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In eukaryotic cells, the trans-Golgi network serves as a sorting station for post-Golgi traffic. In addition to coat-
and adaptor-mediated mechanisms, studies in mammalian epithelial cells and yeast have provided evidence
for lipid-dependent protein sorting as a major delivery mechanism for cargo sorting to the cell surface. The
mechanism for lipid-mediated sorting is the generation of raft platforms of sphingolipids, sterols and specific

sets of cargo proteins by phase segregation in the TGN. Here, we review the evidence for such lipid-raft-based
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sorting at the TGN, as well as their involvement in the formation of TGN-to-PM transport carriers. This article is
part of a Special Issue entitled Vesicular Transport.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In cells of eukaryotic organisms, the trans-Golgi network (TGN) is
described as a major sorting station for newly synthesized proteins
and lipids [1,2]. This paradigm, originating in the early 1980s, was
based on studies demonstrating that lysosomal enzymes depart from
the late Golgi to the endosomes and on observations of the trafficking
routes of different virus glycoproteins in polarized epithelial cells.
Landmark experiments included infection of epithelial Madin-Darby
canine kidney (MDCK) cells - a common model system to study plas-
ma membrane (PM)-destined trafficking — with either of two viruses:
influenza virus, budding from the apical membrane, and vesicular sto-
matitis virus (VSV) using the basolateral side of the cell [3]. When traf-
fic in the cell was blocked by low temperature, it was found that the
influenza virus protein neuraminidase (NA) was removing sialic acid
(a post-translational carbohydrate modification) from the VSV G pro-
tein [4,5]. This result suggested that on their way to the different do-
mains of the PM, NA and G protein share a common compartment,
which was identified as the late-Golgi apparatus [5,6]. At the same
time, it was discovered that the two viral proteins destined for differ-
ent plasma membrane domains are sorted before they reach their des-
tinations, with the Golgi apparatus as an obvious choice for the sorting
compartment [7-9]. This common sorting station was termed the
trans-Golgi network and it was postulated to play a central role in
the sorting and polarized trafficking of biosynthetic cargo [1]. Concur-
rently, lipid sorting at the TGN was addressed. Using lipid analogues
fed to cells and later metabolized in the Golgi apparatus, it was
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deduced that biosynthesized NBD-glucosylceramide was preferential-
ly sorted at the TGN to the apical domain of the plasma membrane
away from the lipids targeted to the basolateral domain [10]. These
initial experiments, as well as subsequent years of research, raised
the question of the mechanisms of sorting of different cargoes into
their cell surface-targeted pathways.

In the classical model of recognition and sorting, specific cargo pro-
teins are sorted by means of various coats and their associated adaptor
proteins, which have a central role both in the segregation and addres-
sing of cargo to the proper routes. In coat-mediated sorting, coat pro-
teins (supported by specific partners, such as BAR domain-containing
proteins) are responsible for membrane bending and the formation of
acarrier [11-13]. Such mechanisms operate on the vacuolar, endosomal
and basolateral trafficking routes from the TGN [14-19]. However, nei-
ther coat nor adaptor proteins were found to facilitate the transport of
transmembrane and glycosylphosphatidylinositol (GPI)-anchored pro-
teins from the TGN to the yeast plasma membrane or the apical cell sur-
face of epithelial cells. These observations led to a complementary
concept of sorting, cargo recruitment, and carrier formation of plasma
membrane destined cargo, based on its interactions with lipids, as pro-
posed by the lipid raft hypothesis [20,21].

In this review we will summarize the role of lipid rafts in the sort-
ing and trafficking of proteins and lipids from the Golgi apparatus to
the cell surface, focusing on mechanisms of raft clustering and trans-
port carrier generation.

2. Lipid rafts as sorting platforms

A lipid based system for the preferential sorting of cargo without
involvement of coats and adaptor proteins was proposed to be
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based on lipid rafts [20,22]. The lipid raft concept postulates that bio-
logical membranes are heterogeneous in their lateral composition,
forming assemblies based on preferential associations between
sphingolipids, sterols and specific proteins. According to the current
view, lipid rafts are highly dynamic and their size can vary from
small, short-lived, nanoscale assemblies to more stable membrane
domains. Smaller rafts can temporarily coalesce into larger domains
through lipid-lipid, protein-protein and protein-lipid interactions,
and these stabilized domains have functional and lateral sorting po-
tential [23-25]. Formation of such sphingolipid-rich domains was
proposed to be fundamental for the differences in lipid composition
of the apical and basolateral domains of the plasma membrane of ep-
ithelial cells [20]. This point of view was later expanded and lipid rafts
were proposed to be directly involved in apical sorting of proteins at
the TGN, based on the affinity of apically destined cargo for glyco-
sphingolipids and cholesterol microdomains [21,26]. Further support
for this postulate comes from observations that apical transport in ep-
ithelial cells is highly susceptible to cholesterol depletion or blocked
sphingolipid synthesis [27-29].

