la sortie du RE. Ainsi nous avons pu observer que
I’'ancrage GPI est un pré-requis a I'export de Gaslp. Cependant la fusion de I'ancre GPI a la
protéine soluble a-factor, ne permettait pas a a-factor de sortir du RE dans les vésicules
dédiées aux protéines a ancrage GPl. Cependant dans le mutant erv294, Erv29p étant le
récepteur de sortie du RE de a-factor, a-factor était incorporé dans une nouvelle population
de vésicules a la sortie du RE. Il était connu que a-factor interagissait avec Erv29p par ce que
I’on appelle un signal de sortie de RE. L’ancre GPI est également un signal de sortie de RE, et
potentiellement un signal de triage, cependant ce signal est récessif comparé au signal
contenu dans a-factor.

Dans un deuxieme temps nous avons travaillé sur les mécanismes de triage des protéines a
la sortie du RE. Pour cela nous avons développé de nouveaux outils, qui nous ont permis de
visualiser par microscopie a fluorescence I'événement de sortie du RE. Nous avons ainsi
fusionné la protéine a ancrage GPl Cwp2p avec la protéine fluorescente Venus, et la protéine
transmembranaire Hxtlp avec la protéine fluorescente CFP. En utilisant un mutant
thermosensible sec31-1 a 37°C, nous pouvons provoquer |I'accumulation de ces molécules
dans des sites spécialisés pour le bourgeonnement de vésicules a la surface du RE, appelés
sites de sortie du RE (ERES : ER exit sites en anglais). En effet dans le mutant sec31-1 les
cargos sont concentrés dans les vésicules en formation, mais le manque de Sec31p empéche
I"'assemblage final du manteau COPIIl. Dans un tel contexte nous avons pu voir que Cwp2p et
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Hxt1p sont concentrés dans des ERES différents. Des expériences supplémentaires suggerent
que la concentration de Hxtlp dans les ERES est dépendante des composants COPII, Sec12p
et Secl6p et du récepteur de sortie du RE Erv14p. Plus surprenant la concentration de
Cwp2p dans des domaines spécifiques a la surface du RE est indépendante du manteau
COPII. Plus tard nous avons pu observer que la concentration des protéines a ancrage GPI
nécessite I'enzyme Bstlp, qui dé-acétyle le groupe inositol de I'ancre GPI. Cette étape est un
pré-requis au remodelage des lipides de I'ancre GPI. La protéine de la famille p24, Emp24p a
été pressentie comme le récepteur de sortie de RE des protéines a ancrage GPI. En effet
dans le mutant emp244 on peut observer un défaut de maturation de la protéine a ancrage
GPI Gaslp, ce qui est trés souvent le reflet d’'un défaut de transport entre le RE et le Golgi.
De plus, Emp24p est capable d’interagir physiquement avec Gaslp. Nous avons voulu tester
si Emp24p était impliquée dans la concentration des protéines a ancrage GPI. Dans le mutant
sec31-lemp24A, Cwp2p est toujours capable de s’accumuler a des sites précis de la surface
du RE, suggérant qu’'Emp24p ne participe pas a la concentration de Cwp2p mais a
I'incorporation de protéines a ancrage GPI concentrées dans les vésicules a manteau COPII.

Apres avoir vérifié qu'Emp24p et les enzymes impliquées dans le remodelage participent
génétiqguement a la méme fonction, nous avons regardé la localisation d’Emp24p. De
maniére trés surprenante, Emp24p ne colocalise que partiellement avec les protéines a
ancrage GPI dans le mutant sec31-1. Ce résultat exclut donc qu’'Emp24p soit le récepteur
spécifique pour la sortie du RE des protéines a ancrage GPI, ou alors, le mode d’action
d’Emp24p en tant que récepteur est trés atypique. Néanmoins la localisation d’Emp24p est
fortement affectée dans les mutants pour le remodelage lipidique de I’'ancre GPI, suggérant
qu'Emp24p fonctionne en aval du remodelage lipidique. Des études supplémentaires
devront étre fournies afin de comprendre la fonction moléculaire accomplie par Emp24p.

Une autre remarquable observation est que les protéines a ancrage GPI ne nécessitent pas la
Ras GTPase Sarlp lors de la formation des vésicules a manteau COPIl. Dans ce contexte il
serait légitime d’imaginer que les deux populations de vésicules a manteau COPII different
par la composition du manteau COPII lui-méme et possiblement par le mode de recrutement
des cargos. Cette différence est probablement suffisante pour générer le triage des cargos
lors du bourgeonnement des vésicules a partir du RE.

En utilisant la réversibilité du phénotype de sec31-1 aprés rétablissement de la température
permissive, il est possible de synchroniser la sécrétion des cargos accumulés. Présentant
différentes cinétiques de motilité les protéines a ancrage GPl et la protéine
transmembranaire Hxt1p suivent des routes paralléles jusqu’a la surface de la cellule. Outre
le fait que le triage des cargos a la sortie du RE peut étre important pour la localisation
différentielle de certains cargos, il est vraisemblable que la mise en place du mécanisme
alternatif de formation de vésicules a manteau COPII pour les protéines a ancrage GPI soit
un pré-requis au transport vésiculaire des céramides.
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I.A-GPl-anchored proteins

10 to 20% of secretory proteins are modified after their synthesis and translocation into the
endoplasmic reticulum (ER) at their C-termini by glycosylphosphatidylinositol (GPI). Addition
of GPI allows anchoring to the inner leaflet of the ER membrane and therefore after
trafficking through the secretory pathway, the GPl-anchored proteins are exposed
extracellularly. In mammalian cells, GPl-anchored proteins are important for cell adhesion,
cell-cell interaction, signal transduction and host defence (lkezawa, 2002; Kinoshita et al.,
1995). In the yeast Saccharomyces cerevisiae, most of the 60 predicted GPl-anchored
proteins are involved in cell wall biogenesis and assembly (Kapteyn et al., 1999).

Synthesis of the GPI in the ER is the result of the sequential action of at least 10 enzymes
comprising more than 20 gene products (Orlean and Menon, 2007; Pittet and Conzelmann,
2007). Biosynthesis of GPI is essential for embryonic development in mammals (Nozaki et
al.,, 1999), for growth in yeast (Leidich et al., 1994) and for certain life cycle stages of the

African sleeping sickness parasite Trypanosoma brucei(Nagamune et al., 2000).

I.A.1-Structure of GPl-anchored proteins

The core backbone structure, EtNP-6Manal-2Manal-6Manal-4GlcNal-6myolnositol-
phospholipid (where EtNP is ethanolamine phosphate; Man is mannose; and GIcN is
glucosamine), is common to various eukaryotic GPl-anchored proteins, such as yeast
(Saccharomyces cerevisiae), protozoan parasites (Trypanosoma brucei and Plasmodium
falciparum), and plant (Pyrus communis) (Ferguson et al., 1999; |kezawa, 2002; Orlean and
Menon, 2007; Oxley and Bacic, 1999; Pittet and Conzelmann, 2007). However some

differences in mannose and ethanolamine phosphate branching can be observed between
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GPl-anchored proteins and between organisms (Orlean and Menon, 2007; Taron et al.,

2004). (Fig. 1).

F'ro_tein

Yeast (+) . H
o2 ‘
wl,3 é
[
Yeast (+) . 1 .
Mammal (&) ol2

al2
Yeast (+)
Mammal (2))::}3—1.6
al,
2@
wl 4
.u1.5 5 Precursor (+)

Mature form (-)

Phosphatidylinositol

Acyl chain

Mannose

Glucosamine

» O 1o

Ethanolamine
phosphate

Fig.1. Structure of GPI core portion in yeast
and mammal. From (Fujita and Jigami, 2008).

I.LA.2-Biosynthesis of the GPI

precursor

More than 20 gene products are directly
required for the synthesis of the GPI
precursor and its transfer to protein. Most of
these proteins are polytopic membrane
proteins found in the membrane of the ER
(Benachour et al., 1999; Canivenc-Gansel et
al., 1998; Grimme et al., 2001; Sutterlin et
al., 1997b; Taron et al., 2004). An overview
of the biosynthetic pathway is illustrated in

Fig. 2, and the proteins associated with each

step are listed in table 1. After synthesis of

the GPI precursor, the GPI transamidase catalyses the endoproteolytic cleavage of the C-

terminal GPI attachment signal of the future GPIl-anchored protein and the attachment of

the GPl-anchor to the newly generated C-terminus (Benghezal et al., 1996; Fraering et al.,

2001; Hamburger et al., 1995; Hong et al., 2003; Ohishi et al., 2001).
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Fig. 2. The main pathway of GPI biosynthesis in yeast. From (Pittet and Conzelmann, 2007)
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Table 1. Protein machinery for GPl anchoring in yeast and mammals. From (Orlean and Menon, 2007).

Reaction Mammalian protein Yeast protein

GlcNACc-PI de-N-acetylation - Gpil2p

Inositol acylation PIG-W Gwtlp

Etn-P transfer to Man-1 PIG-N Mcd4p

a 1,2 mannosyltransfer PIG-B GpilOp

o 1,2 mannosyltransfer hSmp3 Smp3p

GPI transamidase PIG-K Gpi8p
GAAl Gaalp
PIG-S Gpil7p
PIG-T Gpil6p
PIG-U Gablp

sn-2 deacylation PERLD1/PGAP3 Perlp

sn-2 acylation PGAP2 Cwh43p?

[
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I.A.3-Lipid remodeling of GPl-anchored proteins

I.A.3.1-Lipid moieties of the GPI anchor

The lipid moieties of the phosphatidylinositol (PI) of the GPI precursor consist of unsaturated

fatty acyl chains at the sn-2 position. In yeast the Pl contains commonly C16:0/C18:1, and in

mammalian cells C18:0/C20:4 (Maeda et al., 2007; Sipos et al., 1997). Later, during the

process called remodeling, the unsaturated fatty acyl chains at the sn-2 position are replaced

by C26:0 in yeast, or C18:0 in mammalian cells. Eventually in yeast the GPI can be remodeled

into C18:0 phytosphingosine (PHS) and C26:0 or PHS and monohydroxylated C26:0 (Bosson

et al., 2006; Maeda et al., 2007; Reggiori et al., 1997; Sipos et al., 1997) (Fig. 3).

Fig. 3. Lipid moieties of GPl anchor in yeast and mammalian cells. From (Fujita and Jigami, 2008).
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I.A.3.2-Remodeling

As mentioned above, the lipid remodeling process ensures the exchange of the lipid moieties
of GPI (Fig. 4). This process takes place after the deacylation of Pl in the ER by the yeast
protein Bstlp or the mammalian protein PGAP1 (Chen et al., 1998; Fujita et al., 2006a;
Tanaka et al.,, 2004). In human erythrocytes, the Pl deacylation and subsequently the
remodeling process do not occur (Tanaka et al., 2004). In yeast the remodeling process takes
place in the ER lumen, whereas in mammals it occurs in the Golgi apparatus (Fujita et al.,
2006a; Maeda et al., 2007; Sipos et al., 1997). After the deacylation, the acyl chain at the sn-
2 position of the Pl is removed by the yeast protein Perlp or the mammalian homologue
PGAP3/PERLD1 to form lyso-PI (Chen et al., 1998; Maeda et al., 2007; Sipos et al., 1997).
Then C26:0 in yeast or C18:0 in mammalian cells is added to lyso-PI by yeast Guplp or
PGAP2 in mammals (Bosson et al., 2006; Maeda et al., 2007; Tashima et al., 2006). In yeast
the diacylglycerol of the GPI can be further modified into ceramide (Reggiori et al., 1997;
Sipos et al., 1997). Even though the precise mechanism has not been elucidated yet, it is

Fig. 4. Lipid remodeling of GPl-anchored proteins in yeast and mammalian cells. From (Fujita
and Jigami, 2008).
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believed that Cwh43p is responsible for such conversion (Ghugtyal et al., 2007; Umemura et

al., 2007).

I.A.3.3-Lipid association of GPl-anchored proteins

After remodeling, GPI anchoring confers a specific association with detergent-resistant
membranes (DRMs) (Brown and Rose, 1992; Simons and Ikonen, 1997). Still under debate,
the DRM association may be the consequence of the GPI-anchored protein association with
specialized membrane domains known as “raft” microdomains. Raft microdomains have
been described to be membranes enriched in sterols and sphingolipids (Simons and lkonen,
1997). In yeast, GPl-anchored proteins are associated with DRMs from the ER and later in
the secretory pathway, whereas in mammalian cells this association starts in the Golgi
(Bagnat et al., 2000; Brown and London, 1998). The ER membrane association of yeast GPI-
anchored proteins is weakened in mutants for the synthesis of ceramides (Barz and Walter,
1999; Sutterlin et al., 1997a; Watanabe et al., 2002), and GPl-anchored proteins are not
associated with DRMs in yeast and mammalian remodelling mutants (Fujita et al., 2006a;
Fujita et al., 2006b; Umemura et al., 2007). Failure of GPl-anchored proteins to be found in
microdomains in yeast results in an ER-to-Golgi transport delay of GPl-anchored proteins.
This was not observed in mammalian cells (Yasuda et al., 2001). Likely ceramides are building
blocks of the ER microdomains in yeast. We would expect an important function of sterols
with regard to GPl-anchored proteins membrane association and therefore on GPl-anchored
protein secretion. However ergosterol is not required for ER-to-Golgi transport of GPI-
anchored proteins in yeast (Heese-Peck et al., 2002). This suggests that the presence of
sterols within the microdomains containing ceramides and GPl-anchored proteins is

dispensable for stable GPI association.
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Later along secretory pathway, the microdomains in which ceramides are replaced by
complex sphingolipids, require ergosterol in yeast. Upon pheromone induction, GFP-GPI
localized to the mating tip in yeast (Bagnat and Simons, 2002a; Bagnat and Simons, 2002b;
Valdez-Taubas and Pelham, 2003). Disturbance of ergosterol or sphingolipid synthesis
induces the relocalization of GFP-GPI to the cell cortex. In mammalian cells, the DRM
association of GPl-anchored proteins occurs in the Golgi apparatus in connection with the
GPI remodelling by the sequential action of PGAP3/PERLD1 and PGAP2. Even though not
sufficient, association of GPl-anchored proteins with lipid rafts is essential for apical sorting
in several epithelial cell lines and to the axonal region of neuronal cells (Benting et al., 1999;
Brown et al., 1989; Lisanti et al., 1989; Lisanti et al., 1990; Paladino et al., 2004). Treatment
with an inhibitor of the ceramide synthase, fumonisin B1, disturbs the apical transport of
GPIl-anchored proteins but does not affect transmembrane protein transport (Lipardi et al.,

2000).

I.B-ER-to-Golgi transport

The transport of proteins along the secretory pathway starts from the endoplasmic
reticulum (ER). After translation and translocation into the ER, secretory proteins undergo
folding and post-translational modifications. Afterwards they are concentrated into
transport vesicles coated by the COPII complex. The COPII vesicles ensure the transport of
secretory proteins from the ER to the Golgi apparatus or the ER-Golgi intermediate

compartment (ERGIC)(Sato, 2004).
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1.B.1-COPII coat assembly

The assembly of the COPII coat occurs on specialized regions of the ER surface called ER exit

sites (ERES) (Bannykh et al., 1996; Orci et al., 1991). The assembly of the COPII coat is

initiated by the activation of
O san . ] )
] Sec23/24 Fig. 5. COPII vesicle formation.
the small Ras-like GTPase §® Secl331 From (Sato and Nakano, 2007).
Sar1-GDP
Sarlp (Nakano and

. 1 Export signal
Muramatsu, 1989) (Fig. 5). arp GoP
=2 Sarl-GTP E g

The conversion of GDP to GTP &8l — o — H

(_EH

is mediated by the guanine cargo  Prebudding  polymerization
complex

exchange factor Sec12p. Sec12p is strictly localized to the ER (Barlowe and Schekman, 1993;
Nakano et al., 1988). Upon activation Sarlp is anchored into the ER membrane and
therefore recruits the heterodimer Sec23p-Sec24p (Bi et al., 2002; Huang et al., 2001). The
Sec23p/Sec24p/Sarlp complex binds to cargo molecules to form the pre-budding complex
(Kuehn et al., 1998). The pre-budding complex then recruits the heterotetramer complex
Sec13p-Sec31p (Lederkremer et al., 2001). Sec13p-Sec31p assemble in order to deform the

ER membrane and cage the nascent ER- Fig. 6. Structure
of the COPII coat.
Sec13p-Sec31p

(green). Sec23p-

derived vesicles (Stagg et al., 2008) (Fig.6).

The fission of the COPIl coated vesicle from Sec24p (yellow).

Nonspecifically
the ER membrane has been suggested to be .

bound proteins
(gray). From
(Stagg et al,

2008).

triggered by the GTP hydrolysis by Sarlp
(Bielli et al., 2005). Two additional proteins
are known to participate to the COPII coat

assembly. Secl6p is a peripheral protein
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associated to the ER involved in the organization of the ERES (Espenshade et al., 1995;
Gimeno et al., 1996; Matsuoka et al., 1998; Supek et al., 2002). Sed4p is an integral
membrane protein located at the ER membrane, and its cytoplasmic domain shares
homology with Sec12p (Gimeno et al., 1995; Saito-Nakano and Nakano, 2000). However no
GEF activity has been found for Sed4p. Sec16p and Sed4p interact directly (Gimeno et al.,

1995), but still their precise functions remain unclear.

I.B.2-Cargo selection

Most membrane and soluble cargo proteins are concentrated into COPII vesicles. The
selective concentration and loading of cargoes is ensured by export signals. The export
signals or ER exit signals allow either the direct interaction with the COPII coat or the

interaction with an adaptor protein, which itself can bind to COPII.

I.B.2.1-Concentration of transmembrane proteins

Different ER exit signals have been identified on various transmembrane cargo proteins. The
di-acidic motif DxD found at the cytoplasmic C-terminus of the transmembrane protein

Gaplp drives the direct interaction with COPIl (Malkus et al., 2002). Other motifs such as di-
hydrophobic motifs (FF, YY, LL or FY) or tyrosine containing motif, which ensure efficient ER
exit, have been identified (Dominguez et al., 1998; Kappeler et al., 1997; Otte and Barlowe,
2002; Sato and Nakano, 2002). In order to be efficiently packaged into COPII coated vesicles,
yeast SNAREs display special ER exit signal such as YxxxNPF and LxxME on Sed5p and LxxLE

motif on Betlp (Mossessova et al., 2003).

1.B.2.2-Cargo-specific adaptor proteins
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In yeast, several adaptors/receptors for ER exit have been identified (Table 2). Exclusively
luminal soluble cargo proteins cannot bind to COPIl directly and therefore need the
contribution of an adaptor protein or ER exit receptor for efficient ER exit. In the case of the
yeast soluble a-factor, recruitment to COPII vesicles is possible through the interaction with
the transmembrane protein Erv29p (Belden and Barlowe, 2001b). In the pro-region of the a-
factor, the lle-Leu-Val (ILV) motif mediates the binding with Erv29p. Erv29p is required for
the efficient export of carboxypeptidase Y. Ervl4p is able to link the transmembrane
proteins AxI2p and Sma2p to the COPII coat (Nakanishi et al., 2007; Powers and Barlowe,
2002). The Drosophila melanogaster homolog of Erv14p, cornichon, is involved in ER export
of the growth factor Gurken (Bokel et al., 2006). Moreover during sporulation, Ervl4p and

Erv15p are essential for ER exit of several cargo proteins (Nakanishi et al., 2007).

Table. 2. Confirmed and putative cargo receptors

Receptor Cargo Species Ref

Erv29p gpaF and CPY S. cerevisiae (Belden and Barlowe, 2001b;
Otte and Barlowe, 2004)

Erv26p p-ALP S. cerevisiae (Bue et al., 2006)
Ervidp AxI2p and Sma2p S. cerevisiae (Nakanishi et al, 2007,
Powers and Barlowe, 2002)

Vma2lp Vo of the vacuolar S. cerevisiae (Malkus et al., 2004)
H*-ATPase
Cornichon Gurken D. melanogaster (Bokel et al., 2006)
Emp24p- Gaslp, Ypslp and S. cerevisiae (Muniz et al., 2000)
Erv25p Suc2p
Emp46p- Glycoproteins S. cerevisiae (Sato and Nakano, 2003)
Emp47p
Erv41lp- None identified S. cerevisiae and M. (Otte and Barlowe, 2002;
Erv46p musculus Welsh et al., 2006)
LMAN1- FV and FVIII; catC M. musculus and H. (Zhang et al., 2005; Zhang et
MCFD2 and catz sapiens al., 2006)
BAP31 MHC class | M. musculus and H. (Ladasky et al., 2006)
sapiens
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Erv26p is specifically involved in ER export of the precursor form of the vacuolar alkaline
phosphatase (pro-ALP) (Bue et al., 2006). Emp46p and Emp47p are yeast homologous
proteins containing a lectin-like carbohydrate-recognition domain (CRD). Cells mutant for
Emp46p, Emp47p, or both, display a glycoprotein secretion defect (Sato and Nakano, 2003;
Satoh et al.,, 2006). Additionally, the Erv4lp-Erv46p transmembrane-protein complex is

potentially involved as an ER exit receptor (Otte and Barlowe, 2002; Welsh et al., 2006).

1.B.2.3-Emp24p-Erv25p
Being exclusively luminal GPl-anchored proteins must interact with the prebudding complex
via the interaction with a cargo receptor. In yeast, the member of the p24 family Emp24p
has been proposed to be an ER exit receptor for GPl-anchored proteins in association with
Erv25p, Erplp and Erp2p other members of the p24 family. Emp24p and Erv25p have been
found in COPII vesicles, and cycle between ER and Golgi (Belden and Barlowe, 1996). Erv25p
and Emp24p are single transmembrane proteins with a short 10 amino-acid C-terminus
exposed at the cytoplasmic side (Belden and Barlowe, 1996). The C-terminal di-aromatic
motifs YF and FF of Erv25p and Emp24p bind to Sec23p-Sec24p and Sec13p-Sec31p (Belden
and Barlowe, 2001a). The FF motif of Emp24p can additionally bind to Sarlp (Belden and
Barlowe, 2001a). Moreover the C-termini of Emp24p and Erv25p can bind to COPI, Erv25p
displaying a higher affinity for COPI (Belden and Barlowe, 2001a). Gaslp maturation is
delayed in emp24A and in erv25A4 cells (Muniz et al., 2000). Emp24p and Erv25p depend
upon each other in order to form a stable protein complex efficient for GPl-anchored protein
ER exit (Belden and Barlowe, 1996). Furthermore, it has been observed that Emp24p can be
crosslinked with Gaslp but not with the transmembrane protein Gaplp upon ER exit (Muniz

et al.,, 2000). The mammalian homolog of Emp24p named p23 is required for efficient
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transport of GPl-anchored proteins from the ER to the Golgi compartment, but no evidence
for a direct interaction with GPl-anchored proteins was found (Takida et al., 2008). Emp24p
and Erv25p have been shown to facilitate the COPI coated vesicle formation through the
ArfGAP Glo3p (Aguilera-Romero et al., 2008). This could be linked to the fact that ER-to-Golgi
transport of GPl-anchored proteins is specifically defective in the mutant (ret1-1) for the a-
subunit of the COPI coatmer(Sutterlin et al., 1997a). EMP24, ERV25 and BST1 were originally
identified as synthetic survival mutants with SEC13 (Elrod-Erickson and Kaiser, 1996). The
reason for this genetic interaction remains still unclear but suggests that a decrease in GPI-
anchored proteins ER export permits formation of COPII vesicles in the absence of Sec13p.
One hypothesis, which has to be proven, would be that GPl-anchored proteins are able to be
incorporated into alternative COPIl coated vesicles where the Sec13p requirement is not
strict. Then by preventing a fraction of GPl-anchored proteins to enter these alternative ER-
derived vesicles, enough non-GPIl-anchored cargo proteins could use this pathway and their
ER exports ensure cell survival. Alternatively, it could be that the altered composition of the
ER membrane due to the lack of GPl-anchored protein exit may make it easier to deform the

ER membrane, rendering Sec13p dispensible.