3. Lipid rafts and trafficking to the apical membrane

Strong evidence supporting the hypothesis of lipid raft involve-
ment in the TGN-to-PM trafficking came from studies in cultured ep-
ithelial cells, often MDCK. In these cells, apical delivery of influenza
virus hemagglutinin (HA) was slowed upon cholesterol depletion by
perturbation of synthesis (lovastatin) or extraction by chelation
(methyl-B-cyclodextrin), whereas neither the transport of the baso-
laterally sorted vesicular stomatitis virus G protein nor ER-to-Golgi
transport of either protein was affected. Additionally, HA was mis-
sorted to the basolateral domain of the plasma membrane. The
decreased rate of transport was accompanied by increased suscepti-
bility of HA to detergent extraction at 4 °C, i.e. reduced association
with detergent resistant membranes (DRMs) [30]. The same missort-
ing effect of cholesterol depletion was also observed for the apically
secreted glycoprotein gp-80 [29].

More examples came from GPI-anchored proteins, which are ex-
clusively lumenally exposed membrane proteins, and as such cannot
interact directly with cytosolic components of the coat and adaptor-
based sorting machinery [31]. Cholesterol depletion from culture
serum was shown to decrease apical expression of GPI-anchored pro-
tein gD1-Daf (decay accelerating factor) in MDCK cells and similar re-
sults were obtained for CD14 surface expression in human monocytes
[32,33]. However, in Fischer rat thyroid cells, where the majority of
GPI-anchored proteins are delivered basolaterally, cholesterol deple-
tion did not affect the apical delivery of GPl-anchored placental
alkaline phosphatase (PLAP) and the chimeric neurotrophin recep-
tor-placental alkaline phosphatase (NTR-PLAP) [27]. Additionally,
some basolateral GPI-anchored proteins partition into DRMs, reflect-
ing their association with raft lipids. Taken together, these observa-
tions suggest that such association has functional significance for
plasma membrane trafficking of apical GPI-anchored proteins, but
nevertheless is not sufficient as an apical sorting criterion [34-36].
At this point it has to be mentioned that sterol depletion is routinely
achieved with the sterol-binding drug cyclodextrin. However, such
large-scale depletion of cholesterol, not to mention any off-target
lipid extraction, of live cells may cause unexpected secondary effects,
therefore special caution is recommended when interpreting such ex-
periments [37].

The situation with GPI-anchored proteins becomes even more
complex in light of the observation that extensive remodeling of
their anchors occurs after attachment to the protein [38]. This remo-
deling includes the deacylation from inositol carried by the post-GPI
attachment protein 1 (PGPA1) in the ER and the replacement of
unsaturated fatty-acids present in free GPIs by the saturated ones
most common in peptide-linked anchors, performed by the Golgi

apparatus enzymes PGPA2 and PGPA3 [39]. This modification is re-
quired for the association of GPI-anchored proteins with lipid rafts
and provides an alternative explanation to the hypothesis that GPI-
anchored proteins become detergent insoluble in the Golgi complex
because lipid rafts are assembled there [40,41]. Varying susceptibility
of GPI anchors to the remodeling enzymes might explain differences
in the strength of association of different GPI-anchored proteins
with lipid rafts [40]. Indeed, the trafficking of proteins was shown
to be dependent on their specific GPI attachment sequences. Reporter
constructs with fluorescent protein fused to the GPI attachment sig-
nals of apical or basolateral GPI-anchored proteins were targeted dif-
ferently in MDCK cells and differed also in their propensities to form
oligomers [42]. However, in cholesterol loaded MDCK cells, basolater-
ally targeted GPI-anchored proteins were found to form oligomers
and were partially rerouted to the apical surface [35,42].

Recent results have strengthened the role of lipid rafts in sorting
to the apical membrane in MDCK cells. Lipidomic profiling of polariz-
ing MDCK cells has revealed a dramatic change in the sphingolipid
pattern during the course of polarization. Sphingolipids in non-
polarized cells are dominated by sphingomyelin, the level of which
decreases during polarization as it is replaced by a complex glycolip-
id, the pentasaccharide Forssman antigen. This shift is accompanied
by an increase in fatty acid chain length and hydroxylation of the
sphingolipids. All of these changes are in agreement with the neces-
sary rearrangements that must be introduced into the plasma mem-
brane architecture for the formation of a lipid raft-rich apical
membrane to produce a polarized epithelial cell [43]. The specific
role of the Forssman glycolipid has been illuminated by the recent
finding that in MDCK cells, knockdown of galectin-9 binding to this
glycolipid leads to a serious breakdown of surface polarity [44].
There are likely to exist multiple glycolipid-lectin couples specific
for different cell types, since the Forssman glycolipid is not ubiqui-
tously found in every cell type [45].

One issue with the glycolipid-assisted lipid raft concept in the
generation and maintenance of the apical membrane has been the
lack of genetic evidence for this model. However, recently it was
established that glycosphingolipids indeed play such a role in Caenor-
habditis elegans. A combination of genetic screens, lipid analysis and
imaging methods was used to show that these lipid raft components
mediate apical sorting in the gut of this animal [46].

4. Lipids in trafficking to the plasma membrane in yeast

Due to the variety of available tools and relative simplicity of ge-
netic manipulations, the yeast Saccharomyces cerevisiae has proven
to be an excellent system to study intracellular protein and lipid
trafficking, and therefore has been fundamental in deciphering
trafficking-related processes [47].

In yeast, most plasma membrane proteins, including all GPI-
anchored proteins, were found to be associated with lipid rafts (as
reflected by their inclusion in detergent-resistant membranes).
Among many, the list includes: the H"-ATPase Pmalp, the most
abundant plasma membrane protein in yeast, tryptophan permease
Tat2p, uracil permease Fur4p, permeases Hxt1p, Hxt2p and Gap1p,
GPI-anchored cell wall protein Gas1p and the lipid raft model chime-
ric construct protein, FusMidp [48-57]. Some membrane proteins, e.g.
Gaplp, associate with DRMs at the level of the Golgi apparatus,
whereas GPl-anchored proteins like Gaslp seem to associate with
sterol and sphingolipids earlier, already in the ER. However, vacuolar
and ER resident proteins are excluded from DRMs [48,55].

Significantly, proper localization and trafficking of proteins to the
plasma membrane was shown to be dependent on raft lipids. A
well-studied example is Pmalp. This protein requires ongoing sphin-
golipid synthesis for its proper plasma membrane targeting and sta-
bility at the cell surface [48,49,58]. With sphingolipid synthesis
blocked (by a temperature-sensitive mutant of a subunit of the serine
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palmitoyltransferase complex Ich1-100, or upon inhibition of sphin-
goid base synthesis with myriocin, or inhibition of ceramide synthesis
with fumonisin B), Pmalp cannot properly associate with lipid rafts
and is accumulated intracellularly or missorted to the vacuole for
degradation [49,53]. In addition, an allelic version of Pmalp, pmal-
7, which loses lipid raft association at the restrictive temperature,
was shown to be missorted to the vacuole. Interestingly, this missort-
ing could be rescued by the overexpression of Ast1p, which restores
the plasma membrane localization of Pmalp [59]. It was shown that
Ast1p directly interacts with Pmalp promoting its oligomerization
and proper insertion into lipid rafts at the level of Golgi apparatus.
However, later Pmalp was found to oligomerize in a ceramide
synthesis-dependent manner already in the ER [49,58]. The detailed
studies of Pmalp trafficking with respect to lipid metabolism
revealed that synthesis of lipids containing very long fatty acid chains
(26 carbon atoms long, C26) rather than ceramides or sphingolipids
per se is essential for lipid raft association and proper delivery of
Pmalp to the plasma membrane [53,54].

A visual screen involving FusMidp, a chimeric protein used as a
model lipid raft-associated plasma membrane cargo, revealed that
both ergosterol synthesis and sphingolipid synthesis are essential
for its proper plasma membrane targeting. Without the ERG4 or
ERG6 genes, encoding enzymes involved in ergosterol synthesis, or
ELO3 and SUR2, both involved in sphingolipid synthesis, FusMidp
was observed to accumulate in the Golgi apparatus or become mis-
sorted to the vacuole [60]. ELO3 involvement in FusMidp trafficking
resembles closely the Pma1lp situation, since this gene is involved in
the conversion of C24 to C26 fatty acids incorporated into sphingoli-
pids [61,62]. Sphingolipid synthesis was also shown to be essential
for transport of Fur4p and Gap1p to the plasma membrane [56,63].