1.B.2.4-Cargo recognition by Sec24p
In order to be efficiently exported from the ER a variety of proteins has to bind to COPII.
Sec24p is believed to interact directly with transmembrane cargo proteins. There are at least
three independent signal-binding sites on Sec24p, termed “A-site”, “B-site” and “C-site”. The
YxxxNPF motif on the SNARE Sed5p binds to the “A-site”, whereas the SNARE Sec22p binds
to the “C-site”. The “B-site” recognizes multiple motifs, such as the di-acidic motif DxD and

the Lxx(L/M)E motif of the SNAREs Betlp and Sed5p (Miller et al., 2003; Mossessova et al.,
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2003). Moreover two non-essential Sec24p paralogs have been identified in yeast: Sfb2p
(formerly named Isslp), and Sfb3p/Lstlp (Miller et al.,, 2003). The ER exit of the GPI-
anchored protein Gaslp and the transmembrane protein Pmalp is defective in sfb3A4 cells
(Peng et al., 2000). The different paralogs of Sec24p might expand the capacity of the COPII
coat to capture various cargo proteins. In mammalian cells, four isoforms of Sec24 have

been identified.

1.B.3-Sorting upon ER exit

In yeast, the GPl-anchored protein Gaslp and the transmembrane protein Gaplp exit ER in
different ER-derived vesicle populations(Muniz et al., 2001). Regarding vesicular traffic,
proteins are sorted and packaged into vesicles that bud from a donor membrane. The
vesicles are transported and tethered to the acceptor membrane prior to SNARE complex
formation and subsequent membrane fusion. The tethering events require the function of a
distinct Rab GTPase. The specificity of membrane targeting is driven by combined actions of
Rabs, tethering factors and SNARES. Because they are spatially and temporally separated,
budding and targeting/fusion steps are considered to be independent. It has been shown
that the mutant for the tethering factor Usolp not only prevents tethering of ER derived
vesicles, but displays a sorting defect in which GPl-anchored proteins and non-GPl-anchored
proteins are found in the same ER-derived vesicle population (Morsomme and Riezman,
2002). In the same study, it has been found that the small Rab-GTPase Yptlp and the
tethering factors Sec34p/35p are also necessary for sorting upon ER exit. This sorting defect
appears to occur during the budding event, suggesting that Yptlp and the tethering complex
is required for sorting during budding at the level of ER. Additionally, it has been reported

that mutants in the v-SNAREs Bos1p, Sec22p and Betlp produce in vitro ER-derived vesicles
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unable to fuse to the Golgi and in which Gaslp and Gaplp are not sorted (Morsomme et al.,
2003).

In mammalian cells, sorting between GPl-anchored proteins and others cargo proteins upon
ER exit has not been observed. Indeed upon 15°C block, the GPI fused with GFP and VSVG
are found co-localized in ERGIC compartment (Stephens and Pepperkok, 2004). It appears
that sorting occurs at the trans-Golgi network level. Rafts might largely contribute to this
event (Benting et al., 1999; Campana et al., 2007; Paladino et al., 2007; Schuck and Simons,
2004). It is interesting to make the parallel between the place of sorting and the localization
of the GPI remodelling enzymes. In yeast, remodelling and sorting occurs at the level of ER,

whereas in mammalian cells remodelling and sorting take place in the Golgi apparatus.
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lI-Thesis project



The purpose of this thesis work was to study the ER exit of GPl-anchored proteins.
How are GPl-anchored proteins incorporated into COPIl coated vesicles and sorted from
other cargo proteins? What is the molecular mechanism behind the sorting upon ER exit?
In the first part, we investigated whether the GPI anchor is an ER exit signal and whether it is
required for sorting. In the second part, we developed tools that allowed us to follow ER exit
and sorting of GPl-anchored proteins in vivo. The use of these new tools provided us with
some leads on cargo concentration into ER-derived vesicles and on the sorting mechanism.
In the third part, we have focused our investigation on the molecular function of Emp24p
and on remodeling. In the last part, | have put together various experimental results in which
we looked at the Sarlp requirement for ER exit of GPl-anchored proteins and the function of
the SNAREs, particularly Boslp, in protein sorting. Finally, we followed the secretion of cargo

proteins after ER exit.
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llI-Results



lll.A- The presence of an ER exit signal
determines the protein sorting upon ER exit
in yeast.(Watanabe et al., 2008)

27



In this work, we determined that the GPIl anchor can be considered as an ER exit
signal. Indeed replacement of the GPI anchor attachment site of Gaslp by an artificial
transmembrane domain leads to the reduction of the budding efficiency. The soluble cargo,
a-factor, fused with a GPI-anchor is sorted similarly to endogenous o-factor, because it can
still interact with its ER exit receptor Erv29p. In erv294 cells, a-factor ER exit is strongly
decreased, and o-factor is no longer incorporated into Gaplp-containing vesicles. We
concluded that if the GPI anchor is a sorting determinant, then it is not dominant over the

proteinaceous sorting signal contained in a-factor.
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The presence of an ER exit signal determines the protein sorting

upon ER exit in yeast

Reika WATANABE', Guillaume A. CASTILLON', Anja MEURY and Howard RIEZMAN?

Department of Biochemistry, University of Geneva, Sciences II, 30 quai Ernest Ansermet, CH-1211 Geneva, Switzerland

In yeast, there are at least two vesicle populations upon ER (endo-
plasmic reticulum) exit, one containing Gaplp (general amino-
acid permease) and a glycosylated a-factor, gpaF (glycosylated
proa-factor), and the other containing GPI (glycosylphospha-
tidylinositol)-anchored proteins, Gaslp (glycophospholipid-
anchored surface protein) and Ypslp. We attempted to identify
sorting determinants for this protein sorting event in the ER. We
found that mutant Gasl proteins that lack a GPI anchor and/
or S/T region (serine- and threonine-rich region), two common
characteristic features conserved among yeast GPI-anchored
proteins, were still sorted away from Gaplp-containing vesicles.
Furthermore, a mutant glycosylated a-factor, gpaGPI, which
contains both the GPI anchor and S/T region from Gaslp,
still entered Gaplp-containing vesicles, demonstrating that these
conserved characteristics do not prevent proteins from entering
Gaplp-containing vesicles. gpaF showed severely reduced
budding efficiency in the absence of its ER exit receptor Erv29p,
and this residual budding product no longer entered Gaplp-

containing vesicles. These results suggest that the interaction of
gpaF with Erv29p is essential for sorting into Gaplp-contain-
ing vesicles. We compared the detergent solubility of Gaslp
and the gpaGPI in the ER with that in ER-derived vesicles.
Both GPI-anchored proteins similarly partitioned into the DRM
(detergent-resistant membrane) in the ER. Based on the fact
that they entered different ER-derived vesicles, we conclude that
DRM partitioning of GPI-anchored proteins is not the dominant
determinant of protein sorting upon ER exit. Interestingly,
upon incorporation into the ER-derived vesicles, gpaGPI was
no longer detergent-insoluble, in contrast with the persistent
detergent insolubility of Gaslp in the ER-derived vesicles. We
present different explanations for the different behaviours of GPI-
anchored proteins in distinct ER-derived vesicle populations.

Key words: bulk flow, detergent-resistant membrane (DRM),
endoplasmic reticulum (ER) exit receptor, ER exit signal, ER-to-
Golgi transport, glycosylphosphatidylinositol-anchored protein.

INTRODUCTION

Proteins of the eukaryotic secretory pathway are synthesized
and inserted into the ER (endoplasmic reticulum) where they
receive co- and post-translational modifications important for
their function and structure. The ER exit process of the proteins
is mediated by the sequential recruitment of COPII (coat protein
complex II) components to the ER membrane, leading to the
formation of COPII-coated vesicles, which carry proteins and
lipid from the ER to the Golgi structure [1]. Historically,
two models exist to explain how cargo proteins are packaged
into COPII-coated vesicles: a bulk flow model and a signal-
mediated export model. In the bulk flow model, any protein
that is soluble or free to move in the membrane is incorporated
into vesicles and transported towards the Golgi compartment.
ER-resident proteins are localized to the ER by retention or
retrieval from the Golgi. This model is consistent with results
showing that two highly abundant secretory proteins, amylase and
chymotrypsinogen, are not concentrated when they are packaged
into COPII vesicles in mammalian pancreatic cells but rather
at a later stage, presumably due to reduction of the volume of
the recently budded compartment from recycling of membrane
components back to the ER [2]. In the signal-mediated export
model, proteins that leave the ER contain specific ER exit signals
and are selectively transported out of the ER. Recently, several
classes of ER exit signals have been identified for transmembrane

and luminal proteins in yeast [3-5]. Proteins carrying ER exit
signals bind to COPII components directly or indirectly via
receptors, and are concentrated into vesicles upon ER exit
[3.6]. Among them, the Gaplp (general amino-acid permease)
is a transmembrane protein enriched approximately 3-fold in
COPII vesicles relative to membrane phospholipids. The di-acidic
sequence in the C-terminal cytoplasmic domain is essential for
this concentrative sorting [7]. A soluble secretory protein, gpaF
(glycosylated proa-factor), is enriched 20-fold in vesicles [7]
and contains a hydrophobic signal within the proregion that is
essential and sufficient to direct its export via the transmembrane
receptor protein Erv29p [8,9]. Importantly, ER exit of gpaF is not
absolutely dependent on Erv29p [8] and bulk flow movements of
those precursor proteins from the ER could explain the reduced
transport rate in the absence of those potential receptors [7].

GPI (glycosylphosphatidylinositol)-anchored proteins are
localized on the surface of eukaryotic cells via a glycolipid anchor.
In the lumen of the ER, a preassembled GPI anchor is transferred
en bloc to the newly generated C-terminus of the precursor protein
after cleavage of the GPI-attachment signal [10]. GPI-attachment
is indispensable for further transport to the Golgi apparatus [11—
13]. Efficient transport of the GPI-anchored proteins requires
Emp24p/p24 protein members, which have been proposed to
fulfil a receptor function for ER exit [14,15]. We have shown
that GPI-anchored proteins are transported from the ER to the
Golgi apparatus in distinct vesicles from Gap1lp and gpaF in yeast

Abbreviations used: ALP, alkaline phosphatase; COPII, coat protein complex Il; DRM, detergent-resistant membrane; ER, endoplasmic reticulum; Gap1p,
general amino-acid permease; Gas1p, glycophospholipid-anchored surface protein; gpaF, glycosylated proa-factor; GPI, glycosylphosphatidylinositol;
GST, glutathione transferase; HA, haemagglutinin; ORF, open reading frame; SD, synthetic dropout; S/T region, serine- and threonine-rich region; TMD,

transmembrane domain.
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Table 1 Strains used in the present study Table 2 Plasmids used in the present study
Strain Genotype Source/reference Plasmid Description Source/reference
RH2043  Mator sec18 pep4A::URA3 his4 leu2 ura3 bar1 Lab strain pPL269 Own promotor [49]
RH5646  Mata gas1A::ADE2 gap1A::LEU2 ade2 leu? lys2 ura3 Lab strain Gap1p-HA (GAP1::FLU1) in YCp405
RH2874  Mata leu2 lys2 trp1 ura3 bar1 Lab strain (CEN, LYS2)
RH6159  Mata mfoe 1A::natMX leu2 lys2 trp1 ura3 bar1 Lab strain pGAS1(URA3) Own promotor The present study
RH6153  Mata erv29A::kanMX leu2 lys2 trp1 ura3 bar1 The present study Gas1p in YEplac195 (2 rem, URA3)
RH5240  Matx sec18 gas1A::ADE2 gap1A::LEU2 ade2 leu2 lys2 ura3  The present study pGAS1(TRP1) Own promotor The present study
RH4913  Mator sec18 ade2 his4 leu2 lys2 ura3 bar1 Lab strain Gas1p in YEplac112 (2 em, TRP1)
pGAS1TMD Own promotor The present study
Gas1p (AAI2*?-Val®®) + L"RRSS in
pSEY8 (2 um, URA3)

[16]. The sorting, but not budding efficiency, of GPI-anchored PGAST(=S/T) Qwn promotor ) The present study

. . Gas1p (ASer*-Ser"®, K526S) in
proteins depends on the Rab GTPase Yptlp, tethering factors YEplac195 (2 .um, URA3)
Usolp and the COG (conserved oligomeric Golgi) complex, and pGAS1(—S/T)TMD ADH (alcohol dehydrogenase) The present study

SNARE (soluble N-ethylmaleimide-sensitive factor-attachment
protein receptor) molecules [17,18]. In addition to these protein
factors, sphingolipid/sterol-enriched DRMs (detergent-resistant
membranes) may also function in sorting of GPI-anchored
proteins, since GPI-anchored proteins are partitioned into these
membrane domains in the ER [19]. This idea is also supported
by the fact that ongoing sphingolipid synthesis is specifically
required for efficient ER-to-Golgi-transport of GPI-anchored
proteins [20-22]. Besides GPI-anchored proteins, various plasma-
membrane-localized transporters, such as Pmalp, Tat2p, Furdp
and Canlp, are incorporated into DRM along the secretory
pathway, and disturbance of DRM affects the targeting and/or
stability of the proteins in the plasma membrane [23-31].

In the present study, we attempted to identify the sorting
determinants in the ER protein sorting between GPI-anchored pro-
teins and other secretory proteins using several mutant proteins.
We also examined the significance of DRM partitioning of those
proteins for the choice of the vesicles upon ER exit. As a result,
we found that protein—protein interactions via ER exit signals,
but not DRM partitioning in the ER, determine the sorting into
distinct vesicle populations upon ER exit.

EXPERIMENTAL
Yeast strains and plasmids

Yeast strains and plasmids used in the present study are listed
in Tables 1 and 2. ORFs (open reading frames) of MFul and
ERV29 were replaced by NatMX [32] or KanMX [33] disruption
cassettes respectively to produce RH6159 (mfwlA) and RH6153
(erv29A), in the RH2874 background. They were selected with
clonNAT (Werner BioAgents) and G418-containing YPUAD
[1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 % (w/v) glucose
and 40 mg/l each of uracil and adenine] plates respectively,
and disruption was verified by PCR. For construction of
plasmids carrying wild-type GAS1 (glycophospholipid-anchored
surface protein), we amplified GAS! from the yeast genome
by PCR. A 2.4kbp PCR fragment was ligated into YEplac195
or YEplac112 using Sphl and Sacl sites. For the plasmid
containing GASITMD (where TMD is transmembrane domain),
four independent steps of PCR reactions were done. First, the
DNA fragment coding for L'"R?S? and fragments of the GAS/ 3'-
region, both containing short flanking homologous sequences,
were amplified. After mixing these PCR products, another
round of PCR was performed to obtain the fused fragment. A
fragment containing the 5'-region and part of the GASI/ ORF
(M1-N528) was also amplified by PCR. These PCR fragments
were mixed and finally a fused fragment containing GASITMD
was obtained by PCR and ligated into pSEYS8 using BamHI

© The Authors Journal compilation © 2008 Biochemical Society

promotor
Gas1p (ASer*®-Val®?) 4+ L™RRSS in
pCM189 (CEN, URA3)
pTD52 Triosephosphate isomerase promotor [42]
Prepro o + Gas1p (Ser*—Val*®) in
pYX112 (CEN, URA3)
ADH promotor
Invertase (Met'-Ser) + GST +
L'"RRSS in pCM189 (CEN, URA3)

pGSTTMD The present study

at both ends of the fragment. For construction of the plasmid
containing GASI(S/T), where S/T is a serine- and threonine-
rich region, a 4.5kbp Sphl and Sacl fragment from pGsm
[34] was ligated into YEplac195. For the plasmid containing
GASI(S/T)TMD, we amplified part of the GAS! ORF (M1-E488)
fused with a sequence coding for L'"RRSS. A 1.6 kbp PCR
fragment was ligated into pCM189 [35] using Pmel and Notl
sites. For the plasmid containing GSTTMD, we amplified GST
(glutathione transferase) fused with a sequence coding for the
signal sequence of SUC2 (M1-S20) and a sequence coding for
L"R?S?. A 0.8 kbp PCR fragment was ligated into pCM 189 [35]
using Pmel and NotI sites.

In vitro ER-budding assay and vesicle immunoisolation

In vitro ER-budding assay and vesicle immunoisolation are per-
formed as described in [14,16]. Briefly, cells were grown in SUD
medium [0.16 % yeast nitrogen base without amino acids and
without (NH,),SO,, 2% glucose and 0.1 % urea] at 24°C
and then grown overnight in SD (synthetic dropout) YE medium
(0.67 % yeast nitrogen base without amino acids, 2 % glucose and
0.2 % yeast extract) at 24 °C. Cells were harvested at 5 x 10° cells/
ml, and pulse-labelled for 4 min with [*S]methionine and
cysteine EasyTag (NEG772; Amersham) in SD medium at 24 °C.
Semi-intact cells were prepared as described in [36] with few
modifications. Cells were treated with 10 mM MESNA (sodium 2-
mercaptoethanesulfonic acid) instead of DTT (dithiothreitol) and
Iyticase to digest the cell wall. By a gentle freeze—thaw cycle, we
obtained transport-competent semi-intact cells. The cytosol was
prepared from the strain RH2043 (sec!8) as described previously
[37].

The in vitro ER-budding assay was performed in the presence of
2.5 x 10® semi-intact cells, cytosol, an ATP regeneration system,
GTP, GDP-mannose, recombinant Sarlp (1 uM), protease
inhibitor mix (leupeptin, pepstatin and antipain) for 1h at
30°C. ER-budding assays were performed using the cytosol
prepared from secl§ cells, which are defective in the fusion of
ER-derived vesicles with the Golgi apparatus to preferentially
analyse the primary ER-derived vesicles. Vesicle fractions were
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isolated by flotation of Nycodenz layers [38] and processed
for immunoprecipitation. Rabbit polyclonal antibodies against
Gaslp, Gaplp, a-factor and goat polyclonal anti-GST (GE
Healthcare) and Protein A—Sepharose Fast Flow (GE Healthcare)
were used for immunoprecipitation. The samples were separated
by SDS/PAGE and quantified using a cyclone phosphoimager
(Packard). Vesicle immunoisolation using the mouse anti-HA
(haemagglutinin) antibody (Roche) and Protein G—Sepharose 4
Fast Flow (GE Healthcare) was performed as described pre-
viously [16]. Pellet (P) corresponds to immunoisolated vesicles
and supernatant (S) corresponds to the vesicle fraction that was not
precipitated. Individual fractions were processed for immunopre-
cipitation and analysed as above. To quantify the percentage of
proteins in Gaplp-containing vesicles, we divided the percentage
of individual proteins found in the pellet fraction by the percen-
tage of immunoisolated Gap1p. This process enables comparisons
of several independent experiments in which immunoisolation
efficiency of Gaplp-containing vesicles can vary.

Fractionation of the DRM fraction

The preparation of a DRM fraction of newly synthesized proteins
in the ER was basically performed as described in [19]. The sec18
mutant cells expressing cargo proteins were pulse-labelled for
6 min with [**S]methionine and [*S]cysteine EasyTag (NEG772)
at the non-permissive temperature, 30°C. The labelling reaction
was stopped by the addition of 20 mM NaN;. The cells were
lysed in TNE buffer (50 mM Tris/HCI, pH 7.4, 500 mM NaCl,
5mM EDTA, 1 mM protease inhibitor mix and 1 mM PMSF)
by glass beads. The supernatant was collected and centrifuged at
500 g for 5 min to remove unbroken cells and large debris. The
cleared lysate was incubated for 30 min on ice with 1% (w/v)
Triton X-100. OptiPrep solution (Axis-Shield, Oslo, Norway) was
added to reach 40 % OptiPrep. A 750 wl portion of this fraction
was overlaid with 1.2 ml of 30% OptiPrep in TXNE (0.1 %
Triton X-100 in TNE) and 200 ul of TXNE. The samples were
centrifuged at 55000 rev./min for 2 hin a TLS55 rotor (Beckman),
and six fractions were collected from the top. Each fraction was
solubilized and analysed by immunoprecipitation [22].

For isolation of a DRM fraction from ER-derived vesicles,
the in vitro ER-budding reaction was performed using 5 x 10®
semi-intact cells as described above. Nycodenz-purified vesicle
fractions were treated with 1% (w/v) Triton X-100 in TNE at
4°C for 30 min. The pellet (P) and supernatant (S) fractions
were obtained by ultracentrifugation at 65000 rev./min for 1 h
in a TLA-100.3 rotor (Beckman) at 4°C. Both fractions were
solubilized and analysed by immunoprecipitation.

RESULTS
Removal of potential signals from Gas1p

To investigate the mechanism of sorting of GPI-anchored pro-
teins into distinct vesicles upon ER exit, we searched for
common characteristic motifs conserved among yeast GPI-
anchored proteins. Most, if not all, yeast GPI-anchored proteins
share two characteristic features: the GPI anchor and an S/T
region. The GPI anchor is covalently attached to anewly generated
C-terminal residue (w site) after cleavage of the GPI-attachment
signal in the ER. The S/T region upstream of the w site [39] is a
site for O-mannosylation [34,40], which begins in the ER in yeast
[41].

To investigate the role of the GPI anchor and the S/T region
of Gaslp in ER budding efficiency and sorting, we used three
Gas1p mutant constructs: Gas1 TMD, which contains an artificial
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Figure 1 Schematic representation of wild-type and mutant proteins used

in the present study

Signal, various N-terminal signal peptides (derived from GAS1, MFa1 or SUC2);
GPl-attachment, GPI-attachment signal; L'°RRSS, artificial TMD consisting of 19 leucine,
followed by two arginine and two serine residues; «F repeats, a-factor repeats. This Figure is
not drawn to scale.

TMD consisting of 19 leucine residues and two arginine and
serine residues instead of a GPI anchor; Gas1(—S/T), which lacks
the S/T region, Gasl(—S/T)TMD, which lacks the S/T region
and contains an artificial TMD (Figure 1). We measured budding
and sorting of these mutant proteins in gas/A cells using an
in vitro assay that reconstitutes ER-derived vesicle formation.
Pulse-labelled semi-intact cells were incubated with exogenous
cytosol, Sarlp, GTP and an ATP-regeneration system. ER-
derived vesicles were separated from the starting membranes
by centrifugation and further purified by Nycodenz flotation.
All mutant Gasl proteins budded from the ER in a cytosol-
dependent manner (Figure 2A). Gas1TMD and Gas1(—S/T)TMD
showed reduced budding efficiency (60 % of wild-type Gaslp)
(Figure 2B). This fits with the results of the in vivo pulse—chase
experiments that show significant delayed appearance of the Golgi
form of Gas1TMD compared with wild-type Gaslp (results not
shown). In contrast, Gas1(—S/T) budded with an efficiency similar
to wild-type Gaslp (Figure 2B). From these results, it is possible
that the GPI anchor, but not the S/T region, facilitates budding
from the ER or that the artificial TMD inhibits budding.

Next, we analysed protein segregation upon incorporation
into ER-derived vesicles by immunoisolation of Gaplp-HA-
containing vesicles. Consistent with our previous results [16],
only 24 % of Gaslp was precipitated with 77 % of Gaplp-HA
(Figure 2C), showing that Gap1lp and Gas1p are mainly incorpor-
ated into distinct ER-derived vesicles. To our surprise, all mutant
proteins behaved similarly to wild-type Gaslp (Figures 2C and
2D), indicating that neither the GPI anchor nor the S/T region is
essential for keeping Gas1p out of the Gap1p-containing vesicles.

Addition of potential signals to prepro «-factor

We next addressed whether the GPI anchor and S/T region can
function to prevent entry into Gap1p-containing vesicles. We used
prepro aGPI, a chimaeric protein of prepro a-factor fused with
the C-terminus of Gaslp, including the S/T region and GPI-
attachment signal (Figure 1) [42]. Endogenous prepro «-factor
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() In vitro budding assay using semi-intact cells derived from RH5646 (gas1A) cells expressing either wild-type or mutant Gas1p together with HA-tagged Gap1p was performed done in the
presence or absence of cytosol prepared from sec18 cells. The numbers correspond to budding efficiency. Budding efficiencies were calculated as the percentage of the total input that was recovered in
the purified vesicles for each individual protein. ‘Total’ indicates immunoprecipitate from 9 % of total input. A representative result is shown. (B) After normalization using Gap1p budding efficiency in
each strain, the budding efficiency of mutant Gas1 proteins was compared with that of wild-type Gas1p (set as 100). A representative result of two to three experiments is shown. (C) Vesicles generated
in (A) were immunoisolated with or without monoclonal anti-HA antibody. The pellets (P) fraction corresponds to immunoisolated vesicles and the supernatant (S) fraction corresponds to the vesicle
fraction that was not precipitated. The numbers correspond to the percentage found in the pellets. A representative result is shown. (D) To quantify the percentage of proteins in Gap1p-containing
vesicles, the percentage of individual proteins found in the pellet fraction was divided by the percentage of immunoisolated Gap1p. The bars represent the means for several independent

experiments.

is processed to gpaF in the ER where its ER exit signal is
recognized by a transmembrane receptor, Erv29p [8,9]. Prepro
aGPl is processed into a glycosylated and GPI-anchored protein
(gpaGPI) in the ER [42]. gpaGPI (Figure 3A) and endogenous
gpaF (Figure 4A) were incorporated into vesicles in a cytosol-de-
pendent manner in vitro. The budding of gpaGPI was Erv29p-
dependent (Figures 3A and 3B). We noticed that in comparison
with gpaF, the dependence of gpaGPI on Erv29p was less tight
(Figure 3B). This might be because gpaGPI contains a GPI anchor
and thus is membrane-anchored, compared with gpaF which is
a soluble luminal protein. Since gpaF forms dimers [8,43], we
also measured gpaGPI budding in mfowl A cells, which express
very little gpaF. In mfo 1 A cells, gpaGPI was incorporated more
efficiently into vesicles than in wild-type cells; in contrast, Gas1p
and Gaplp budded with similar efficiency as in wild-type cells
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(Figures 3A and 3B). This is probably due to the increased
availability of Erv29p in the absence of endogenous gpaF. Next,
we measured the sorting of gpaGPI into ER-derived vesicles.
In wild-type and mfol A cells, a substantial amount of gpaaGPI
was precipitated with Gap1p-containing vesicles, similar to gpaF
(Figures 3C and 3D). These results demonstrate that it is possible
for a GPI-anchored protein to enter the same vesicles as Gaplp.
Therefore the S/T region and the GPI anchor of Gaslp are not
dominant sorting signals to prevent entry into Gap1p-containing
vesicles.

Removal of a receptor of the signal-mediated pathway

If these two regions are neither necessary nor sufficient for
segregation of GPI-anchored protein from Gaplp-containing



ER exit signal determines protein sorting upon ER exit 241

A Vesicles Total (4 %)
&V
WT  miuta env2or & & &

0413 13 22 0

% budding

34

WT mfo1A
—-Ab +HAAb_ -Ab +HAADb

%
i

4.7 e % in the pellet

0, B

25
£ 20
3
= 15 1
-Q =
5 10 4
X s5-
O [;“ - B T = 1
Gasi1p Gapip gpaGPl gpaF
O wi B mfalA 8 erv29A
o
_;—_;,100 7
3
> 80 -
1é60
3 3
=
‘» 40 -
=
@
5 20
o nd.
5 0 T )
ES wt mfa1A
0 Gap1p B Gas1p O gpaGPl B gpaF

Figure 3 gpaGPI buds from the ER in a cytosol-dependent manner and is sorted into Gap1p-containing vesicles

(A) In vitro budding assay using semi-intact cells derived from RH2874 (WT), RH6159 (mfo 1A) and RH6153 (erv29A) cells expressing preproaGPI together with wild-type Gas1p and HA-tagged
Gap1p was done in the presence or absence of sec18 cytosol. The samples were analysed as in Figure 2. ‘Total’ indicates immunoprecipitate from 4 % of total input. (B) A comparison of the budding
efficiency of each cargo protein in wild-type, mfo: 1A and erv29A cells; n= 2. (C) Vesicles generated in (A) were immunoisolated with or without monoclonal anti-HA antibody. (D) Quantification

was carried out as in Figure 2; n=3.

vesicles upon ER exit, then how is cargo selection achieved?
The simplest explanation is that GPI-anchored proteins may not
be actively kept out of Gaplp-containing vesicles. Instead, Gapl
and gpaF, which contain ER exit signals [7,9], are actively sorted
into a specialized population of ER-derived vesicles. To test this
idea, we studied gpa’F, which is found in Gaplp vesicles in wild-
type cells (Figure 4). Instead of eliminating its ER exit signal,
which could cause misfolding of gpaF, we tested its sorting in
the absence of its ER exit receptor Erv29p as an endogenous bulk
flow marker, reported in [7]. In our in vitro budding assay, strong
reduction of budding of gpaF but not Gap1lp and Gaslp in erv29A
cells was observed (Figures 3B and 4A) as reported [8]. A 22-fold
increased signal of labelled gpaF accumulated during the 4 min
pulse labelling in semi-intact cells derived from erv29A cells
compared with wild-type cells (Figure 4A, ‘Total’), suggesting
accumulation of gpaF in vivo in erv29A cells [8]. Even though
the budding efficiency of gpaF in erv29A cells was low, it was
cytosol dependent. In contrast with wild-type cells (Figure 3),
most of the vesicular gpaF in erv29A cells was not incorporated
into Gaplp vesicles (Figures 4B and 4C), behaving like Gaslp.
These results support the hypothesis that proteins with a
functional ER exit signal are actively incorporated into the signal-
mediated vesicles, which are separate from other ER-derived
vesicles.

Naive protein

If our hypothesis is correct, exogenous protein without any
secretory information should be sorted away from Gaplp-
vesicles. We used GST fused N-terminally with a cleavable
signal peptide and C-terminally membrane-anchored with an
artificial TMD (L'"RRSS) (Figure 1). GST should not contain
any secretory information since it is a cytoplasmic protein and
has no consensus motifs for N-glycosylation. In vitro, GSTTMD
budded in a cytosol-dependent manner (Figure 5A). Only a
small fraction of GSTTMD was isolated with Gaplp-containing
vesicles (Figures 5B and 5C). Importantly, Gaslp, Gaplp and
GSTTMD showed similar kinetics of in vitro budding (Figures 5D
and 5E). This rules out the possibility that Gaslp and GSTTMD
are packaged into different vesicles to Gaplp due to temporal
causes. The result confirms that proteins without ER exit signals
are not packaged into signal-mediated ER-derived vesicles.

Detergent insolubility of GPl-anchored proteins in the ER
and ER-derived vesicle fractions

GPI-anchored proteins are known to be incorporated into DRM
fractions in the ER in yeast [19]. In order to examine the correl-
ation between partitioning into the DRM fraction and protein sort-
ing in the ER, we examined detergent insolubility of Gas1TMD
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absence of sec8 cytosol. The samples were analysed as in Figure 2. Total fraction corresponds to 4 % of input. (B) Vesicles generated from erv29A cells were immunoisolated with or without
monaclonal anti-HA antibody. (C) Quantification was carried out as in Figure 2; n=3.
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Figure 5 An exogenous naive protein is sorted away from Gap1p-containing vesicles

(A) In vitro budding assay using semi-intact cells derived from RH2874 (WT) cells expressing GSTTMD together with wild-type Gas1p and HA-tagged Gap1p was performed in the presence or
absence of sec18 cytosol. The samples were analysed as in Figure 2. (B) Vesicles generated in (A) were immunoisolated with or without monoclonal anti-HA antibody. (C) Quantification was carried
out as in Figure 2; n=2. (D, E) Kinetics of in vitro budding of GSTTMD, Gas1p and Gap1p. In vitro budding assay was performed as in (A) for the indicated time at 30 °C. Budding efficiencies of
the cargo proteins at each time point were plotted as a fraction of that found at the end of the time period.
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and gpaGPI in the ER using previously described techniques [19].
To detect newly synthesized proteins in the ER, we used sec/8
cells, which show a block in all ER-to-Golgi transport, pulse-
labelled with [*S]methionine and [*S]cysteine. The total protein
extract was treated with 1 % Triton X-100 at 4 °C for 30 min. The
detergent-treated protein fraction was subjected to flotation in an
OptiPrep gradient by ultracentrifugation. The DRM fraction floats
into the upper two fractions [19]. Concerning the two endogenous
GPI-anchored proteins, Yps1p and Gaslp, more than 20 % of the
pulse-labelled proteins are partitioned into DRM (Figure 6) as
reported previously [19]. Similar to endogenous GPI-anchored
proteins, 20.7 % of gpaGPI was partitioned into the DRM frac-
tion in contrast with 2.7 % of endogenous gpaF (Figures 6B
and 6C). In contrast, a significantly lower amount of Gas1TMD
(8.6%) was partitioned into the DRM fraction similar to
transmembrane proteins, Gaplp (4-7 %) (Figures 6A and
6C). These results demonstrate that a GPI anchor determines
partitioning into the DRM fraction in the ER. Based on the sorting
results described above (Figures 2 and 3), it seems that DRM
partition in the ER does not show any correlation with protein
sorting upon ER exit, at least concerning these mutant proteins.
Next we examined the detergent insolubility of GPI-anchored
proteins in in vitro produced ER-derived vesicles (Figure 7).
Because of the low signal intensity in the vesicle fractions, we
incubated the vesicle fraction with cold Triton X-100 and sepa-
rated the extracts by ultracentrifugation into supernatant and
pellet fractions, the latter corresponding to the DRM fraction.
Interestingly, in the vesicle fraction, gpoeGPI was no longer

partitioned into the DRM fraction in contrast with Gas1p, which
was still partitioned into the DRM fraction to a similar level as in
the ER (Figures 6 and 7). We obtained the same results in mfo /A
cells (Figure 7, mfa 1 A), excluding the possibility that interaction
with endogenous gpaF in the vesicle fraction is the reason for the
loss of the insolubility of gparGPI in the vesicle fraction. These
results show the remarkably different status of two GPI-anchored
proteins incorporated into the distinct vesicle populations.

DISCUSSION

We previously reported that Gaplp and gpaF are incorporated
into the same vesicle populations and two GPI-anchored proteins
are found in a different vesicle population upon ER exit [16].
In the present study, we found that the efficient incorporation of
gpaF into Gaplp-containing vesicles requires its ER exit receptor
Erv29p. Another protein incorporated into the same vesicle
population is pro-ALP (alkaline phosphatase) [16]. Recently,
Erv26p has been identified as its ER exit receptor [44]. Therefore
we might predict that incorporation of pro-ALP into Gaplp-
vesicles also requires Erv26p. Importantly, ER exit of gpaF and
pro-ALP is not absolutely dependent on Erv29p and Erv26p
respectively [8,44], and bulk flow movements of those precursor
proteins from the ER would explain the reduced transport rate in
the absence of those potential receptors [7]. It has been reported
that «-factor production is absolutely essential for mating of Mat
« cells [45]. The fact that Mat o erv29A cells have only a small
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Figure 7 DRM partitioning of gpaGPI is greatly reduced after incorporation
into vesicles

(A) DRM isolation was performed using an in vitro produced ER-derived vesicle fraction
derived from RH2874 (WT) and RH6159 (mic1A) cells expressing preproaGPI together with
wild-type Gas1p and HA-tagged Gap1p in the presence of sec18 cytosol. The Nycodenz floated
vesicle fractions were treated with 1% Triton X-100 and separated by ultracentrifugation.
The ‘S corresponds to detergent-solubilized supernatant fraction and ‘P corresponds to
detergent-resistant pelletable fraction. % partition, percentage of protein partitioned in the
pellets. (B) Bars correspond to the percentage of proteins detected in the pellet fraction; n=2.

effect in a quantitative mating test (results not shown) provides
in vivo evidence that an alternative to receptor-mediated ER exit
exists and is functional in yeast. In the present study, we provide
biochemical evidence that most of the cargo proteins transported
by bulk flow movements, such as gpaF in erv29A and GSTTMD,
are incorporated into vesicle populations different from the signal-
and receptor-mediated pathway upon ER exit.

The fact that gpaGPI enters Gaplp-containing vesicles
(Figure 3) demonstrates that the proteinaceous signal of gpaF
is dominant over a GPI anchor, even though the GPI anchor
might have some role in protein exit and sorting from the ER.
Both in yeast and mammalian cells, Emp24p/p24 family proteins
are required for efficient transport of GPI-anchored proteins
from the ER [14,15]. Several lines of evidence suggest that
there is a specific mechanism for efficient transport of GPI-
anchored proteins from the ER. The transmembrane version
of Gasl proteins showed lower budding efficiency than the
GPI-anchored version of Gasl proteins (Figures 2A and 2B).
The gpaGPI protein in the absence of Erv29p budded more
efficiently (3.4 % in Figure 3A) than the naive transmembrane
protein, GSTTMD (1.6 % in Figure 5A) or than gpoF in the
absence of Erv29p. At present, we cannot test whether or not
endogenous GPI-anchored proteins are incorporated into the same
vesicle population as various Gas1p mutant proteins or signal-less
proteins such as GSTTMD, because GPI-anchored proteins do not
contain a cytoplasmic domain, which would permit their specific
immunoisolation.
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In yeast, GPI-anchored proteins are known to be incorporated
into DRM in the ER [19]. We found that Gas1p and gpaGPI are
incorporated into the DRM fraction in the ER to a similar extent.
The fact that these two proteins enter different vesicle populations
in the ER demonstrates that DRM association is not a dominant
determinant in the choice of ER-derived vesicles. Interestingly,
after incorporation into ER-derived vesicles, gpaGPI no longer
partitioned into the DRM fraction in contrast with persistent parti-
tion of Gaslp into the DRM in the vesicle fraction. These
results demonstrate the different status of the two GPI-anchored
proteins in the different vesicle populations. We can put forward
several interpretations, which are not mutually exclusive. The
efficient budding of gpaGPI upon incorporation into the vesicle
fraction depends on Erv29p (Figures 3A and 3B). The tight
interaction with Erv29p, which has four TMDs [46], might
prevent DRM partitioning of gpaGPI in the vesicle fraction.
Alternatively, non-GPI-anchored precursors of gpaGPI, before
GPI anchoring in the ER, are exclusively incorporated into the
vesicle fraction. We believe that this is unlikely because it was
shown that GPI attachment is required for efficient transport and
secretion of gpaGPI [42]. Finally, one could think that this differ-
ence reflects a distinct lipid and protein environment in different
ER-derived vesicle populations. Recently, it has been shown that
biosynthesis of GPI-anchored proteins is required for efficient
transport of DRM-associated proteins, such as Tat2p and Furdp
from the ER [47] and lipid components of DRM, such as ceramide
and ergosterol from the ER in yeast [48]. Together with the
present results, we can speculate that a class of ER-derived
vesicles carrying endogenous GPI-anchored proteins might
contain specific lipids together with proteins that have higher
affinity for these lipids. In contrast, signal-mediated Gaplp-
containing vesicles might contain a much lower amount of those
specific lipids. Further analysis of protein and lipid composition
of the different vesicle populations is required to address this
hypothesis.
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In this work, we looked at the mechanism of concentration of cargo proteins in ER
exit sites. In the COPIl temperature sensitive allele sec31-1, the GPl-anchored protein Cwp2p
and the transmembrane protein Hxtlp accumulate in different ER exit sites (ERES). ERES
incorporation of Hxtlp depends on the COPIl components Sec12p and Secl6p and the ER
exit receptor Ervl4p. Concentration of Cwp2p prior to budding depends on the inositol
deacylase Bstlp. This suggests that remodeling and incorporation of GPl-anchored proteins
into ceramide-enriched microdomains might be a prerequisite for GPl-anchored protein
concentration. The hypothetical ER exit receptor of GPl-anchored proteins, Emp24p, is not
required for concentration of Cwp2p in the ER. However Emp24p is essential for budding of

concentrated GPI-anchored proteins, perhaps by linking them to the COPII coat.
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Abstract

Previous biochemical work has revealed two parallel
routes of exit from the endoplasmic reticulum in the
yeast S. cerevisiae, one seemingly specific for GPI-
anchored proteins. Using the COPIl mutant sec317-
1, we visualized ER exit sites (ERES) and identified
three distinct ERES populations in vivo. One
contains glycosylated pro-a-factor, the second
contains the GPl-anchored proteins Cwp2p,
Ccw14p and Tos6p, and the third is enriched with
the hexose transporter, Hxt1p. Concentration of
GPl-anchored proteins into ERES requires anchor
remodeling and incorporation into ERES of Hxt1p
requires the Cornichon homologue, Erv14p and the
COPII components Sec12p and Sec16p. The p24
family member, Emp24p, is not involved in GPI-
anchored protein concentration into ERES, but in
the attachment of concentrated GPIl-anchored
proteins to COPII. Upon budding, Cwp2p and Hxt1p
leave the ER into separated vesicles which move
with different speeds.



Introduction

Secretory proteins are synthesized and inserted into
the endoplasmic reticulum (ER) from where they are
transported to their final destinations via the Golgi
apparatus. ER to Golgi transport of proteins and
lipids is ensured by the assembly of coat protein
complex components (COPII) on the ER membrane
leading to formation of COPII-coated vesicles (1).
GPl-anchored proteins are luminal secretory
proteins attached to the inner leaflet of the
membrane via a glycosylphosphatidylinositol (GPI)
anchor. After the synthesis via the enzymatic
reactions of more than 20 gene products, GPI is
attached to the C-terminus of newly synthesized
GPl-anchored proteins within the ER (2, 3). Then
the GPl-anchored proteins are remodeled; the
primary lipid moiety of the anchor consisting of
diacylglycerol after synthesis is replaced in the ER
by either a diacylglycerol with a C26 in the sn2
positon or more frequently by ceramide consisting of
C18:0 phytosphingosine and a C26:0 fatty acid in
yeast (2, 3). The remodeling confers to GPI-
anchored proteins the property to associate with
detergent-resistant membranes (DRM), which is
postulated to reflect the enrichment of GPI-
anchored proteins into specialized membrane
domains. Any defect in the enonced steps induces a
delay in GPl-anchored protein maturation, likely by
preventing efficient ER exit (4-6). In mammalian
cells, the remodeling event occurs in the Golgi
compartment resulting in alkyl-acylglycerol or
diacylglycerol with a saturated stearic acid in sn-2
position (7). In mammalian cells, GPI-anchored
proteins associate with microdomains in the Golgi
and not in the ER in contrast to yeast. Therefore
remodeling of GPIl-anchored proteins does not
affect their transport from the ER to the Golgi in
mammalian cells (8).

In yeast, GPl-anchored proteins are transported
from the ER to the Golgi apparatus in distinct
vesicles from other secretory proteins (9). One ER-
derived vesicle population contains the glycosylated
proa-factor (gpaF), the general amino acid
permease, Gap1p, and alkaline phosphatase. The
other vesicle population contains at least two GPI-
anchored proteins, Gas1p and Yps1p. However, this
data has been principally generated by biochemical
means using cell fractionation techniques in vitro.
Moreover, little is known about the mechanisms
responsible for cargo sorting into different vesicles.
The presence of an hydrophobic ER exit signal on
gpaF appears essential for gpaF to enter into
Gap1p-containing vesicles and artificially GPI-
anchored gpafF is still sorted into Gap1p-containing
vesicles, suggesting that the ER exit signal is the
determinant for protein sorting (10). In mammalian
cells, such sorting has been observed upon Golgi
exit. Earlier events were visualized after a 15°C
block and VSVG and GFP-GPI colocalized at the
ERGIC(11), a compartment without a clear
equivalent in yeast.

In the present study, we have developed new tools
that allow us to investigate early steps of the
secretory pathway by live fluorescent imaging
techniques. In combination with the use of a
thermosensitive allele of the COPIl component
Sec31p, we identified three different types of ER exit

sites (ERES), which differ by the type of cargo they
concentrate and export out of the ER. One ERES
population concentrates the soluble glycosylated
pro-o-factor. Another ERES population carries
Hxt1p, for which we have not yet identified
additional cargo proteins. The third ERES
population ensures the ER export of the GPI-
anchored proteins Cwp2p, Ccw14p and Tos6p.
Furthermore, we revealed some possible
components of the concentration mechanism into
ERES including the inositol deacylase Bst1p, the
COPIl components Sec12p and Sec16p and the
Cornichon homologue Ervi4p. Indeed, GPI-
anchored protein incorporation into ERES
specifically requires Bstlp in contrast to
transmembrane proteins, whose ERES entry is
generally Sec12p/Sec16/Erv14p-dependent.
Futhermore, we investigated the implication of the
potential GPl-anchored protein ER exit receptor
Emp24p for concentration into ERES.



Results

At 37°C in sec31-1 cells, the GPl-anchored
protein Cwp2p and the hexose transporter Hxt1p
localize to ER exit sites (ERES).

In S. cerevisiae, hexoses are transported by
facilitated diffusion via 20 different hexose
transporters, members of the major facilitator
superfamily (12). The presence of ER exit signals in
the C-termini of other permeases, such as the di-
acidic motif found in Gap1p and Can1p, appears to
be crucial for their efficient ER exit (13, 14). We
noticed a potential di-aromatic (FY) ER exit signal in
the C-terminus of the hexose transporter Hxt1p. In
order to prevent any disturbance of Hxt1p ER exit,
we fused the CFP variant Cerulean or the YFP
variant Venus to the N-terminus of Hxt1p. These
fluorescent fusions are seen at the cell surface and
in the vacuole in WT cells (Fig. 1A), similar to the
endogenous protein (15). Cwp2p has previously
been described as a cell wall GPIl-anchored protein
(16). Cwp2p fused with Venus or Cerulean (CFP)
after its signal sequence localizes to the cell surface
in WT cells (Fig. 1A). From our biochemical
experiments we postulated that cargo protein
sorting upon ER exit would occur before the vesicle
scission event. Sec31p is part of the COPII coat,
and assembles with Sec13p onto the pre-budding
complex formed by Sar1p, Sec23p and Sec24p, in
order to cage nascent ER-derived vesicles (17-20).
After one hour at 37°C, a temperature at which the
thermosensitive sec37-1 cells display a strong ER
exit block without strongly compromising growth,
CFP-Hxt1p and Cwp2-CFP were found in dot-like
structures (Fig. 1C, 1E, S1B-C). In sec371-1 at
37°C, cargo proteins appear in dots, presumably
concentrated and loaded by the pre-budding
complex, but unable to bud from the ER.
Interestingly the localization of the COPII
component Sec13p does not appear to be disturbed
in sec31-1 at 37°C, compared to WT cells (Fig. 1B).
To further characterize these dots, we investigated
whether CFP-Hxt1p and Cwp2-Venus colocalized
with Sec13-GFP, which would be consistent with
their localization in ER exit sites (ERES) (21, 22).
Since the CFP-Hxt1p and Cwp2-CFP signals leak
into the GFP channel (Fig. S1A-C), we visualized
the co-localization with Sec13-GFP by acquiring
fluorescence in the CFP and the YFP channels.
Moreover, even though the dots can be visualized
on raw images we deconvoluted the images and
enhanced the contrast in order to highlight the dots,
when co-localization was required during the study.
After deconvolution, 82% of the Cwp2-CFP dots and
86% of the CFP-Hxt1p co-localized with Sec13-GFP
in sec31-1 at 37°C (Fig. 1C-F). Similar results were
obtained with Hxt1p fused C-terminally with CFP
(data not shown).

Next, we determined if the sec37-1 phenotype is
reversible. After the shift to 37°C, the cultures were
incubated at 24°C. After 20 minutes, more than 50%
of the dots no longer colocalized with Sec13-GFP
suggesting that under these conditions the cargo
proteins were able to exit ER (Fig. 1G-H). The
observed dots did not result from endocytosis, since
they colocalized minimally with FM4-64 at 37°C (5%
for Cwp2-Venus, 20% for CFP-Hxt1p) or 20 minutes
after reestablishment of the permissive temperature

(10% for Cwp2-Venus, 30% for CFP-Hxt1p) (data
not shown). We have determined that the dot-like
structures observed for fluorescent Hxt1p and Cwp2
were not the result of protein aggregation. Analysis
of the aggregation state of CFP-Hxt1p and Cwp2-
Venus by Blue-Native PAGE shows the same
pattern in WT and sec37-1 cells at 37°C (data not
shown).

In sec31-1 at 37°C, Cwp2p and Hxt1p are sorted
into different ERES.

Next, we quantified the co-localization of Cwp2-
Venus and CFP-Hxt1p at ERES in sec37-1 at 37°C
(Fig. 2). Cwp2-Venus dots and CFP-Hxt1p dots co-
localized only minimally (23%+12%) (Fig. 2A-B). As
a control, we confirmed that two different fluorescent
versions of the same cargo protein co-localized
substantially. In sec37-1 cells at 37°C, Cwp2-CFP
and Cwp2-Venus co-localized (82%+4%) (Fig. 2C-
D) and CFP-Hxt1p and Venus-Hxt1p co-localized
(75%19%) (Fig. 2E-F). It is possible that ERES are
highly mobile in vivo and this could cause an
underestimation of the co-localization due to
movement between acquisition in the first channel
and acquisition in the second channel. We
quantified the co-localization of CFP-Hxt1p and
Cwp2-Venus in 4% paraformaldehyde fixed cells
(Fig. S2A). Again the two cargo proteins co-
localized only minimally (22%+8%) (Fig. S2B). We
have previously shown that Gap1p and Gas1p are
mis-sorted upon ER exit in the v-SNARE mutant
bos1-1 (23). We assayed the localization of CFP-
Hxt1p and Cwp2-Venus in bos7-1 at 37°C. Both
cargoes accumulate in dot-like structures (Fig.
S2C). Cwp2-Venus and CFP-Hxt1p strongly co-
localized in bos7-1 at 37°C (Fig. S2D). But the
morphology suggests that the cargoes accumulate
in structures different that ERES. Taken together,
these results show that Hxtlp and Cwp2p are
sorted into distinct ERES upon ER exit.

The hexose transporter Hxt1p is sorted into a
third population of ER-derived Vesicles.

Next, we examined biochemically whether
fluorescently tagged Cwp2p and Hxt1p enter into
different ER-derived vesicles. Using an in vitro
budding assay which reconstitutes ER-derived
vesicle formation using exogenous cytosol and
pulse-labeled semi-intact cells (9), we determined
that the ER budding of Venus-Hxt1p and Cwp2-
Venus was cytosol-dependent even though it was
rather inefficient compared to Gap1p (Fig. 3A-B). In
order to disprove that the ER-derived vesicles
produced in this assay result from ER
fragmentation, we quantified the amount of an ER
resident protein, Sec61p, found in the vesicle
fraction (Fig. 3C). Clearly, the cargo proteins are
incorporated into the ER-derived vesicles in a
selective and concentrative manner. We next
examined whether Hxt1lp and Cwp2p were
incorporated into distinct vesicle populations. Using
the in vitro ER-derived vesicles from cells
expressing CFP-Hxt1p and Cwp2-Venus, we
precipitated the majority of CFP-Hxt1p-containing
vesicles with a polyclonal anti-Venus antibody,
which recognizes the different variants of GFP.
Under these conditions only a small fraction of
Cwp2-Venus was found in the pellet fraction (Fig.
3D, G). These results demonstrate that two cargo



proteins, which accumulated in different ERES, are
indeed incorporated into different ER-derived
vesicles in vitro. The fact that Cwp2p-Venus was not
precipitated by Venus antibody also provides
evidence for the intact nature of Cwp2p-Venus-
containing vesicles because the lumenal Venus was
not accessible to the antibody. In the same
experiment, endogenous Gapi1p was not co-
precipitated with CFP-Hxt1p-containing vesicles,
suggesting that the two proteins are not
incorporated into the same ER-derived vesicles. We
also confirmed that Cwp2-Venus was not
incorporated into the Gap1p-HA-containing vesicles
(Fig. 3E,H) as previously shown for other GPI-
anchored proteins such as Gas1p and Ypsip (9),
and Tos6p and Ccw14p (data not shown). Next,
using cells expressing Gap1p-HA and Venus-Hxt1p,
we confirmed that Gap1p and Hxt1p were indeed
incorporated into the different ER-derived vesicles
by vesicle immunoisolation using anti-HA antibody
or anti-Venus antibody, (Fig. 3F,|l). The GPI-
anchored protein Gas1p was not precipitated by
either antibody.

Altogether, these results suggest that at least three
different populations of vesicles are generated upon
ER budding. The first population of vesicles carries
Gap1p, gpaF, and alkaline phosphatase (9, 10), all
containing identified ER exit signals. The second
population contains Hxt1p and the third population
contains the GPI-anchored proteins Gas1p, Yps1p,
and Cwp2p.

GPl-anchored proteins are concentrated into the
same ERES in vivo.

Using our in vitro sorting assay, we repeatedly
observed that GPl-anchored proteins such as
Gas1p, Cwp2p (Fig. 3), Ccw14p and Tos6p (data
not shown) were excluded from the Gap1p-
containing vesicles and Hxt1p-containing vesicles.
Because GPl-anchored proteins are exclusively
luminal, we could not prove through
immunoisolation that GPl-anchored proteins exit the
ER in the same vesicle population. To address this
point, we fused two other GPl-anchored proteins
Ccw14p (YLR390W-A) and Tos6p (YNL300W) (24,
25) with Venus and co-expressed them with Cwp2-
CFP in sec31-1 at 37°C (Fig. 4A, C). In this manner,
we could observe that Cwp2-CFP and Ccw14-
Venus are found in the same ERES (92%+7%) (Fig.
4B) and Cwp2-CFP and Tos6-Venus co-localize at
the ERES (83%+14%) (Fig. 4D). These results
suggest that most, if not all, GPI-anchored proteins
leave the ER in the same ER-derived vesicle
population.

Cargo proteins incorporated into different ER-
derived vesicles accumulate in different ERES.
Next we tried to examine whether Cwp2p or Hxt1p
are found in the ERES corresponding to ER exit
signal-dependent  vesicles, such as Gapilp
containing vesicles. We looked at gpafactor, which
is preferentially incorporated into Gap1p-containing
vesicles (10), since Gap1-GFP failed to accumulate
into ERES in sec371-1 at 37°C(data not shown). In
sec31-1 cells at 37°C, a minority of Cwp2-CFP and
ye-citrine-tagged gpafactor (yECgpaF) co-localized
(38%=£15%) (Fig. 4E-F). Similarly, a minority of CFP-
Hxt1p and yECgpaF co-localized (32%%+15%) (Fig.
4G-H). These data show that the majority of

yECgpaF was segregated from Cwp2p and Hxt1p
containing ER exit sites in vivo.

In contrast to Hxt1p, Cwp2p does not require
COPII for concentration.

Next we wanted to investigate the COPII
requirement for the incorporation of cargoes into
ERES. Sec12p is an ER-bound transmembrane
GEF of Sar1p, involved in the initiation of the COPII
coat assembly (26, 27). Sec16p has been described
as the organizer of the ERES (28, 29). In sec12-4
cells, the number of Sec13-GFP dots is strongly
reduced at 37°C and in sec16-2 cells, the
distribution of Sec13-GFP is different than the one
observed in WT cells at 37°C (Fig. 5B) (30). Indeed
the size of the Sec13-GFP dots tends to be more
heterogenous in sec16-2 cells and the perinuclear
ER localization of the Sec13-GFP dots is less
obvious compared to WT cells. In contrast to sec371-
1, in sec12-4 and in sec16-2 to a lower extent, CFP-
Hxt1p cannot accumulate into dots (Fig. 5A, C-D).
Surprisingly in these mutants the GPIl-anchored
protein Cwp2p is still present in dot-like strutures in
similar proportion as seen in sec37-1 (Fig. 5A, C-D).
It appears that both cargoes require COPII coat to
exit the ER, but Cwp2p does not require the early
components of the COPIl machinery in order to be
concentrated. However since Sec13p localization is
strongly affected in sec12-4 and sec16-2, it is not
clear whether the dot-like structures observed in
these mutants can be assimilated to ERES. Among
the sec16-2 cells in which we could still observe
dots of Hxt1p, we quantified the co-localization of
CFP-Hxt1p and Cwp2-Venus. In these cells, more
than 60% of the Hxt1p dots co-localized with Cwp2p
dots (Fig. 5E-F). This result suggests that COPII or
at least Sec16p is important for sorting upon cargo
concentration.

Cwp2p requires remodeling to be concentrated
into ERES.

Early during the GPI anchor synthesis, inositol is
acylated by Gwt1p. After the transamidase attachs
the GPl-anchor to the protein, Bst1p removes the
acyl chain from the inositol, and the GPIl-anchored
proteins can be remodeled (5). In bst14 cells, GPI-
anchored proteins are not remodeled, fail to
associate with DRMs and their ER exit is delayed
(5) (Fig. 6A-B). To examine concentration into
ERES, we constructed the double mutant
bst14sec31-1, and observed the capacity of Cwp2p
to accumulate into dot-like structures. In the double
mutant at 37°C, Cwp2p did not localize into dots in
contrast to Hxt1p (Fig. 6A, C-D). From this result,
we can hypothesize that remodeling and perhaps
DRM association are required for concentration of
GPl-anchored proteins into ERES.

ER export of Cwp2p and Hxt1p are defective in
emp244 and erv14A cells respectively.

Next, we investigated the implication of potential ER
exit receptors for incorporation into ERES. Emp24p
is a member of the p24 family (31). The p24 proteins
assemble into heteromeric complexes that
continuously cycle between ER and Golgi (32-35).
Transport of Gas1p is delayed in emp244 cells and
budding of Gas1p is defective (36). Ervi4p was
identified on COPIll-coated vesicles and cycles
between ER and Golgi compartments (37, 38). It is
also highly conserved throughout evolution. The



Drosophila melanogaster homologous protein,
Cornichon, is required for efficient ER export of the
growth factor a-like signaling molecule Gurken (39-
41). The human homologue, CNIH4 plays a role in
the transport of the transmembrane protein tsO45G
to the cell surface by RNAI screening (42). In yeast,
ervi4Acells display ER retention of the
transmembrane secretory proteins AxI2p and
Sma2p (37, 43). In emp24A4 cells, Cwp2-Venus but
not Venus-Hxt1p nor Gap1-GFP, accumulated in
perinuclear ER. In erv144 cells, Venus-Hxt1p and
Gap1-GFP were specifically retained in the ER (Fig.
7A, C). Using the in vitro budding assay, we
observed that Cwp2-Venus budding was specifically
reduced using emp24A spheroplasts, whereas its
budding was unaffected in erv144 cells (Fig. 7D-E).
On the other hand, Venus-Hxt1p and Gap1-GFP
budding was strongly reduced in erv144 cells
specifically. To better understand the specificity of
Emp24p and Erv14p for cargo export from the ER,
we looked at the localization of various cargo
proteins in emp24Acells and erv144 cells. In
emp24A4 cells, the GPl-anchored protein Ccw14p
was retained in the ER (Fig. 7B-C). Hxt2p is a high
affinity hexose transporter that shares 67% identity
with Hxt1p, but does not exhibit any known ER exit
signal within its C-terminus. Mid2p is a single
transmembrane protein that senses cell wall
integrity. ER exit of Hxt2p and Mid2p was defective
in ervi44 cells (Fig. 7B-C). Pmailp is a plasma
membrane H'-ATPase. Interestingly, Pmalp ER
export did not depend on either Emp24p or Ervi4p
(Fig. 7B-C). With the exception of Pma1p, it appears
that most transmembrane proteins depend on
Erv14p for efficient ER export, whereas the ER exit
of GPl-anchored proteins depends on Emp24p. As
postulated by others, Emp24p and Erv14p might be
ER exit receptors. They bind to cargoes and are
found in COPII coated vesicles. Moreover absence
of Emp24p or Erv14p does not affect Sec13-GFP
localization (Fig. 8A). We constructed the double
mutants emp244sec31-1 and ervi44sec31-1. Even
though slightly affected, Cwp2-Venus was localized
into dot-like structures in ervi44sec31-1 at 37°C,
whereas Hxt1p failed to concentrate in ERES (Fig.
8B-D). Surprisingly Cwp2-Venus was concentrated
into dot-like structures in emp244sec31-1 at 37°C
(Fig. 8B-D). Altogether these results support the
conclusion that Erv14p is the ER exit receptor for a
certain  number of transmembrane proteins.
Concerning Emp24p, it appears that it is not
essential for GPI-anchored protein concentration.
Cargo protein ER exit in sec37-1 cells

As observed in figure 1G-H, around 80% of Cwp2-
Venus and CFP-Hxt1p co-localized with Sec13-GFP
at 37°C. Twenty minutes after the shift around 30%
of both cargoes remained co-localized with ERES.
This amount decreased to levels lower than 20%
after one hour at 24°C. From these results, it seems
that Sec31p recovered most of its function within the
first 20 minutes at permissive temperature and that
the ER exit kinetics of Cwp2p and Hxt1p appear to
be similar. Next, we looked at the fate of Cwp2p and
Hxt1p after ER exit. We incubated the sec37-1
mutant at 37°C for 1 hour, shifted the cultures to
24°C and acquired movies at the rate of one image

per 20 seconds during the first 8 minutes and
examined the co-localization of Cwp2-Venus with
CFP-Hxt1lp and Cwp2-CFP with Ccw14-Venus
(movies 1-2, Fig. 9A). We could observe that Cwp2-
Venus and CFP-Hxt1p remained separated
throughout the experiment and that the two GPI-
anchored proteins Cwp2-CFP and Ccw14-Venus
moved in the same dot-like structures. From the
previous experiments, we know that sorting occurs
prior to ER budding. This result suggests that the
two cargoes remained sorted after ER budding. We
obtained similar results when we acquired movies
10 or 20 minutes after the temperature shift to 24°C
(data not shown).

Finally, we estimated the average speed of the
different dots acquired in the movie 1 (Fig. 9B). In
the first 8 minutes after the shift to 24°C, the CFP-
Hxt1p dots were more mobile than the Cwp2-Venus
dots. It is important to note that the speeds
measured in these movies should not be considered
as absolute values. In movies acquired with one
image every 5 seconds (data not shown), the
speeds calculated were two times superior to the
ones displayed in Fig. 9B, but the ratio of the speed
of Hxt1p dots to the speed of Cwp2p dots was
conserved. Furthermore, some of the CFP-Hxt1p
dots were occasionally so mobile that it became
impossible to track them, leading to an
underestimation of the average speeds.

These results demonstrate that Cwp2p and Hxt1p
bud from distinct ERES and remain separate for
some time afterwards.



DISCUSSION

Using microscopy  to complement
biochemical techniques, we identified three different
types of ER exit sites (ERES), which differ by the
type of cargo they concentrate and export out of the
ER. One ERES population concentrates the soluble
glycosylated pro-a-factor. Another ERES population
carries Hxt1p. The third ERES population ensures
the ER export of the GPIl-anchored proteins Gas1p,
Yps1p, Cwp2p, Ccw14p and Tos6p. The targeting of
cargoes to different ERES required different
machineries: one involving the COPIl coat and the
ER exit receptor Ervi4p for transmembrane
proteins, and one requiring GPI anchor remodeling
for the GPl-anchored proteins.

ER-to-Golgi transport has been extensively
studied in mammalian cells using light microscopy
techniques, whereas in yeast biochemical
approaches have been preferred. To obtain a more
complete image of ER exit in yeast and to confirm
our previous results about GPl-anchored protein
sorting, we decided to develop light microscopy
tools for yeast. Distinct advantages were obtained
by visualization of the ER exit sites by a 15°C block
in mammalian cells. In yeast, we did not observe
such temperature dependence in wild-type cells
(data not shown). So we decided to use the
thermosensitive allele of the COPIl component
Sec31p. We reasoned that since it is part of the last
COPII component to assemble onto the COPII coat,
its non-functionality might not strongly disturb the
assembly of the prebudding complex. In this way,
the cargoes should be concentrated and bound to
the prebudding complex at the ERES. It appeared
that was the case at least for some cargo proteins.

Before going into this further, it is useful to
discuss the microscopy techniques used. First, we
had to choose between acquisition of live images or
images of fixed cells. Acquisition from fixed cells has
the advantage of fully controlling the timing and the
temperature of the experiment, and provides more
flexibility about acquisition exposure time, since the
structures do not move. However, fixation has the
tendancy to destroy the structures. After trying
several fixation protocols, the 4% PFA fixation
allowed us to visualize cargoes at ERES. However,
this observation was true for only a small
percentage of cells as the ERES was destroyed in
most of the cells. For this reason, we decided to
focus on live cell imaging. The limiting factors were
the fluorescent signal, bleaching and the movement
of the dots. We used two types of microscopes: a
conventional fluorescence microscope or a confocal
microscope. Confocal microscopy tends to display
an image with a better signal to noise ratio
compared to a conventional fluorescence
microscopy. However the use of laser tends to
increase the bleaching of the signal and in the case
of the confocal microscopes available in our
university the acquisition speed was too long for live
co-localization studies of the ERES. For these
reasons, we compromised by using conventional
fluorescence microscopy, where acquisition can be
done quickly with signals strong enough to allow the
visualization of the ERES. To improve the signal to
noise ratio, we used a 10 iterations blind
deconvolution for the co-localization studies.

The best proof that the cargoes are indeed
concentrated into ERES in sec371-1 at 37°C is
illustrated by their co-localization with the ERES
marker Sec13-GFP. Moreover the dots do not
colocalize with FM4-64 (fluorescent dye which
labels endocytic membranes), excluding that these
dots are derived from endocytosis (data not shown).
We have tried different FM4-64 incubation protocols:
adding the dye before the incubation at 37°C, during
the incubation at 37°C, or with continous incubation
with FM4-64 starting before the incubation at 37°C
and washout just before the acquisition. In these
experiments, there was no noticeable endocytosis
defect, and no enrichment of cargoes into endocytic
membranes. Considering the function of Sec31p in
assembly of the COPII coat, it is surprising that in
sec31-1 there is no detectable defect in Sec13-GFP
localization at 37°C. The restrictive temperature of
sec31-1 is 38°C. At 37°C, sec371-1 cells grow more
slowly than wild-type cells, but there is no striking
increase in mortality. So in sec37-1 at 37°C, there is
still a sufficient amount of functional Sec31p for
viability, but the Sec31p limitation seems to slow
down the ER budding process rather than totally
blocking the ER-derived vesicle formation. In this
manner we were able to observe cargoes molecules
accumulated in ERES. In our experiments, we have
counted around 20 Sec13-GFP dots, which is
substantially less than the 30 to 50 dots observed
previously (22). We explain this difference by the
difference in acquisition method. The 30 to 50 dots
were quantified after 3D acquisition and Z-
projection; in our experiment we counted 20 dots
from a single 2D acquisition. One reason to
visualize the accumulation of cargo in ERES in vivo
was to confirm our previous results obtained using
an in vitro budding assay (9). Previously, we
observed that GPl-anchored proteins and non-GPI-
anchored proteins are incorporated into different ER
derived vesicle populations produced after addition
of exogenous cytosol on pulse-labelled semi-intact
cells. To provide confidence that the in vitro assay
using crude cytosol reproduces faithfully the in vivo
situation, we controlled that the ER resident protein
Sec61p was not incorporated into ER-derived
vesicles, ruling out ER fragmentation as a
mechanism for vesicle generation in the assay.
Moreover we observed that we could precipitate the
Hxt1p containing vesicles using an anti-Venus
antibody which recognizes Venus or CFP exposed
at the cytoplasmic side of the vesicle. In the same
assay, Cwp2-Venus, whose Venus tag is found on
the Iluminal side of the vesicle, was not
immunoprecipitated, reflecting the intactness of the
produced ER-derived vesicles. One other argument
against ER fragmentation is illustrated by the
specific requirements of the different cargoes upon
ER budding. Indeed Cwp2p budding requires
Emp24p whereas Hxt1p requires Erv14p in vivo and
in vitro. In this situation it is difficult to imagine that
ER fragmentation leads to the specific formation of
Hxt1p-containing vesicles in emp24A4 spheroplasts
and to the generation of Cwp2p-containing vesicles
in ervi4Aspheroplasts. Even though both
approaches used here (biochemical and light
microscopy) have their own weaknesses, both tend
to demonstrate the same phenomena, which is that



GPl-anchored proteins and non-GPl-anchored
proteins are incorporated into different ERES
leading to the formation of different ER-derived
vesicle populations in yeast.

We have further characterized the
requirement of COPII, Erv14p, Emp24p and Bst1p
for cargo concentration and sorting at the level of
ERES (Fig. 10). GPIl-anchored proteins and non-
GPIl-anchored proteins studied here required COPII
to exit the ER, illustrated by their ER retention
observed in sec371-1, sec12-4 and sec16-2.
However differences can be observed if we focus on
the capability of cargoes to concentrate into specific
ER domains. Indeed in sec712-4 and sec16-2, Hxt1p
was localized homogenously throughout the ER,
whereas Cwp2p still displayed a punctate pattern.
Since there is a disturbance of the Sec13-GFP
pattern in such mutants, it is not clear whether the
punctate pattern of Cwp2p reflects an accumulation
into ERES or another ER domain. Nevertheless, this
still implies that non-GPI-anchored proteins require
COPII coat for proper concentration, whereas GPI-
anchored protein concentration seems to depend
upon another mechanism.

Erv14p has been postulated to be an ER
exit receptor for Sma2p and AxI2p. Here we showed
that it influences the ER exit of several other
transmembrane proteins, such as Hxt1p, Hxt2p,
Gap1p and Mid2p. In sec31-1erv144 cells, Hxt1p
did not localize to ERES, suggesting that the
concentration of Hxt1p to the ERES depends on
Erv14p, presumably via binding to COPIL
Interestingly, in the few sec16-2 cells where Hxt1p
was still concentrated into dots, we observed a
sorting defect with Cwp2p. This suggests that
COPII, or at least Sec16p, and presumably Ervi4p
are determinants for sorting by concentrating Hxt1p
to sites from which Cwp2p is excluded or simply not
concentrated. Gap1p is one of the proteins that
require Erv14p. This is interesting for two reasons.
First, we found Hxt1p and Gap1p incorporated into
different ER-derived vesicles. This might suggest
that Erv14p is not required for sorting between
Hxt1p and Gap1p, but for sorting between GPI-
anchored proteins and non-GPl-anchored proteins.
Second, Gap1p contains a di-acidic motif in C-
terminus, known to be an ER exit signal that allows
direct binding of Gap1p to Sec24p. If Gap1p can be
tightly associated to COPII via its diacidic motif, why
is Erv14p required for efficient ER exit? As
illustrated by the difference in budding efficiencies of
Gap1p and Hxt1p (for which no ER exit signal has
been identified so far), the presence of an ER exit
signal confers a superior capacity for concentration
by increasing the binding of Gap1p to COPII.
Therefore we can imagine that Erv14p might
promote the interaction of the ER exit signal with
COPIL.

We have seen that Cwp2p can concentrate into ER
domains independantly of COPII. The concentration
into dots required the inositol deacylase Bst1p.
Deacylation is an important step prior the anchor
remodeling. In bst14 and remodeling mutants, GPI-
anchored proteins cannot associate with DRMs,
which is presumably the illustration of the failure of
GPl-anchored proteins to enter into ceramide-
enriched membranes. Remodeling and ceramide

synthesis are required for efficient ER exit of GPI-
anchored proteins. From this information, we
postulate that assembly of remodelled GPI-
anchored protein with ceramide-rich domains might
play a role in concentration of GPl-anchored
proteins in the ER in a COPII-independent manner.
Alternatively, their lack of remodelling may cause
them to be recognized by the machinery recognizing
unfolded proteins and thereby prevent their
concentration.

Emp24p also clearly plays a role in ER exit of GPI-
anchored proteins because its absence strongly
decreases budding efficiency. Moreover Emp24p
binds to GPl-anchored proteins (36). From these
results, it was tempting to think that Emp24p
function is similar to Erv14p but for GPIl-anchored
proteins. In that case we expected that in sec317-
1emp244, GPl-anchored proteins would not
accumulate into ERES. The opposite phenotype
was observed. Moreover the sorting was not
affected between Cwp2-Venus and CFP-Hxt1p
(data not shown). This suggests that Emp24p is not
required for concentration and sorting, this step
requiring anchor remodeling and perhaps
association with ceramides. The most likely role of
Emp24p in ER exit seems to be to somehow
mediate the interaction of preconcentrated GPI-
anchored proteins with COPII to ensure efficient ER
budding.

The comparison of GPIl-anchored protein
remodeling between yeast and mammalian cells
can provide some clues about the mechanism of
sorting upon ER exit in yeast. In yeast remodeling of
GPl-anchored proteins occurs in the ER, whereas in
mammalian remodeling occurs in the Golgi
compartment (4, 8, 44). Remodeling seems
universally important for GPl-anchored protein
trafficking and correlated with association with
DRMs in the ER in yeast and in the Golgi
compartment in  mammalian cells (4, 45).
Furthermore, ER exit of GPIl-anchored proteins in
yeast is dependent on the ceramide synthases
Laglp and Laclp (46). This suggests that
ceramides are essential in the ER membrane for
membrane association and ER exit of GPl-anchored
proteins. This was not observed in mammalian cells
(47). But association of GPl-anchored proteins with
lipid rafts in the Golgi compartment is essential for
apical sorting in several epithelial cell lines and to
the axonal region of neuronal cells (48-52). Why
should remodeling take place is different locations in
yeast and mammalian cells? In contrast to
mammalian cells, ER-to-Golgi transport of
ceramides is largely ensured by vesicular rather
than non-vesicular transport in yeast (53, 54). A
defect in GPI synthesis has been shown to reduce
the vesicular transport of ceramides to the Golgi.
This suggests that ceramides and GPl-anchored
proteins cooperate in order to be both efficiently
transported to the Golgi compartment. In
mammalian cells, transport of ceramide from ER-to-
Golgi is mainly carried out by a non-vesicular
mechanism using CERT (ceramide transport
protein) (55) and is likely to be independent of GPI-
anchored protein transport. One reason for this
difference in organization may be the chain length of
ceramides. In yeast, ceramide have almost



exclusively C26 acyl chains, whereas in mammalian
cells, most ceramides have shorter acyl chains.
CERT is only capable of transporting ceramides with
shorter chain length(56).

To summarize our hypothesis about GPI-
anchored protein exit; in mammalian cells GPI-
anchored proteins are not remodeled in the ER and
not associated to DRMs, and ceramides use non
vesicular transport to exit ER. In yeast, ceramides
and GPl-anchored proteins are cotransported out of
the ER in a tightly coupled manner in vesicles that
are distinct from other secreted proteins. A possible
reason for this may be that ER-derived vesicles
enriched in ceramides might not allow efficient
incorporation of transmembrane cargo proteins. It
remains to be seen if special mechanisms for ER
exit will exist in mammalian cells that synthesize
long chain ceramides, and if endogenous GPI-
anchored proteins are sorted or not from
endogenous transmembrane cargo proteins in
mammalian cells upon ER exit.



Materials and Methods

Yeast strains and plasmids

Yeast strains used in this study are listed in Table 1.
For construction of the plasmid pRS416ADH-CWP2-
VENUS, we amplified by PCR a fragment of 789 bp
containing the signal sequence of CWP2 and the
sequence coding for the fluorescent protein VENUS
(57) using a forward primer containing the Xbal site,
the 63 bp of the signal sequence of CWP2 and the
20 first nucleotides of VENUS and a reverse primer
containing the 20 last nucleotides of VENUS and
the Xmal site. In parallel, we amplified from genomic
DNA the CWP2 gene using a forward primer
containing an Xmal site and 20 nucleotides starting
from the 64" nucleotide of CWP2 sequence and a
reverse primer containing the 23 last nucleotides of
CWHP?2 including the stop codon and a Xhol site. We
digested the pRS416ADH plasmid at the Xbal and
Xhol sites, the signal sequence VENUS fragment at
the Xbal and Xmal sites and the CWP2 fragment at
the Xmal and Xhol sites. After a triple ligation we
obtained the pRS416ADH-CWP2-VENUS plasmid.
The same method has been used to produce
pRS416ADH-CCW14-VENUS and pRS416ADH-
TOS6-VENUS.

We amplified by PCR the CWP2 gene from genomic
DNA using a forward primer containing an Xbal site,
the signal sequence of CWP2, a BamH]I site and the
20 nucleotides starting from the 64" nucleotide of
CWP2 sequence and a reverse primer containing
the 23 last nucleotides of CWP2 including the stop
codon and a Xhol site. We inserted this fragment
into pRS415ADH at the Xbal and Xhol sites and
obtained pRS415ADH-CWP2. We then amplified by
PCR the sequence coding for the fluorescent
protein CERULEAN (58) with a forward primer
containing a BamHI| site and a reverse primer
excluding the stop codon of CERULEAN and a
BamHI site. The fragment containing CERULEAN
was inserted into BamHI| digested pRS415ADH-
CWP2 plasmid to obtain pRS415ADH-CWP2-
CERULEAN.

We amplified the HXT7 gene from genomic DNA to
obtain a HXT1 fragment flanked by the BamHI and
Xhol sites. Then we amplified the VENUS gene or
the CERULEAN gene flanked by Xbal and BamHI.
We ligated the Xbal/Xhol digested pRS416ADH with
the BamHI/Xhol digested HXT1 fragment and the
Xbal/BamHI digested VENUS fragment to obtain
pRS416ADH-VENUS-HXT1. Similar procedures and
restriction enzymes were wused to clone
pRS416ADH-VENUS-HXT2. We ligated the
Xbal/Xhol digested pRS415ADH with BamHI/Xhol
digested HXT1 fragment and the Xbal/BamHI
digested CERULEAN fragment to obtain
pRS415ADH-CERULEAN-HXT1.

From the pRS415ADH-CERULEAN-HXT1 plasmid,
we extracted the CERULEAN-HXT1 fragment using
Xbal and Xhol, then blunted it and inserted at the
BamHI site of pRS414TEF to obtain pRS414TEF-
CERULEAN-HXT1.

We amplified the MID2 and TAT2 genes from
genomic DNA to obtain both ORF flanked by the
Xbal and BamHI sites. Then we amplified the
VENUS gene flanked by BamHl and Xhol. We
ligated the Xbal/Xhol digested pRS415ADH with the

Xbal/BamH| digested MID2 and the BamHI/Xhol
digested VENUS fragment to obtain pRS415ADH-
MID2-VENUS, and ligated the digested TAT2
fragment and the digested VENUS fragment with
pRS416ADH to obtain pRS416ADH-TAT2-VENUS.
We constructed a VENUS-PMA1 that is inducible
with doxycycline. A fragment of 3059pb containing
the doxycyline inducible system was obtained after
the EcoRI/Sapl digestion of PCM252(59). This
fragment was blunted and inserted into Ycplac33
after digestion by EcoRI/Hindlll and blunted. The
obtained plasmid called Ycplac33-tet was digested
with Xhol. We amplified the VENUS ORF using a
forward primer containing the 40 nucleotides
homologous to the upstream sequence of the Xhol
site of Ycplac33-tet, a Xhol site, a BamH| site and
the 20 first nucleotides of VENUS, and a reverse
primer containing the 40 nucleotides homologous to
the downstream sequence of the Xhol site of
Ycplac33-tet, a Xhol site, a Notl site and the 20 last
nucleotides of VENUS. We co-transformed the PCR
product and the digested Ycplac33-tet into yeast,
and could retrieve the Ycplac33-tet-VENUS plasmid
from colonies growing on synthetic medium lacking
uracil (SD-URA) and fluorescent after incubation
with doxycycline. Then we amplified the PMA1 ORF
with a forward primer containing the 20 last
nucleotides of VENUS without the STOP codon and
the 20 first nucleotides of PMA1, and a reverse
primer containing the 40 nucleotides homologuous
to the downstream sequence of VENUS on
Ycplac33-tet-VENUS, and the 20 last nucleotides of
PMA1. After digestion of Ycplac33-tet-VENUS by
Notl, we co-transformed the digested plasmid with
the PCR product into yeast, and retrieved the
Ycplac33-tet-VENUS-PMA1 from a yeast colony
growing on SD-URA and expressing Venus-Pma1p
after incubation with doxycyline. To construct the
plasmid yECgpoF, we amplified the sequence
coding for yECitrine from plasmid pKT140 (60),
adding restriction sites Bglll and EcoRl; and the pro-
a-factor encoding sequence from S. cerevisiae DNA
with a forward primer containing an Xmal site and a
reverse primer adding a Bgl/ll site after the first MFa-
repeat. The introduced restriction sites were used
to perform a triple ligation of both fragments into
XmallEcoRI digested pRS416ADH(61) to obtain
yECgpaF.

In vitro ER-budding assay and vesicle
immunoisolation

The in vitro budding and sorting assay was
performed as described (10). Vesicle fractions were
isolated by floatation through Nycodenz layers and
processed for immunoprecipitation with suitable
antibodies. The samples were separated by SDS-
PAGE and quantified using a cyclone
phosphorimager (Packard). Vesicle immunoisolation
was performed as described previously (10). Pellet
(P) corresponds to immunoisolated vesicles and
supernatant (S) corresponds to a vesicle fraction
that was not precipitated. Individual fractions were
processed for immunoprecipitation and analyzed as
above. To quantify the percentage of proteins in
Hxt1p- or Gap1p-containing vesicles, we divided the
percentage of individual proteins found in the pellet
fraction by the percentage of immunoisolated Hxt1p
or Gapip. This process enabled comparison of



several independent experiments in which the
immunoisolation efficiency of vesicles can vary.
Microscopy

Transformed cells were incubated overnight in
synthetic medium at 24°C. The next day, the cells
were diluted into YPUAD. After 1 hour at 24°C, the
cells were incubated at 37°C for 1 hour. For the
micrographs of live cells, the cells were washed
once and resuspended in a small amount of pre-
warmed synthetic medium with 5mM HEPES, and
directly observed under the microscope. For
micrographs of fixed cells, the cells were incubated
for 1 hour at 37°C in 4% paraformaldehyde plus
3.4%(wl/v) sucrose then washed and resuspended
in small amount of KPOu/sorbitol (1,2 M sorbitol,
100mM potassium phosphate pH7,5 ). The
micrographs were acquired under a 100X 1.4NA oll
objective with the AXIOZ1 microscope (ZEISS) and
the Zeiss AxioCam MRm CCD camera controled by
the software AxioVision Rel. 4.6. If co-localization
was required, then the acquisitions were
deconvoluted by ten iterations with the 2D blind
protocol using the Auto-Deblur software from
AutoQuant. The data were quantified and processed
with Image J.

Movies

Cells were prepared as described above. Movies
were acquired under a 100X 1.4NA oil objective with
the widefield fluorescence microscope Leica
AF6000LX and the Coolsnap HQ camera (Roper
Scientific). 2 or 3 Z stacks spaced by 220nm were
acquired every 20 seconds, deconvoluted by 10
iterations and Z-projected. Tracking was performed
by the manual tracking pluging of Image J, and
speeds were adjusted by cell movement.
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Figure legends

Figure 1

Hxt1p and Cwp2p localize in ERES in sec371-1 at
37°C.

(A) Localization of CFP-Hxt1p (cyan), Cwp2-Venus
(yellow) and Sec13-GFP in live wild-type cells at
37°C. (B) Localization of Sec13-GFP in live wild-
type cells and sec371-1 cells at 37°C. (C) Live
images of sec371-1 yeast expressing Cwp2-CFP
(cyan) and Sec13-GFP (yellow) at 37°C. (D)
Quantification of the several images described in
(C). In the left panel, means of the number of dots of
Cwp2-CFP and Sec13-GFP per cell. In the right
panel, quantification of the co-localization of the
Cwp2-CFP dots and Sec13-GFP dots. (h=number of
cells quantified=62) (E) Live images of sec37-1
yeast expressing CFP-Hxt1p (cyan) and Sec13-GFP
(yellow) at 37°C. (F) Quantification of several
micrographs described in (E). In the left panel,
means of number of dots of CFP-Hxt1p and Sec13-
GFP per cell. In the right panel, quantification of the
co-localization of the CFP-Hxt1p dots and Sec13-
GFP dots. (n=54). (G) Live images of sec37-1 cells
expressing Sec13-GFP (yellow) and Cwp2-CFP
(blue) or CFP-Hxt1p (blue) after shift from 37°C to
24°C. (H) Quantification of several micrographs
described in (G). Means of the percentage of co-
localization per cell of Cwp2-CFP with Sec13-GFP
(black bars, 45<n<54, n= number of cells plotted per
time point) and of CFP-Hxt1p with Sec13-GFP
(white  bars, 42<n<51) in sec371-1. The
quantifications were done at 37°C and 20, 40, 60
minutes in sec317-1 after the shift from 37°C to 24°C.
(C, E, G) CFP-Hxt1p and Cwp2-CFP have been
acquired through the CFP channel. Sec13-GFP has
been acquired through the YFP channel. Images
deconvoluted by 10 iterations using blind
deconvolution protocol. Star: vacuole. Fine dashed
line: cell shape. White arrow heads: co-localizing
dots. Scale bar: 3 um.

Figure 2

Hxt1p and Cwp2p localize in different ERES in
sec31-1 at 37°C.

(A) Live images of sec37-1 yeast expressing CFP-
Hxt1p and Cwp2-Venus at 37°C. (B) Quantification
of several micrographs described in (A). In the left
panel, the number of dots of CFP-Hxt1p and Cwp2-
Venus per cell was averaged. In the right panel,
quantification of the co-localization of the Venus and
CFP dots. (n=75). (C) Fluorescent micrographs of
live sec31-1 yeast expressing Cwp2-CFP and
Cwp2-Venus at 37°C. (D) Quantification of several
micrographs acquired as described in (C) and done
as in (B). n=37. (E) Fluorescent micrographs of live
sec31-1 yeast expressing CFP-Hxt1p and Venus-
Hxtlp at 37°C. (F) Quantification of several
micrographs acquired as described in (E) and done
as in (B). n=40. Scale bar: 3 um. Star: vacuole. Fine
dashed line: cell shape. White arrow heads: co-
localizing dots. Open arrow heads: non-co-localizing
dots. Images deconvoluted by 10 iterations using a
blind deconvolution protocol.

Figure 3

Hxt1p sorts into a third ER derived vesicle
population.

(A) In vitro budding was performed using wild-type
semi-intact cells expressing Gap1pHA, Venus-Hxt1p

and Cwp2-Venus for 1 hour at 24°C in absence or
presence of wild-type cytosol. The numbers
correspond to budding efficiency. Budding
efficiencies were calculated as the percentage of the
total input that was recovered in the purified vesicles
for each individual protein. (B) Graphic
representation of the average budding efficiencies
observed in 4 independent experiments performed
as in (A). (C) Budding of the ER resident protein
Sec61p as performed in (A) and revealed by
Western-blot. (D) Vesicles generated as in (A) from
cells expressing Gap1p, Cwp2-Venus and CFP-
Hxt1p were immunoisolated with or without purified
polyclonal anti-Venus antibody. (E) Vesicles
generated as in (A) from cells expressing Gap1pHA
and Cwp2-Venus were immunoisolated with or
without monoclonal anti-HA antibody. (F) Vesicles
generated as in (A) from cells expressing Gap1pHA
and Venus-Hxt1p were immunoisolated with or
without monoclonal anti-HA antibody or purified
polyclonal anti-Venus antibody. (D-F) The numbers
correspond to the percentage of cargo found in the
pellets. (G) Percentage of cargo proteins found in
Hxt1p containing vesicles after in vitro sorting assay
as performed in (D). (H) Percentage of cargo
proteins found in Gap1p-containing vesicles after in
vitro sorting assay as performed in (E). (I)
Percentage of cargo proteins found in Gap1p and
Hxt1p containing vesicles after in vitro sorting assay
as performed in (F). (G-I) The bars represent the
mean of 3 independent experiments.

Figure 4

GPl-anchored proteins colocalize in the same
ERES, whereas glycosylated proafactor does not
co-localize with Hxt1p or Cwp2p in sec31-1 at 37°C.
(A) Fluorescent micrographs of live sec371-1 yeast
expressing Cwp2-CFP and Ccw14-Venus at 37°C.
(B) Quantification of several micrographs acquired
as described in (A) and done as in Fig. 2B. n=45.
(C) Fluorescent micrographs of live sec37-1 yeast
expressing Cwp2-CFP and Tos6-Venus at 37°C. (D)
Quantification of several micrographs described in
(C) and done as in (B). n=43. (E) Fluorescent
micrographs of live sec37-1 yeast expressing Cwp2-
CFP and glycosylated ye-citrine-tagged afactor

. YECgpoaF) at 37°C. (F) Quantification of several

micrographs described in (E) and done as in (B).
n=49. (G) Fluorescent micrographs of live sec37-1
yeast expressing CFP-Hxt1p and yECgpaF at 37°C.
(H) Quantification of several micrographs described
in (G) and done as in (B). n=55. Scale, acquisition
and processing of the live images are the same as
in Fig. 2.

Figure 5

Hxt1p but not Cwp2p concentration depends on
COPII.

(A) Fluorescent micrographs of live sec12-4 and
sec16-2 cells expressing CFP-Hxt1p or Cwp2-
Venus at 37°C. (B) Fluorescent micrographs of live
sec12-4 and sec16-2 cells expressing Sec13-GFP
at 37°C. (C) Quantification of several micrographs
described in (A) and Fig. S1B-C. The graph plots
the average percentage of the sec12-4, sec16-2
and sec317-1 cells, for which Cwp2-Venus and CFP-
Hxt1p are found in dots or in the ER. 67<n<83. (D)
Quantification of several micrographs described in
(A) and (S1B-C). The graph plots the average



number of dots of Cwp2-Venus and CFP-Hxt1p
observed in the sec712-4, sec16-2 and sec317-1 cells.
14<n<68. Only cells in which dots were present are
taken into account. (E) Deconvoluted fluorescent
micrographs of live sec16-2 cells expressing CFP-
Hxt1p and Cwp2-Venus at 37°C. (F) Quantification
of several micrographs acquired as described in (E)
and Fig. 2A. The graph plots the average
percentage of co-localization between Cwp2-Venus
and CFP-Hxt1p in sec16-2 and sec371-1 cells at
37°C. 31=n<68. Only cells in which dots were
present are taken into account. (A,B) Raw images.
(E) Images deconvoluted by 10 iterations using
blind deconvolution protocol. White arrow heads:
co-localizing dots. Scale bar: 5 um.

Figure 6

Cwp2p requires Bst1p to be concentrated into
ERES.

(A) Fluorescent micrographs of live bst14 and
sec31-1bst1A cells expressing CFP-Hxt1p and
Cwp2-Venus at 37°C. (B) Quantification of several
micrographs described in (A). The graph plots the
average percentage of the bst14 cells, for which
Cwp2-Venus and CFP-Hxt1p are found in the ER.
n=72. (C) Quantification of several micrographs
described in (A). The graph plots the average
percentage of the sec37-1bst14 cells, for which
Cwp2-Venus and CFP-Hxt1p are found in dots or in
the ER. n=89. (D) AQuantification of several
micrographs described in (A).The graph plots the
average number of dots of Cwp2-Venus and CFP-
Hxt1p observed in the sec37-1bst14 cells. n=17.
Only cells in which dots were present are taken into
account. (A,B) Raw images. Scale bar: 5 um.
Figure 7

Hxt1p ER export is defective in ervi44 and Cwp2p
ER export is defective in emp24A4.

(A) Fluorescent micrographs of live wild-type cells,
ervi44 mutant cells and emp244 mutant cells
expressing Venus-Hxt1p, Cwp2-Venus, Gap1-GFP
or Gap1-GFP mutated at ubiquitination sites
(Gap1ubGFP) at 30°C. (B) Fluorescent micrographs
of live wild-type, ervi44 and emp244 cells
expressing Ccw14-Venus, Venus-Hxt2p, Mid2-
Venus or Venus-Pma1p at 30°C. (A, B) Raw images
are displayed here. The white arrow points out the
perinuclear ER. Scale bar: 5 um. (C) Quantification
of several micrographs described in (A) and (B). The
graph plots the average percentage of the wild-type,
erv144 and emp24A4 cells, for which the different
cargoes are found in the ER. 57=n<72. (D) In vitro
budding assay of Gap1p, Venus-Hxt1p and Cwp2-
Venus using WT, ervi44 and emp244 semi-intact
cells and WT cytosol and performed at 24°C. Tot:
total, (-): -cytosol, (+): +cytosol. The numbers
correspond to budding efficiency. Budding
efficiencies were calculated as in Fig. 3A. (E)
Graphic representation of the average budding
efficiencies observed in 3 independent experiments
performed as in (D).

Figure 8

Erv14p is required for concentration of Hxt1p and
Emp24p is not required for Cwp2p concentration.
(A) Fluorescent micrographs of live erv144 mutant
cells and emp244 mutant cells expressing Sec13-
GFP at 37°C. (B) Fluorescent micrographs of live

ervi4asec31-1_mutant cells and emp244sec31-1

. mutant cells expressing Cwp2-Venus or CFP-Hxt1p

at 37°C. (A, B) Raw images are displayed here.
Scale bar: 5 pum. (C) Quantification of several
micrographs described in (B). The graph plots the
average percentage of the ervi44sec31-1 and
emp244sec31-1 cells, for which Cwp2-Venus and
CFP-Hxt1p are found in dots or in the ER. 83<n<92.
(D) Quantification of several micrographs described
in (B).The graph plots the average number of dots
of Cwp2-Venus and CFP-Hxt1p observed in the
ervl44sec31-1 and emp244sec31-1 cells. n=60 for
emp244sec31-1 and n=15 for erv144 sec31-1. Only
cells in which dots were present are taken into
account.

Figure 9

Hxt1p and Cwp2p traffic at different speeds early in
the secretory pathway.

(A) Quantification of several movies acquired as in
movie 1 and 2. The graph plots the average
percentage of co-localization of Cwp2-CFP with
Ccw14-Venus (movie 2) and Cwp2-Venus with CFP-
Hxt1p (movie 1) in sec37-1 along the time after the
temperature shift from 37°C to 24°C. For co-
localization between Cwp2-CFP and Ccw14-Venus,
n1=6 with n1= number of cells plotted and 6<n2<12
with n2= number of dots plotted per cell. For co-
localization between Cwp2-Venus and CFP-Hxt1p,
n1=6 and 8=n2<20. (B) Quantification of the dots
average speeds. The black bars represent the mean
of the average speed of the Cwp2-Venus dots
tracked in several movies acquired as in movie 1.
The white bars represent the mean of the average
speed of the CFP-Hxt1p dots. n1=6 and 8<n2<20.
Figure 10

Model of cargo concentration and sorting upon ER
exit

The GPl-anchored protein Cwp2p is concentrated
into DRM via remodeling initiated by the inositol
deacylase Bst1p. Patches of concentrated GPI-
anchored proteins are associated to ERES, and
stably bound to COPII coated vesicles because of
Emp24p. The transmembrane protein Hxt1p is
concentrated and loaded to the ERES and forming
COPIl coated vesicles throught its potential
interaction to COPII via Erv14p. The co-existence
of the two concentrative mechanisms, and probably
the exclusion of Hxt1p from DRM might contribute to
sorting. After full assembly of the COPII coat, there
is generation of two ER-derived vesicles different by
the cargoes they carry.

Figure S1

Control of deconvolution and specificity of signal.

(A) Localization of Sec13-GFP in live sec371-1 cells
at 37°C. (B) Localization of CFP-Hxt1p in live
sec31-1 cells at 37°C. (C) Localization of Cwp2-
Venus in live sec37-1 cells at 37°C. Raw images are
indicated by “raw”. The term “10 it” indicates that the
images have been deconvoluted by 10 iterations
using a blind deconvolution protocol. Scale bar: 3
pum.

Figure S2

Hxt1p and Cwp2p do not co-localize in fixed sec317-
1 cells at 37°C, but co-localized in bos7-1 cells at
37°C.

(A) Fluorescent micrographs of 4%
paraformaldehyde fixed sec371-1 yeast cells



expressing CFP-Hxt1p and Cwp2-Venus at 37°C.
(B) Quantification of several micrographs described
in (A), and done as in Fig.2B. n=71. (C) Fluorescent
micrographs of live bos71-1 yeast expressing CFP-
Hxt1p and Cwp2-Venus at 37°C. (D) Quantification
of several micrographs described in (C) and done
as in Fig.2B. n=56.

Movies

Movie 1 shows sec37-1 cells expressing CFP-Hxt1p
(blue), Cwp2-Venus (green) with 1 acquisition per
20 seconds. Each image is the result of 3 Z-stacks
spaced by 220 nm, deconvoluted by 10 iterations

and projected in Z. In the bottom part, tracking of
individual dots have been added. Movie 1 covers
the time between 0 minutes to 8 minutes after the
shift from 37°C to 24°C.

Movie 2 shows sec317-1 cells expressing Cwp2-CFP
(cyan) and Ccw14-Venus (yellow) with 1 acquisition
per 20 secondes. Each image is the result of 2 Z-
stacks spaced by 220 nm, deconvoluted by 10
iterations and projected in Z. In the bottom part,
tracking of individual dots have been added. Movie
2 covers the time between 0 minutes to 10 minutes
after the shift from 37°C to 24°C.



Table 1. Strains used in this study

Strains  Genotype Source

RH732  Mata pep44.:.URA3 his4  Lab strain
leu2 lys2 ura3 bar1

RH1491 Mata sec12-4 leu2 ura3 Lab strain
lys2 his4

RH1498 Mata sec16-2 leu2 ura3 Lab strain
lys2 his4

RH2874 Mato leu2 lys2 trp1 ura3  Lab strain
bart

RH5877 Mata sec31-1 leu2 ura3 Lab strain
lys2 trp1 his3

RH5942 Mata bst14:KanMX leu2 Lab strain
ura3 lys2 met15 his3

RH6850 Mata bos1-1 leu2 ura3 Lab strain

RH6878 Mata erv144:KanMX Lab strain
leu2 ura3 lys2 trp1

RH6881 Mata sec31-1 Lab strain
erv144::KANMX leu2
ura3 lys2 trp1

RH6910 Mata emp24A4:KanMX Lab strain
leu2 ura3 lys2 trp1 his3

RH6912 Mata sec31-1 Lab strain
emp24A4:KanMX leu2
ura3 lys2 trp1

RH6965 Mata sec31-1 Lab strain

bst1A:KanMX leu2 ura3
lys2 trp1 his3



A B WT 37°C sec31-137°C

Sec13-GFP Sec13-GFP

N

WT 37°C

L8

CFP-Hxt1p Cwp2-Venus

C D

Cwp2-CFP Sec13-GFP

—
o
o

» 30 Tmcwp2-CFP
0 25 |OSec13-GFP

\
.

B O o
o o o

)
o

% of co-localization

sec31-1 37°C

o

HCFP in GFP
OGFP in CFP

CFP-Hxt1p Sec13-GFP merge

o
—
o
o

BWCFP-Hxt1p
[0Sec13-GFP

o o
oS o

_ = NN W
S
o

o oo oo o

Number of dots

% of co-localization

o

MCFP in GFP
OGFP in CFP

G sec31-124°C H

20 min 40 min 60 min 100 1 B % of colocalization of
& T Cwp2-CFP with
80 Sec13GFP

O % of colocalization of
60 CFP-Hxt1p with
Sec13GFP

Cwp2-CFP

Sec13GFP 40

CFP-Hxt1p p;

Sec13GFP [ *'. =} . B 20 '—h
. ; N T 0 +. —

37°C 20 40 60

Minutes after shift from 37°C
to 24°C

Fig. 1



A B

CFP-Hxt1p Cwp2-Venus

=4
£ 0 mcFP-Hxttp 610
© 25 10Cwp2-Venus T 80
52 T &0
oy o
o 15 ke}
'g 10 g 0
2 s 5 2
0 2 0 :
> "mCFP in Venus
OVenus in CFP
Cwp2-CFP Cwp2-Venus
£ 307 mCwp2-CFP G100
_8 254 OCwp2-Venus %% 4
5 =
o S 60
[} (o]
o Py
£ o
5 « 20
= 5}
X o :
BMCFP in Venus
OVenus in CFP
30 8100
2] =
225 BCFP-Hxtlp 5 g
T 5 OVenus-Hxt1p N
5 § 60
s
é 54
(]
=1 w 20
z o
X o0

BMCFP in Venus
OVenus in CFP

Fig. 2



A

Total
(3%)

Vesicle

Gap1pHA

% of budding

1.8 13.0
Cwp2-Venus

1.0 6.
Venus-Hxt1p

2.1
% of budding

6.4

D

-Ab +Venus Ab
P S P S
Gap1p L ——

CFP-Hxt1p [

Cwp2-Venus

9.1

1.9 i
% in the pellet

G

o]
o O

vesicles
B D
o

% of proteins in CFP-Hxt1p
N
o

Gaplp CFP-HxtlpCwp2-Venus

- + cytosol

B

E

Gap1pHA

Cwp2-Venus '

% of proteins in Gap1p

O-Cytosol

Sec61p
H-+Cytosol Total Vesicie
5% 2.5% 1% -+ cytosol

i 13

% of budding 06 1.2

Gas1p

vesicles
B D
o

Gap1pHA  Cwp2-Venus Venus-Hxt1p

=
o O
o o© o

N
o

-Ab

+HA Ab

F

+HA Ab +Venus Ab

P

S P S

P S

P S P S
Gap1pHA

Gas1p

% in the pellet

GaplpHA Gaslp Cwp2-Venus

Venus-Hxt1p

2 23
% in the pellet

B HAAD precipitated fraction

OVenusAb precipitated fraction
100

80

o)}
o

N
o

N
o

mlml

Gap1pHA  Gas1p VenusHxt1p

% of proteins in precipitated
vesicles

Fig. 3



G

sec31-1

Cwp2-CFP Ccw14-Venus

Cwp2-CFP

Cwp2-CFP

CFP-Hxt1p

w
S

W Cwp2-CFP
51 OCcew14-Venus

o s N
o o

Number of dots

o o

=]

W Cwp2-CFP
OTos6-Venus

Number of dots

o o

w
S

Il Cwp2-CFP
5 10OyECgpaF

SN
o o

Number of dots

o o

Number of dots

N A O ® O
S S & © oS

1

BMCFP in Venus
OVenus in CFP

I

BMCFP in Venus
OVenus in CFP

80
60
40
20

0
MCFP in Citrine
OCitrine in CFP

100
80
60
4
2

’ BMCFP in Citrine
OCitrine in CFP

% of co-localization

n
A2 o ® o
S S © oS

% of co-localizatio
N
5

=]
3

% of co-localization

% of co-localization

Fig. 4



CFP-Hxt1p

secl2-4

sec16-2 @

M

Cwp2-Venus

O Cwp2-Venus

100
o [ICFP-thlp
= 80 T
Falie)
B £ I
53
T 2"
5 Y20
£ M
ER |Dots ER |Dots ER |Dots
seci2-4 secl6-2 sec31-1
E CFP-Hxt1p Cwp2-Venus
(blue) (yellow)

D

Number of dots/cell

secl6-2

- -

Sec13-GFP

0O Cwp2-Venus

B CFP-Hxtlp

—

1)

i

secl2-4 secl6-2 sec31-1

ClOO M sec31-1

o o

2 80 O seci6-2

©

N

=< 60 —
(&)

o

S 40 |
[9)

(Y.

© 20 - o
O\O

(=]
I

% of Venus in CFP % of CFP in Venus

Fig. 5



B

CFP-Hxt1p Cwp2-Venus

[ol]
o

[e)]
o
—

% of cells displaying
cargoesin ER

40
20
0 — ——
Cwp2-Venus  CFP-Hxtlp
bst1A
100 20
OER =
g 80 g .
= B Dots o
2 c o
2 g 60 £ 1 I
T 3 IS
©» o o
T « 40 o g
L v E
[
o el
= 20 € 4
z
0 o411
Cwp2-Venus CFP-Hxt1p Cwpd-Venus CFF-Hxtlp
sec31-1bst1A sec31-1bst1A

Fig. 6



B

WT  ervi4A emp24A

WT  ervi4A emp24A

Gap1ub-GFP

Venus-Hxt1 p-

Cwp2-Venus

Ccw14-Venus

Venus-Hxt2p

7 )

Mid2-Venus

Venus-Pma1lp

C

100

o
v T &
2o O ervi4A
=5 60
2 c W emp24A
=CD 40 A
83
5.2 207
>

°\° 0 I:IIE_'_-IQ_ U 7)) [ )] IQ_l 1 wl II*I_Q_'

2 S Sg @2 I2 S S22 Sy

89 2° §F 28 28 §Ff S8 G E

T > 0= §= > > >a

D 7 E

WT erv14A emp24A

Tot - + Tot - + Tot -+ " EWT

5 12

Gaplp o wm el I Qervi4a
10
@memp24A

%Budding. 1.2 95 06 27 16 10.0

oo}
1

Venus-Hxt1p “ e “ /

%Budding 25 7.9 02 1.0 16 88

Cwp2-Venus -

%Budding 2.1 7.4

[}

S

% of budding with WT cytosol
N

o
3

Gaplp  Venus-Hxt1p Cwp2-Venus

Fig. 7



A

erv14A

Sec13-GFP

CFP-Hxt1p Cwp2-Venus

emp24Asec31-1

ervi4Asec31-1

M
O

100 20
o O Cwp2-Venus T 0O Cwp2-Venus
S 80 Tmcrpa > 26
fog B o] W CFP-Hxt1p
25 60 Sl T A
T 0o [e]
=2 o
g G 40 S 3
© 2 B
S 20 - £ 4 LT
pa
0 0 ;
ER Dots ER Dots emp24A erv14A
sec31-1 sec31-1
emp24Asec31-1 erv14Asec31-1

Fig. 8



>

% of co-localization

100

80

60

40

20

Average speed in nm/s

L 1
T T T L a T ] = T
I I 3 Tl.*i?‘l‘TT‘ ITT¥T
_ML T - Tl .
0 40 80 120 160 200 240 280 320 360 400 440 480
70
60
50 —
30 A —
20 - —
10
0 - T 1
Cwp2-Venus CFP-Hxtlp

=4=CFP-Hxtlpin Cwp2-Venus
Cwp2-Venusin CFP-Hxt1p
=#=Cwp2-CFP in Ccw14-Venus

=>=Ccw14-Venusin Cwp2-CFP

Fig. 9



COPII

COPII

Emp24p

Bstlp
ER

Cwp2p

Hxt1lp

ER Budding

( \ ( \ ERES

COPIl
Erv1l4dp

Fig. 10



A CFP Channel GFP Channel YFP Channel

sec31-137°C
Sec13-GFP

10it

B

CFP Channel GFP Channel YFP Channel

raw

sec371-137°C wmmm

I CFP-Hxt1p
10it

CFP Channel GFP Channel YFP Channel

raw

10it

Fig. S1



CFP-Hxt1p

CFP-Hxt1p

Cwp2-Venus

Number of dots

Number of dots

W CFP-Hxt1p
[Cwp2-Venus

% of co-localization

% of co-localization

BMCFP in Venus
OVenus in CFP

100
80
60
40
20

0
BMCFP in Venus
OVenus in CFP

Fig. S2



31

I1l.C- Additional results



lI.C1- Emp24p and GPl-anchored protein ER exit in yeast.

We previously hypothesized that Emp24p and Erv14p are ER exit receptors for two parallel
ER-to-Golgi pathways. As described previously (Schuldiner et al., 2005), we wanted to
confirm the synthetic interaction between Emp24p/Perlp (remodeling) and Erv14p. At 24°C

(fig.1) and higher temperatures (data not shown), the growth of emp24Adervi4A and

Fig.1. Genetic interaction between EMP24,
ERV14 and PER1. The cells were grown on YPD

mutants. The double mutant  Plates at 24°C.

perldervi4A is slower that the single

YPD 24°C

perlAdemp24A4 grows almost as well as the
corresponding single mutants. This implies
that lipid remodeling of GPl-anchored
proteins and Emp24p work in the same
pathway, whereas Erv14p contributes to a emp24AervidA
second pathway. Disturbance of both emp24AperiA

pathways results in a severe growth ervidAperiA

Fig.2. Morphogenesis of WT, emp24A, ervi4Aand emp24Adervi4Acells at 30°C. Phase contrast
of live cells at 30°C.

YPD 30°C

ervi4A emp24Aervi4A

phenotype and has a strong effect on morphogenesis (fig.2). If Emp24p and Ervl4p are ER
exit receptors, we suppose that they should co-localize with their respective cargo at the

ERES. Therefore, we decide to fuse Emp24p and Ervl4p with fluorescent proteins. After
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several trials, we inserted the gene coding for cerulean (CFP) inside the sequence of EMP24
in order to obtain a functional protein (fig. 3, 4A).

Fig. 3. Emp24p sequence and insertion of CFP. EMP24 and its promoter have been
inserted into the centromeric plasmid ycplac111.

MASFATEFVIACFLEFFSASAINVLLPAYGRRCFFEDLSKGDELSTSFQFGDRNFPQ

SSSQLTGDFIIYGPERHEVLETVRDTSHGEITLSAPYKGHFQYCFLNENTGIETK
.

DVTEFNIHGVVYVDLDDPNTHTLDSAVRKLSKLTREVEKDEQSY TVIRERTHRNTAR

STNDRVEERS T FOLGYVVIANSLFQTYYLRRFFEVTSLV*

BiTransmembrane or signal sequence

[lvomain important for stability

W Place of insertion of CFP

We integrated at the genomic locus the coding sequence for mCitrine downstream of ERV14.
As seen in fig.4B, Ervl14-mCi is functional since Hxtlp is normally sent to the plasma
membrane. In wild-type cells, Emp24p and Ervl4p co-localize with the cis-Golgi marker
Sed5p (fig. 4C-E). In sec31-1 Emp24p and Erv14p still co-localize with Sed5p (fig. 4F-H), which
itself co-localizes with Sec13-GFP (fig.5). These results imply that Emp24p and Erv14p are
incorporated into ERES in sec31-1 at 37°C. However, considering the sorting of Cwp2p and
Hxtlp we would have expected that Emp24p and Ervl4p do not co-localize. Therefore we
examined the co-localization of Emp24p and Erv1l4p with their respective cargo in sec31-1.
Ervl4p and Hxtlp do co-localize, reinforcing the idea that Erv14p is an ER exit receptor (fig.
6C-D). On the other hand, only 40% of Cwp2p dots co-localized with Emp24p (fig. 6A-B). This
surprising result forced us to revisit the function of Emp24p. If Emp24p is an ER exit
receptor, then we have to assume that there are two pools of Emp24p: one that functions

for GPIl-anchored protein ER exit and another that does not.

33



Fig. 4. Localization of Emp24p and Erv14p. (A) Expression of Cwp2-Venus in wild-type cells (WT),
in emp24A cells expressing the empty plasmid ycplaclll and in emp24A4 cells expressing
ycplacl11 containing EMP24-CFP. (B) Expression of CFP-Hxtlp in wild-type cells (WT), in ervi4A4
cells and in erv14.::mCi cells. (C) Expression of ycplacl11 containing EMP24CFP in wild-type cells
expressing Ervl4-mCi and mRFP-Sed5p. (D,E) Quantification of several images acquired as in (C).
(F) Expression of ycplacl1ll containing EMP24CFP in sec31-1 cells expressing Erv14-mCi and
mRFP-Sed5p. (G,H) Quantification of several images acquired as in (F). Raw images. Arrow : ER.
Plain white arrow : co-localizing dots. Scale bar : 5pum.
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Fig. 5. Localization of Sec13-GFP and mRFP-Sed5p in WT and sec31-1 at 37°C. (A) Live images of WT
and sec31-1 at 37°C expressing Sec13-GFP and mRFP-Sed5p. (B) Quantification of several images
acquired as in (A). Images deconvoluted by 10 iterations. Open arrow head : no-colocalizing dots.
White plain arrow head : colocalizing dots. Scale bar : 3um.
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Fig. 6. Co-localization of Ervi4p and Emp24p with Hxt1p and Cwp2p respectively. (A) live images
of sec31-1 at 37°C expressing Emp24-CFP and Cwp2-Venus. (B) Quantification of several images
acquired as in (A). (C) live images of sec31-1 at 37°C expressing Erv14-mCi and CFP-Hxt1p. (C)
Quantification of several images acquired as in (D). Images deconvoluted by 10 iterations. Open
arrow head : no-colocalizing dots. White plain arrow head : colocalizing dots. Scale bar: 5um.
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Furthermore, not all of the Cwp2p dots colocalize with Emp24p. To explain this one might
envisage that there are two pools of concentrated Cwp2p, one that colocalizes with Emp24p
and is ready for ER exit and another that has not yet interacted with Emp24p and is not
ready for ER exit. The other alternative is that Emp24p plays some other function in ER exit
and is not an ER exit receptor. Among alternative explanations for Emp24p function it could
be that Emp24p is involved in retrieval from the Golgi of the real exit receptor or it is a

regulator of the ER exit receptor.

To explore Emp24p function further, we wanted to know the relationship between Emp24p
and remodeling. As previously mentioned, Cwp2p cannot accumulate in ER structures prior
budding in bstiA cells. We looked at the localization of Cwp2p in the other mutants for
remodeling: perlA, guplA and cwh43A4. With the exception of cwh43A4, Cwp2p failed to exit
ER efficiently in periAand guplA cells (fig.7A-B). In cwh43A cells, Cwp2p did not accumulate
in the ER but displayed a diffuse localization throughout the cell and in the vacuole. In
cwh43A cells, we observed a more pronounced defect in Gaslp maturation than in emp244
by western-blotting and by pulse-chase (data not shown). Either the effect of

cwh43 4 knockout is specific for Gaslp or cwh43A cells display a glycosylation defect.

After combining the sec31-1 mutation with the knockout of the different genes coding for
remodeling enzymes, we looked if Cwp2p was able to be concentrated into specific ER
domains (fig. 7B-E). As seen previously for bst1Asec31-1, Cwp2p failed to localized into dots
if any step of remodeling was compromised, including the one accomplished by Cwh43p.
This suggests that either Cwh43p is involved in Cwp2p remodelling or in microdomain
formation. However, this does not explain the localization of Cwp2p in cwh43A cells. This

intriguing localization might be related to what was observed in Icb1-100 cell. Lcblp is
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directly involved in ceramide synthesis. In Icb1-100, Gaslp maturation is strongly impaired,
due to a weak membrane association of Gaslp (Watanabe et al., 2002). But similar to
cwh43A cells, in Icb1-100 we could not observe an accumulation of Cwp2p in the ER, but a
diffused localization in the cytosol and in the vacuole (data not shown). Considering that
Cwh43p has been described to catalyze the transfer of phytoceramides to the GPI anchor,
then the direct targeting to the vacuole through a non-concentrative pathway out of the ER,
can be related to the presence of diacylglycerol on the GPI anchor ; the phenotype being

stronger in Icb1-100 because of the absence of ceramides in the ER membrane.

Despite the fact that Emp24p did not colocalize with Cwp2p in sec31-1, we examined the
localization of Emp24p in the remodeling mutants in order to provide evidence that Emp24p
acts downstream of remodeling (fig. 8). Whereas the localization of Erv1l4p is not
significantly modified in the remodeling mutants, Emp24p is relocalized into the ER in bst14,
perlA and guplA. In cwh43A4 cells, the defect is not obvious, however there is a higher
heterogeneity of phenotypes with a mix of cells where Emp24p is found in the ER and cells

with no significant defect.

These results suggest that Emp24p functions downstream of remodeling, however the
conversion of diacylglerol to phytoceramide is not a absolute prerequisite for proper
localization of Emp24p. Even though this is a good indication that Emp24p may interact with
remodeled GPl-anchored proteins and that this interaction might influence the localization
of Emp24p, the co-localization of Emp24p with Cwp2p in sec31-1 supposes a complex

regulation of GPIl-anchored protein ER exit (see discussion).
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Fig.7. Cwp2p localization in remodeling mutants. (A) live images of wild-type and remodeling mutant
cells expressing Cwp2-Venus and CFP-Hxt1p at 37°C. (B) Quantification of several images acquired as in
(A). The graphic displays the percentage of cells showing Cwp2p or Hxtlp in the ER. (C) live images of
sec31-1 and remodeling mutant cells combined with the sec31-1 mutation expressing Cwp2p and
Hxtlp at 37°C. (D,E) Quantification of several images acquired as in (C). (D)The graphic displays the
percentage of cells showing Cwp2p or Hxtlp in the ER or in dots. (E) The graphic displays the number of
dots of Cwp2p and Hxtlp \visualized in cells exhibiting dots. Scale bar: 5um.
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Fig. 8. Localization of Emp24p and Erv14p in remodeling mutants. (A) live images of wild-type and
remodeling mutant cells expressing Emp24-CFP and Erv14-mCi at 37°C. (B) Quantification of several
images acquired as in (A). The graphic displays the number of dots of Emp24p and Erv14p visualized

in cells exhibiting dots. Scale bar : 5pum.
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lI.C2-Sar1p and sorting.

As mentioned in the introduction, Sarlp is the small Ras GTPase, which upon activation by
the guanine nucleotide exchange factor (GEF) Sec12p, triggers cargo loading and COPII coat
assembly. The GTP hydrolysis by Sarlp is mediated by the activity of GTPase activating
protein (GAP), which accelerates GTP hydrolysis and reverses the Sec23p/Sec24p-Sarlp
interaction. Interestingly Sec23p is the GAP for Sarlp and the GAP activity is further
stimulated by recruitment of Sec13p/Sec31p (Antonny et al., 2001; Yoshihisa et al., 1993).
This phenomena should theoretically prevent the formation of a stable prebudding complex.
But actually it has been shown in vitro that the Sec23p/Sec24p complex is maintained on the
membrane by the presence of the GEF Sec12p, which counteracts the GTPase-stimulating
activity of the coat by continually recharging Sarlp with GTP (Futai et al., 2004). Furthermore
Sec23p/Sec24p can associate with assembled cargo even after Sarlp GTP hydrolysis, but this
interaction is disrupted upon GTP hydrolysis if cargo molecules are not properly assembled/
oligomerized (Sato and Nakano, 2005). By this relationship, Sarlp selectively promotes
exclusion of unassembled cargo molecules from forming COPII vesicles by virtue of its GTP

hydrolysis (Sato and Nakano, 2004).

Sarlp being the central actor of the COPII coat formation, we assayed its requirement
for GPl-anchored protein ER exit. Therefore we performed budding assay in presence of the
GTP-locked form of Sarlp (Dn H77L) or using the thermosensitive allele of Sarlp (fig.1). We
observed that the GTP hydrolysis of Sarlp is not strictly required for ER budding of the GPI-
anchored proteins Gaslp and Cwp2p and the transmembrane protein Hxtlp in contrast to

Gaplp (fig.1A, B). Furthermore the Sarlp activity is partially dispensable for ER exit of GPI-
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anchored proteins, whereas Gaplp and to a lower extent, Hxtlp, required Sarlp for ER

budding (fig.1C,D).
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Fig.1. GPl-anchored protein ER budding is Sarlp independent.

A. Budding assay in presence of Sarl DNnH77L. B Quantification of several assays as performed in A. The Y
axis represents the % of budding relative to the % of budding calculated in presence of WT cytosol. C.
Budding assay in presence of sar1-2 cytosol. D Quantification of several assays as performed in C. The Y axis
represents the % of budding relative to the % of budding calculated in presence of WT cytosol.

From these surprising results, we decided to look at Emp24p and another GPl-anchored
protein Ccwl14p budding in order to extract some model concerning the requirement of
Sarlp. In the Fig.2, we observed that the GPl-anchored protein Ccw14p ER budding is Sarlp
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Relative percentage of budding compared to budding

independent in contrast to the soluble cargo incorporated into the Gaplp containing vesicle,

alpha factor. Emp24p budding in presence of the GTP-locked form of Sarlp displayed an

intermediate phenotype. This probably illustrates the fact that Emp24p is required for the

ER exit of GPl-anchored proteins and that a majority of Emp24p could be found in Erv14p

positive ER-derived vesicles.
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Fig.2. ER budding in presence of GTP-locked form of Sarlp.
Budding assay in presence of Sarl DNnH77L. Quantification of 3 assays as performed in fig.1A. The
Y axis represents the % of budding relative to the % of budding calculated in presence of WT
cytosol. (-): budding without cytosol; (+): budding with WT cytosol; (Dn): budding with WT cytosol
and the GTP-locked form of Sarlp; (Wt): budding with WT cytosol and wild-type Sarip.
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The study of the transmembrane protein Sfklp may help us to better understand the

requirement of Sarlp upon ER budding. Sfklp contains 6 potential transmembrane domains

and is localized at the plasma membrane (Audhya and Emr, 2002). Sfklp recruits the type Il

phosphatidylinositol 4-kinase Sttdp at the plasma membrane, involved in the activation of

the MAP kinase cascade in response to heat shock (Audhya and Emr, 2002). We decided to

fuse Sfklp with Venus at the C-terminus (Sfk1-V) and the N-terminus (V-Sfklp) since we
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could not identify any known ER exit signal (fig.3). Both constructs localized to the plasma

membrane, suggesting that the fusion with Venus did not

Total -cytosol +cytosol

SAA-V % Wbt s “

Venus-Stkip

%budding 132 845
VS . .
%budding 0.86 5.01

Fig.4. in vitro budding assay of Sfk1p

Fig.3. Localization of Sfk1p fused with Venus fused with Venus in Ct and Nt using
in Ct and Nt in wild-type cells wild-type spheroplasts and cytosol.

disturb the ER exit of Sfklp. Both fusions bud from ER with efficiencies of the same order

(fig.4).

Surprisingly the two fusions exit ER in different ER-derived vesicle populations (fig.5). Indeed

when fused in N-terminus with Venus, a significant fraction of Sfklp is found in Gaplp

containing vesicles, whereas when fused in C-terminus with Venus, Sfklp is excluded from

the Gaplp containing vesicles. From these results we can imagine that Sfklp contains a

specific signal for
sorting in N-
terminus or C-
terminus, which is
disturbed by the
fusion with Venus.
From our previous
results, where we
have shown that

ER exit signal
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drives cargoes into the Gaplp containing vesicles, we suppose that Sfklp contains a sorting

signal in its C-terminus. However as seen for Gaplp (Malkus et al., 2002), removal of ER exit

signal leads to a strong decrease in budding efficiency, which is not the case for Sfklp.

Coming back to this later, we then looked at the Sarlp dependency for Sfklp ER exit (fig.6).

Sfk1-V ER budding does not require the GTP hydrolysis of Sarlp, similarly to the GPI-

anchored protein Gaslp. Even though not that striking V-Sfk1 ER budding is more dependent

of Sarlp GTP hydrolysis.
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These results suggest a
relationship between sorting
and Sarlp dependency. To
further  understand this
relationship, we looked at

the localization of both

constructs in ervi4A cells

Fig.7. Localization of Sfk1p in ervi4Acells

(fig.7). At 30°C, V-Sfklp

localized in the perinuclear ER in erv14A cells, whereas Sfk1-V is normally found at the
plasma membrane. However, Sfk1-V ER exit does not depend on Emp24p (data not shown).
We could not test the functionality of both constructs, but if we suppose that both
constructs are functional and not misfolded, then, likely Erv14p recognizes the C-terminus of
Sfklp and in combination with the GTP hydrolysis of Sarlp, Sfklp is concentrated into ER-
derived vesicles as seen for V-Sfklp. Concerning Sfk1-V, the situation is unclear. If the
interaction with Erv14p is disturbed because of the Venus fusion, we should expect a
decrease in ER exit kinetics, which was not the case. Instead Sfklp was sorted into another
ER-derived vesicle population for which the requirement of Sarlp GTP hydrolysis is not strict.
This could suggest the presence of an additionnal ER exit signal(s) in the Sfklp sequence
which are recessive to the potential C-terminus ER exit signal and are sufficient for entry into
alternative ER-derived vesicles. Even though it may be too early to conclude on sorting
mechanisms of Sfkl1p, these results suggest there is a relationship between sorting, the GTP

hydrolysis of Sarlp and Erv14p.
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lIl.C3- Bos1p requirement and sorting.

We previously observed that SNAREs, tethering factors and the Rab GTPase Yptlp are
involved in sorting upon ER exit (Morsomme et al., 2003; Morsomme and Riezman, 2002).
Considering that the fate of ER-derived vesicles is to fuse vacuole

to the Golgi apparatus, we wondered if there was a

specific set of molecules enriched on GPl-anchored

protein containing vesicles. We tried to address this
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against the v-SNARE Bos1p (Fig.8) and the potential ER Fia-8.SNAREs and vesiculartraffic in Yeast

if we were able to precipitate specifically the GPI-

anchored protein containing vesicles with antibodies

exit receptor Emp24p (fig.9).
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Fig. 9. Precipitation of specific ER-derived vesicles.

After being produced from wild-type spheroplasts and cytosol, ER-derived
vesicles are immuno-precipitated with specific antibodies against
Venus, Emp24p and Boslp.

The antibody against Emp24p preferentially precipitated the Gaplp and Hxtlp containing

vesicles, confirming what was seen in vivo. We could confirm that the v-SNARE Boslp is
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incorporated into the Gaplp containing vesicles, but Boslp could not be found on the Gaslp
and Hxtlp containing vesicles. This suggests that Hxt1p and Gaslp containing vesicles either
do not expose any SNAREs or contain a different set of SNAREs molecules. In this
perspective, we attempted to precipitate ER-derived vesicles with the antibodies against the
SNARES Goslp and Ykt6p, but this was unsuccessful in the sense that we could not
precipitate any ER-derived vesicles even the Gaplp containing ones (data not shown). These
results leave the open question: How GPl-anchored protein containing vesicles are able to
fuse with the Golgi apparatus?

We previously observed that in bos1-1 cells at 37°C, Cwp2-Venus and CFP-Hxt1p strongly co-
localized in structures ( Part Ill.B and fig.10A-B) which partially co-localize with the ERES
markers Sec13-GFP (fig. 10C-F). This result suggests that both cargoes accumulate in a
compartment post ER unable to fuse with the Golgi apparatus. In order to determinate if the
sorting defect observed in bos1-1 cells at 37°C occurs before or after budding, we observed
the co-localization of Cwp2-Venus and CFP-Hxtlp in the mutant bosi-1sec31-1 (fig. 10).
Cwp2-Venus and CFP-Hxtlp no longer localized in the large structures seen in bos1-1 cells,
but in discrete punctate structures similar to what was observed in the sec31-1 mutant.
Additionally the co-localization percentage between Cwp2-Venus and CFP-Hxtlp is now
equal to 40%. This result indicates that most of the sorting defect observed in bos1-1 cells is
the result of an event occurring after budding of ER-derived vesicles, suggesting that the

SNARE Boslp prevents heterotypic fusion of ER-derived vesicles.
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Fig. 10.The sorting defect observed in bos1-1 at restrictive temperature occurs after the ER derived
vesicles formation.

(A) CFP-Hxtlp and Cwp2-Venus in bosl-1 yeast at 37°C. (B) Quantification of the micrographs
described in (A). In the left panel, the number of dots of CFP-Hxt1lp and Cwp2-Venus per cell were
averaged. In the right panel, the black bar (CV) represents the mean of the percentage per cell of the
CFP-Hxt1p dots co-localizing with the Cwp2-Venus dots. The white bar (VC) represents the mean of the
percentage per cell of the Cwp2-Venus dots co-localizing with the CFP-Hxt1lp dots. (n=56). (C) Cwp2-
CFP and Sec13GFP in bos1-1 yeast at 37°C. (D) Quantification of the several micrographs described in
(C). In the left panel, the number of dots of Cwp2-CFP and Sec13GFP per cell were averaged. In the
right panel, the black bar (CG) represents the mean of the percentage per cell of the Cwp2-CFP dots
co-localizing with the Sec13GFP dots. The white bar (GC) represents the mean of the percentage per
cell of the Sec13GFP dots co-localizing with the Cwp2-CFP dots. (n=53). (E) CFP-Hxt1p and Sec13GFP in
bos1-1 yeast at 37°C. (F) Quantification of the micrographs described in (E) and done as in (D). n=56.(G)
Fluorescent micrographs of live bos1-1sec31-1 yeast cells expressing CFP-Hxtlp and Cwp2-Venus at
37°C. (H) Quantification of the micrographs described in (G) and done as in (B). n=45. Scale bar: 3 um.
Star: vacuole. Fine dashed line: cell shape. White arrow heads: co-localizing dots. Open arrow heads:
non-co-localizing dots. Large open arrow: large structure.



lll.C4- Sorting along the secretory pathway.

To address the fate of Cwp2p and Hxtlp after ER exit, we synchronized transport through
the secretory pathway using the sec31-1 mutant. We incubated the sec31-1 mutant at 37°C
for 1 hour, shifted the cultures to 24°C and observed cargo localization at different time
points.

Fig. 11. Synchronized ER exit of Cwp2-CFP and CFP-Hxt1p in sec31-1 after shift from 37°C to 24°C.

(A) Live images of sec31-1 cells expressing Sec13-GFP (yellow) and Cwp2-CFP (blue) or CFP-Hxt1p (blue) after
shift from 37°C to 24°C. (B) Quantification of several micrographs described in (A). Means of the percentage
of co-localization per cell of Cwp2-CFP with Sec13-GFP (black bars, 45<n<54, n= number of cells plotted per
time point) and of CFP-Hxtlp with Sec13-GFP (white bars, 42<n<51) in sec31-1. The quantifications were
done at 0, 20, 40, 60 minutes in sec31-1 after the shift from 37°C to 24°C. Scale bar: 3 um. Star: vacuole.
Fine dashed line: cell shape. White arrow heads: co-localizing dots. Open arrow heads: non-co-localizing
dots. Images deconvoluted by 10 iterations using a blind deconvolution protocol.
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At first, we examined the kinetics of ER exit of Cwp2-Venus and Hxt1p, by following their co-
localization with the ERES marker Sec13-GFP after the shift to 24°C (Part 1ll.B and Fig. 11A-B).
At 37°C, around 80% of Cwp2-Venus and CFP-Hxtlp co-localized with Sec13-GFP. Twenty
minutes after the shift around 30% of both cargoes remained co-localized with ERES. This
amount decreased to levels lower than 20% after one hour at 24°C. From these results, it
seems that Sec31p recovered most of its function within the first 20 minutes at permissive
temperature and that the ER exit kinetics of Cwp2p and Hxtlp appear to be similar. Then we
looked at the progression of the cargo proteins through the secretory pathway, and
quantified their localization every twenty minutes after the shift to 24°C (Fig. 12A-B). At time
0, Hxtlp and Cwp2p are found in majority in the ER and dots, which correspond to ERES.
After 20 minutes, more than 50% of cargoes have left the ER and are found in dots. Forty
minutes after the shift to 24°C a significant amount of cargo is found at the cell surface, and
this proportion became the majority one hour after the shift. During this experiment, Cwp2-
Venus and CFP-Hxt1p progressed through the secretory pathway with similar kinetics.

With the same protocol, we measured the co-localizaton of Cwp2-Venus and CFP-Hxtlp in
sec31-1 cells every 5 minutes after the shift to 24°C (Fig. 12A,C). Both dot structures co-
localized to only approximately 20% during the whole experiment with a peak at only 35%,
15 minutes after the shift to 24°C (Fig. 12C). Interestingly, after one hour the majority of cells
displayed a nascent bud and Cwp2-Venus was concentrated at the bud neck, while CFP-
Hxtlp was found at the cell surface of the mother cell (Fig. 12D-E). This strongly suggests
that the two cargoes follow parallel secretory pathways to reach different locations at the
cell surface. We previously observed that a significant amount of Cwp2p and Hxtlp was

found in the vacuole in wild-type and sec31-1 cells.
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Fig. 12. Hxtlp and Cwp2p remain sorted along the secretory pathway and display different
localization at the cell surface.

(A) Fluorescent micrographs of live sec31-1 yeast expressing CFP-Hxtlp (blue) and Cwp2-Venus
(yellow) and incubated continuously with FM4-64 (red) after shift from 37°C to 24°C. Scale bar: 5
pm. Time points: every 5 minutes after the shift to 24°C. Only time points 0, 20, 40, 60 minutes are
displayed. (B) Quantification of several micrographs described in (A). For CFP-Hxt1lp and Cwp2-
Venus at each time point, the percentage of cells displaying cargoes at the indicated localization
compared to the total population has been calculated. The cargo protein seen in the vacuole has
been disregarded. 21<n<68 per time point. (C) Mean of the percentage per cell of co-localization
between Cwp2-Venus dots and CFP-Hxtlp dots. 21<n<68 per time point. (D) Fluorescent
micrographs of live sec31-1 yeast expressing CFP-Hxtlp and Cwp2-Venus 1 hour after the shift
from 37°C to 24°C. (E) Quantification of the Cwp2-Venus and CFP-Hxt1p localization as in described
in (D). Each bar shows the percentage of cells having CFP-Hxt1lp or Cwp2-Venus in the mother cell,
in the bud neck and in the daugther cell. n=40.
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Therefore, it is possible that some of the cargo dots observed at 24°C were part of the
endocytic pathway, suggesting the possibility that we monitored both the secretory and
endocytic pathways. To examine this, sec31-1 cells co-expressing Cwp2-Venus and CFP-
Hxtlp were incubated at 37 °C for one hour in presence of FM4-64, which labels endocytic
membranes, and the cultures were shifted to 24°C in presence of FM4-64 (Fig. 12A). Figure
13A shows the co-localization of Cwp2-Venus and CFP-Hxtlp with FM4-64. Cwp2-Venus,
which is secreted to the cell wall, showed only few dots that co-localized with FM4-64
throughout the whole experiment. In contrast, we observed an increasing number of CFP-
Hxt1lp dots in FM4-64 containing compartments. After one hour, most of the CFP-Hxt1p dots
observed were in the endocytic pathway. In summary, shortly after the shift to 24°C, Cwp2p
and Hxt1lp were secreted to the cell surface, where Hxtlp was endocytosed and Cwp2p was
stably linked to the cell wall. Therefore, we quantified the co-localization of Cwp2-Venus
with CFP-Hxtlp in the endocytic pathway, i.e among the cargo dots found in FM4-64
compartments (excluding the vacuole). We observed that the rare Cwp2-Venus dots found
with FM4-64 co-localized with CFP-Hxt1p after the shift to 24°C (Fig. 13B). Then we focused
on the co-localization of the cargo dots excluded from FM4-64, i.e the secretory pathway.
Cwp2-Venus and CFP-Hxtlp dots co-localized only 10-30% (Fig. 13C). To reinforce these
results, we acquired movies of sec31-1 cells expressing Cwp2-Venus and CFP-Hxtlp treated
as in Fig. 12A over 10 minutes with one acquisition every 20 seconds at 0, 20 and 50 minutes
after the temperature shift to 24°C (Data not shown). In these three movies, we observed
that Cwp2-Venus and CFP-Hxtlp dots moved independently from each other, except when
Cwp2-Venus dots co-localized with FM4-64. In contrast, if we co-expressed the two GPI-
anchored proteins Cwp2p and Ccw14p fused with CFP and Venus respectively in sec31-1

cells, both cargo proteins move in the same dots (data not shown). These results clearly
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demonstrate that Cwp2p and Hxtlp, which are incorporated into distinct ERES and therefore
distinct ER-derived vesicles, traffic separately throughout the secretory pathway before
reaching their final and distinct destinations. However it is still unclear whether or not both

cargoes go through different subcompartments of the Golgi apparatus.

Fig. 13. Hxtlp and Cwp2p remain sorted along the secretory pathway but colocalize in the
endocytic pathway.

Quantification of several micrographs described in Fig. 12A at 0, 20, 40 and 60 minutes after the
shift at 24°C. 21<n<68 per time point. (A) Quantification of the co-localization of CFP-Hxt1p and
Cwp2-Venus dots with FM4-64. (B) Quantification of the co-localization between CFP-Hxtlp and
Cwp2-Venus dots within the FM4-64 stained compartment. (C) Quantification of the co-localization
between CFP-Hxtlp and Cwp2-Venus dots for dots which do not co-localize with FM4-64. Co-
localizations with the vacuole were excluded for the quantifications in A, B and C.
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IV-Discussion, outlook and
Conclusion



During this thesis work, | believe we made substantial progress in the understanding of GPI-
anchored protein ER exit and protein sorting. We have seen that the GPI anchor is an
important signal for GPl-anchored protein exit from the ER, but if it is required for sorting,
then it is a recessive signal compared to the ER exit signal contained in the soluble cargo
o—factor. The GPI anchor might be required for ER budding because lipid remodeling
ensures concentration of GPl-anchored proteins into ER microdomains prior to ER budding
(Fig.14). We propose that the adaptor proteins Emp24p and Erv25p allow the association of
pre-concentrated GPl-anchored proteins to the forming COPIlI coated vesicles in a Sarlp

independent manner.

Figl4. ER exit of GPl-anchored proteins in Yeast
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We have also shown that the transmembrane protein Hxtlp is concentrated into COPII
vesicles because of its interaction with the ER exit receptor Erv14p, itself bound to the
prebudding complex. After budding, the two ER-derived vesicle populations progress to the
Golgi apparatus and the SNARE Boslp somehow prevents the heterotypic fusion of the
different populations of ER-derived vesicles. Then the two cargoes go through the entire

secretory pathway following parallel routes until their delivery to the cell surface.

Function of Emp24p

Even though we have made some progress towards the understanding of GPl-anchored
protein ER exit, the molecular function of the potential ER exit receptor of GPl-anchored
proteins Emp24p remains unclear. First, Emp24p is essential for proper ER exit of GPI-
anchored proteins, as seen by pulse-chase analysis, live imaging, and the in vitro budding
assay. Second, Emp24p functions downstream of remodeling, because Cwp2p was still
concentrated in emp24A4sec31-1 cells, in contrast to what has been observed in the
remodeling mutants. Gaslp and Cwp2p were still enriched in the DRMs in emp24Asec31-1
(data not shown), that was not true in bstiAsec31-1, perlAsec31-1 and guplAsec31-1.
Moreover Emp24p was relocalized into the ER in the remodeling mutants. Third, Emp24p is
not required for sorting because Cwp2p was still sorted in emp244sec31-1 cells. Finally
Emp24p is not involved in the general mechanism of COPII vesicle formation, because there
is no defect in Sec13-GFP pattern in emp24A4 cells, in contrast what is seen in sec12-4 for
example. From these results, we can describe the following sequence: GPl-anchored
proteins are concentrated and maybe sorted into specialized ER domains after remodeling

and therefore Emp24p ensures proper packaging of GPl-anchored proteins into COPII coated
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vesicles. According to this model Emp24p must be enriched into the GPl-anchored protein
containing ER domains and ER-derived vesicles. However this postulate was not confirmed.
This suggests a more complex mechanism regarding Emp24p function. Although Emp24p
may be required for GPl-anchored protein ER exit in an unexpected manner, we will present

in the following part some possible hypotheses regarding the Emp24p function.

If Emp24p is indeed an ER exit receptor of GPl-anchored proteins, we can suppose the
existence of two pools of Emp24p: one competent as an ER exit receptor, and one inactive
(the majority) which is transported like other transmembrane proteins exposing an ER exit
signal. In this hypothesis, we can imagine that Emp24p activity is regulated by the
interaction with Erv25p. To explore this hypothesis, the simplest experiment would be to
look at the co-localization of Erv25p with Emp24p and GPl-anchored proteins in sec31-1
cells. If Erv25p is strongly co-localized with Emp24p and but not with GPl-anchored proteins,
this could suggest that Erv25p prevents the interaction of Emp24p with GPl-anchored
proteins. However this is unlikely because in erv25A4 cells the maturation of Gaslp is strongly
delayed. If Erv25p only co-localizes with Emp24p when Emp24p is co-localized with GPI-
anchored proteins, then Erv25p could positively activate Emp24p as an ER exit receptor.
Another possible observation would be that Erv25p strongly co-localizes with GPl-anchored
proteins. In that case Erv25p is the ER exit receptor of GPl-anchored proteins and according
to the co-localization with Emp24p, Emp24p would be the positive regulator. However the
fact that Emp24p and not a fraction of it, is completely relocalized in the ER in erv25A4 cells
(data not shown) goes against the function of Erv25p in generating two pools of Emp24p.
Others candidates for a potential regulation of the Emp24p activity would be Erplp, Erp2p

and Ted1p (YILO39W). Erplp and Erp2p are members of the p24 family and have been found
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in complex with Erv25p and Emp24p (Marzioch et al., 1999). Moreover, erpl1A and erp24
cells display a delay in Gaslp maturation (Marzioch et al., 1999). We can apply the same
localization experiments done for Emp24p to Erplp and Erp2p. First we can look at the co-
localization of Emp24p with GPl-anchored proteins in erp1A sec31-1 and erp2A sec31-1 cells,
and at the co-localization of Erplp and Erp2p with Emp24p and GPl-anchored proteins in
sec31-1 cells. Ted1p has been recently isolated as an regulator of GPl-anchored protein ER
exit (Haass et al., 2007). In ted1A cells, Gaslp maturation is impaired (Haass et al., 2007).
Genetic interaction indicates that Tedlp functions together with Emp24p and Erv25p.
Furthermore it has been hypothesized that Bstlp and Ted1p function in parallel pathways to
regulate Emp24p/Erv25p function (Haass et al., 2007). Tedlp contains a predicted
phosphoric ester hydrolase activity, which could mean that Ted1p is involved in remodeling.
But it is too early to predict the mechanism by which Ted1p regulates Emp24p/Erv25p, but
study of the localization of Emp24p in ted1A cells and the co-localization of Ted1lp with
Emp24p and GPl-anchored proteins might enlighten us on the mechanism by which GPI-

anchored proteins exit ER.

Another hypothesis regarding the Emp24p function is that Emp24p is required for proper
folding of GPIl-anchored proteins. This would be consistent with the Unfolded Protein
Response (UPR) activation in emp24A4 cells and the induction of EMP24 upon UPR (Travers et
al., 2000). In this context we can imagine two ways, supposing that unfolded proteins cannot
exit ER efficiently: Emp24p functions as a chaperone protein or Emp24p is involved in ER exit
of unfolded GPIl-anchored proteins and after retrieval from the Golgi targets them to the ER
associated degradation (ERAD) machinery. If Emp24p is required for proper folding of GPI-

anchored protein in the ER, it may actually be required as well to maintain a proper folding
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along ER-to-Golgi transport, otherwise we would expect an ER retention signal rather than
an ER exit signal in the C-terminus of Emp24p. But then again the localization of Emp24p
with GPl-anchored proteins in sec31-1 is not consistent with this hypothesis. Furthermore it
is intellectually difficult to connect the hypothetical chaperone function of Emp24p and its
requirement for COPI coated vesicles formation (Aguilera-Romero et al., 2008). If Emp24p is
required for traffic of unfolded GPl-anchored proteins, then again we should suppose two
pools of Emp24p to be consistent with our results. One way to clear this point would be to
run a Blue-Native PAGE in order to see whether GPl-anchored proteins are aggregated and

misfolded in emp24A cells.

A last hypothesis would be that Emp24p and p24 family members are essential for the
retrieval from the Golgi apparatus of a cycling GPl-anchored protein ER exit receptor. This
hypothesis could be supported by the Gaslp maturation delay observed in the mutant for
the a-subunit of the COPI coatmer(Sutterlin et al., 1997a). We can then wonder about the
significance of the physical interaction observed between Emp24p and GPl-anchored
proteins (Muniz et al., 2000). To identify this mysterious ER exit receptor several approaches
can be imagined. The first one which is actually being attempted in our laboratory, is to
purify the GPl-anchored protein containing vesicles, and after mass spectrometry identify
specific proteins contained in this vesicle population. Among them there is a high probability
to pinpoint the real ER exit receptor. This approach is challenging because besides GPI-
anchored proteins, we do not know any others specific proteins contained in GPl-anchored
proteins ER-derived vesicles, and GPl-anchored proteins being exclusively luminal, no
cytoplasmically exposed bait can be used to pull-down the vesicles. To overcome this
difficulty we can flip GPl-anchored proteins outside the vesicles after controlled sonication

(Marcia Taylor, unpublished results). Another approach would be to determine or revisit the
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genes presenting a genetic interaction with ERV14. Indeed EMP24, ERV25, TED1, BST1 and
PER1 exhibit a strong synthetic defect with ERV14 (Haass et al., 2007; Schuldiner et al.,
2005). We can then narrow down the number of candidates by observation of Gaslp
maturation defect in the mutants for these candidates. And finally we can assay physical
interaction between GPl-anchored proteins and the candidates ER exit receptor in ER-

derived vesicles.

In parallel to these experiments, supposing a real physical interaction between Emp24p or
the p24 family members and GPl-anchored proteins, and in order to understand the
molecular function of Emp24p, it would be necessary to identify the domains of interaction
between Emp24p and GPl-anchored proteins. Cross-linking truncated versions of Emp24p
with GPl-anchored proteins would allow the identification of the domain of interaction of
Emp24p. We can perform the same kind of experiments using truncated versions of the GPI-
anchored protein Cwp2p (52 amino acids after cleavage of the signal peptide and the GPI
attachment site) rather than Gaslp (519 amino acids after post-translational cleavages).
However, it is highly probable that Emp24p interacts with the glycans of GPl-anchored
proteins and/or the GPl and/or the microdomains in which GPl-anchored proteins are
enriched. In this regard it would be then more suitable to assay the interaction in mutants: in
pmt4A and pmt6A cells to assay the glycan requirement for interaction, in gaal-1, bstiA,
perld, guplA and cwh43A cells to assay the GPl and remodeling requirement and in /cb1-
100 or in wild-type in presence of myriocin to test the influence of ceramides. Pmt4p and
Pmt6p are O-mannosyltransferases, which catalayse the transfer of O-mannose to
serine/threonine residues in the ER. O-mannosylation is essential for a variety of biological
processes (Orlean, 1990). Gaalp is involved in the attachment of the GPI to the newly

synthesized protein, and as enounced before Bstlp, Perlp, Guplp and Cwh43p are required
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for lipid remodeling of the GPI. Lcblp is a serine C-palmitoyltransferase, which catalyzes the
first step in the biosynthesis of long-chain base component of sphingolipids, myriocin blocks

the same step (Nagiec et al., 1994).

COPII coated vesicle formation

From our results we concluded that GPl-anchored protein concentration prior to ER budding
does not require COPIl in contrast to transmembrane proteins. More surprisingly, GPI-
anchored protein budding from the ER does not seem to require the small Ras GTPase Sarlp.
This result could suggest that Sarlp is not required for concentration or incorporation of GPI-
anchored proteins into COPII coated vesicles, but it as well implies that Sarlp is not essential
for COPII assembly for GPl-anchored protein-containing vesicles. It therefore becomes
tempting to speculate that GPl-anchored proteins exit the ER via unconventional COPII
coated vesicles. In vivo microscopy and pulse-chase experiment showed that GPI-anchored
proteins require COPIl coat for ER-to-Golgi transport. However, considering the severity of
the COPII mutant phenotype, it is possible that the ER exit defect observed for GPl-anchored
proteins is an indirect consequence of the disturbance of traffic in general. So we looked at
budding using sec23-1 spheroplasts and cytosol in presence or not of wild-type
Sec23p/Sec24p complex (data not shown). Unfortunately, the results were not reproducible
enough to demonstrate a strict requirement or not of Sec23p in the formation of COPII coat
for the GPl-anchored protein ER-derived vesicles. Another but similar approach would be to
promote ER budding using purified COPIl components and observe the effect of the absence
of one of the component at a time. But in this context, sorting of GPl-anchored proteins

cannot be observed. To overcome this issue a mass spectrometry approach would be again

61



necessary. This supposes that we can specifically precipitate the GPl-anchored protein
containing vesicles, either by using a yet unknown specific protein as a bait or by flipping the
GPl-anchored proteins to the cytoplasmic side of the vesicles. But a second problem might
occur: during our budding assay, we collect the ER-derived vesicles after ultracentrifugation
in a Nycodenz gradient. The Nycodenz promotes the disassembly and removal of the COPII
coat from the vesicle. The Nycodenz gradient is therefore not suitable for our purpose. We
can propose then to produce ER-derived vesicles using sec18 membranes and cytosol in
presence of GTPYS or in presence of Sarlp GTP locked form. The use of sec18 should prevent
the fusion of ER-derived vesicles. GTPYS should prevent the disassembly of the COPII coat,
and Sarlp GTP locked form will allow the specific formation of ER-derived vesicles containing
GPIl-anchored proteins and Hxtlp. The Hxt1lp containing vesicles can be separated using an
antibody against a tag fused at the N-terminus of Hxt1p, however the presence of the COPII
coat may prevent the interaction of the antibody with the tag. By centrifugation without any
gradient we probably can remove most of the heavy membranes, and using an antibody
against GFP, for instance, we can pull-down COPII coated vesicles if Sec13p is tagged with
GFP. This tag must be cleavable (a thrombin cleavage site), then we can perform a second
precipitation using an antiboby against a specific protein of the GPl-anchored protein
containing vesicles, if known, or against GPl-anchored proteins after sonication. If pure the
vesicles fraction can be sent to mass spectrometry, if not we can use the same method to
precipitate the Gaplp containing vesicles and look at eventual differences after mass
spectrometry. The same approach can be used in order to know if any SNAREs or tethering
factors are specific for the GPl-anchored protein containing vesicles. Alternatively, immuno-
cryoelectron microscopy might be able to tell us if there is a difference regarding the COPII

coat composition of the different ER-derived vesicle populations.
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Directly related to COPII coat, there are two non-essential isoforms of Sec24p, which can be
connected to ER exit of specific cargoes. Considering protein sorting it is legitimate to believe
that the different isoforms are associated to different ER-derived vesicle populations.
Probably the fastest way to confirm or not this hypothesis would be to observe the co-
localization of the different isoforms. If they do not or partially co-localize, this would

strongly reinforce the protein sorting upon ER exit hypothesis.

Sorting machinery.

Most of the proteins involved in sorting identified so far are SNAREs, tethering factors or Rab
GTPase. This suggests that the sorting defect that we could observe was the result of an
event occurring after ER budding. In only two mutants we could observe a sorting defect
prior to budding. sec16-2 was one of them. The second mutant was gpil4 (data not shown).
Secl6p is involved in COPII coat formation and Hxt1p concentration, because in sec16-2 cells
the concentration of Hxtlp is mildly affected and we could still observe Hxtlp dots which
were missorted. Gpilp is involved in the first step of GPI synthesis. In this mutant most of
Cwp2p is not GPl-anchored and cannot be concentrated. Since the concentration phenotype
was mild as well, we could observe a small amount of Cwp2p dots in gpilAsec31-1 which
partially co-localized (40%+25%) with Hxtlp dots (data not shown). Until now we have not
observed any mutants where sorting prior to budding is affected, without affecting cargo
concentration. This suggests that the two processes are tightly coupled, implying that sorting

occurs because of different concentration mechanisms for different cargos.
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Golgi: One or several identities?

One remarkable discovery was that cargoes sorted upon ER exit follow parallel secretory
pathways. This would imply that sorted cargoes go through distinct Golgi apparati or distinct
subcompartments of the Golgi apparatus. The experiment set-up presented in this thesis is
not sufficient to believe without a doubt the existence of several Golgi apparati. We could
have missed the precise moment when the two cargoes are mixed in the Golgi. However this
is unlikely because cargoes go through the Golgi in around five minutes (Losev et al., 2006;
Matsuura-Tokita et al., 2006) and we performed movies with 1 frame per 20 seconds over 10
minutes in 6 movies from 0 to 10 minutes, 10 to 20 minutes, 20 to 30 minutes, etc... until
most of the cargoes reached the cell surface. Another reason to remain skeptical is that
even though the secretion of the two cargoes seems synchronized, the entry in the Golgi

apparatus is spread along the time (fig. 15).

After quantification of the co-localization of the cargoes with the ERES marker Sec13p and
the marker of the Trans-Golgi network Sec7p, we could observe that the wave of secretion
of a particular cargo is rather flat. The maximum of co-localization of the cargoes with the
Golgi occurs between 25 and 40 minutes after shifting the sec31-1 cells from 37°C to 24°C,
and this peak of co-localization is never higher than 35%. Therefore, if the cargoes mix in the
Golgi apparatus the maximum of co-localization expected should not be higher than 35%.
Furthermore, we know that some of the Hxt1p dots correspond to the compartments of the
endocytic pathway, and after extraction of the signal from endocytosis, we observed that
Cwp2p and Hxtlp co-localized only to around 20%. The calculations are too close to

conclude that the different cargoes do not traverse the same Golgi.
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Fig.15. Localization of the cargo proteins Cwp2p and Hxtlp in sec31-1 after shift from 37°C to
24°C. The localization of the dots was determined by co-localization with the ERES marker
Sec13p and the trans-Golgi marker Sec7p. ER and Cell surface was directly observed. « t »

represents the time in minutes after the shift to 24°C.

Similar to what was done with sec31-1, we thought to accumulate cargo proteins using
mutants for exit from the Golgi compartment. Unfortunately in such mutants (sec7-1, sec6-
4), there is no longer a clear distinction between the Golgi and endocytic compartments
using FM4-64 (data not shown). Obviously fluorescence microscopy is not an appropriate
approach to investigate this issue, even though it was sufficient concerning ER sorting. To
assay this hypothesis, two approaches can be used. Probably the simplest would be to
perform immunocryo EM in wild-type cells and in sec31-1 20 to 30 minutes after the shift
from 37°C to 24°C and observe the co-localization of Gaslp and Gaplp in the Golgi
apparatus. A second approach which would require many controls would be to first to
precipitate the Golgi apparatus from wild-type cells or from sec31-1 cells 20 to 30 minutes
after the shift from 37°C to 24°C, then precipitate the Gaplp-HA containing Golgi, and
observe if Gaslp comes down with it. The hardest part would probably to isolate specifically

the Golgi apparatus without retrieving plasma membrane. For this we would have to use a
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bait containing a cleavable tag. This bait should be specific for the Golgi compartment and
exposed at the cytoplasmic side. Preferentially this should be a soluble protein in order to
prevent the precipitation of the early events of the secretory pathways. One possible
candidate for such bait could be the Rab protein Ypt6p, for instance. About the choice of the
bait, we have to consider that this bait could be specific from cis-Golgi or trans-Golgi
compartment. Moreover, if indeed there are several types of Golgi compartments, the bait

may be specific for one type of Golgi compartment.

ER-to-Golgi mobility machinery

In mammalian cells microtubules are required for transport from the ER Golgi intermediate
compartment (ERGIC) to the Golgi apparatus. In yeast nobody has ever shown a
cytoskeleton dependence for ER-to-Golgi transport however experiments using cytoskeleton
depolymerizing drugs did not reveal a cytoskeleton function in ER-to-Golgi traffic. From our
movies, we could observe a difference in mobility of the Cwp2p and Hxtlp dots suggesting
that there are at least two different mechanisms to make these dots move. The actual model
is that as soon as formed, the ER-derived vesicles travel by diffusion to the Golgi apparatus,
which is not consistent with our observations, because in that case all the dots should move
at the same speed. However we can not be certain that the dots that we observed are ER-
derived vesicles as they could still be attached to the ER. The movement of the dots might
not be the illustration of longitudinal transport of vesicles to the Golgi but a lateral
movement of ERES at the surface of the ER. To clarify this point, simple experiments can be
performed. First, we can acquire movies of wild-type cells expressing a fluorescent COPII

component and fluorescent microtubules (or actin), and observe if there is colocalization
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and movement of vesicles along the cytoskeletal elements. At the same time, using sec31-1
cells we can simultaneously visualize the movement of different cargo proteins and
cytoskeletal structures. If indeed we find a link between dots movement and cytoskeleton,
we can confirm these results using nocodazole and benomyl (for microtubules) and
latruculin (for actin) and observe an eventual decrease in speeds of the dots. If this is
observed then we can try to look more in details at the different requirements using
mutants for dyneins and kinesins or myosins (the use of double or triple mutants might be
required to overcome the redundancy of the molecular motors). Later we can come back to

biochemistry and assay by pulse-chase the effect of motors on secretory protein maturation.

ER-to-Golgi transport has been extensively studied and a complete and solid picture of the
mechanism has emerged recently. However this model has been established through the
study of a limited number of cargo proteins. The discovery of ER sorting raises the possibility
of different mechanisms allowing transport from the ER to Golgi apparatus. Indeed in this
work, | believe we brought new elements showing that the mechanisms of GPl-anchored
protein concentration and COPII coated vesicle formation diverge from the current model.
At the moment we can only speculate of the significance of the ER sorting event in yeast. We
believe that it is related to ceramide transport, because of the capacity of GPl-anchored
proteins to concentrate into microdomains after remodelling (Fujita et al., 2006a), because
ER exit of GPl-anchored proteins requires ceramides (Sutterlin et al., 1997a), because
ceramide transport to the Golgi compartment is largely vesicular, and because ceramide
transport is GPI dependent in yeast (Funato and Riezman, 2001; Kajiwara et al., 2008). In

mammalian cells, ceramide transport to the Golgi is dependent of a non-vesicular
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mechanism (Yasuda et al., 2001) and therefore is not likely to depende upon GPI.
Nevertheless, it is important to determine if ER to Golgi transport of GPl-anchored proteins
in mammalian cells, which depends upon the Emp24p homologue, also involves protein

sorting upon ER exit.
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