GPI-anchored proteins in ergosterol mutants in yeast are still effi-
ciently transported from the ER to the Golgi apparatus, however they
lose their DRM association and some of them become missorted to
the vacuole [64,65]. Ergosterol is also required for transport of Tat2p

to the plasma membrane, being missorted to the vacuole in ERG6 or
ERG2 mutants [51,66]. An ergosterol requirement for cell surface
transport has also been documented for Fus1p, an integral membrane
protein required for mating between yeast cells [67]. In the case of
Fur4p, defective synthesis of both ergosterol and unsaturated fatty
acids (UFAs) caused its mislocalization to the vacuole [57].

Apart from the raft forming lipids, other lipid requirements for plas-
ma membrane delivery of membrane proteins in yeast have been
reported. Several proteins rely additionally on phosphatidylethanol-
amine (PE) for trafficking through the secretory pathway, including
Gaplp, Furdp, the proline transporter Put4p, the maltose transporter
Mal6p and the arginine permease Canlp [68,69]. However, Pmalp
and Hxt1p do not require PE for plasma membrane delivery, suggesting
a specific requirement for PE in the case of certain proteins only. How
the depletion of PE mechanistically results in the missorting of plasma
membrane-destined proteins is not known. Based on altered sensitivity
of Can1p to extraction with detergents in PE-depleted cells, PE could be
involved in the assembly of a specific set of membrane microdomains in
yeast [70]. The fact that Pma1p specifically requires C26 long fatty acid-
containing lipids and the dependence of Fur4p on both ergosterol and
UFAs suggests additional fine tuning of the lipid environment of the
TGN to be essential for proper sorting.

GPI-anchored proteins seem to have a peculiar role in this scheme.
As mentioned, in yeast they become associated with lipid rafts starting
in the ER, and this seems to be crucial for their proper plasma mem-
brane delivery. However, GPI-proteins themselves are also required
for the proper transport of some transmembrane proteins to their des-
tination. It was shown that when GPI modification of proteins was
blocked using the temperature dependent mutant gwt1-10, two pro-
teins Tat2p and Fur4p, which are not GPI-anchored, were retained in
the ER, concomitant with a loss of DRM association [71]. Moreover,
the deletion of the GUP1 gene, encoding an O-acyltransferase involved
in remodelling of the GPI anchor, interferes with lipid metabolism,
leading to decreased stability/integrity of ergosterol-sphingolipid
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Fig. 1. Yeast share a similar organization of the late secretory pathway with highly polarized epithelial cells. The yeast plasma membrane is not organized into distinct apical and
basolateral domains. Rather, two major plasma membrane bound pathways originate from the yeast trans-Golgi network (TGN), and these could be considered as analogous to
apical and basolateral routes in epithelial cells. Both pathways are directed toward the growing tip of a budding daughter cell, where the exocyst machinery is localized, and
both rely on the same set of SNAREs. However, one pathway is raft lipid dependent and direct, whereas the other utilizes coated vesicles and most likely an intermediate station
(i.e. the endosomal system). These pathways also differ in cargo proteins transported; the raft one carries PM and GPI-anchored proteins, including cell wall proteins, while the
other mainly transports periplasmic enzymes. Other pathways, including retrograde ones, are omitted in this figure. ER, endoplasmic reticulum.
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domains and also lowering Pmalp and Gas1p in DRMs [72,73]. These
results suggest that in yeast, GPI-anchored proteins might have a
role beyond their own specific biological functions, perhaps assisting
lipid raft-based trafficking to the cell surface.

5. Raft lipid segregation at the TGN

A major prediction of lipid raft involvement in sorting and traffick-
ing of cargo from the TGN to the PM is the sorting of lipids and pro-
teins bound for the apical plasma membrane of epithelial cells into
common carrier vesicles [20]. So far, repeated attempts to isolate
the apical transport carriers in a pure form have failed. However,
due to superior genetic tools and increased material yields, isolation
of the yeast post-Golgi transport vesicles has been successful [74].

Analogous to apical and basolateral routes in epithelial cells, two
major plasma membrane-bound pathways originate from the yeast
TGN (Fig. 1). The two pathways transport different cargo proteins;
one being responsible for transporting integral plasma membrane
proteins e.g. Pmalp, Hxt2p and Gaslp, as well as a variety of cell
wall proteins like Bgl2p and Chs3p, whereas the other transports
the periplasmic enzymes, like invertase and acidic phosphatase
[67,75-78]. As described earlier, cargo proteins transported via the
first route rely on raft lipids for their sorting and trafficking, whereas
the second route was found to be clathrin (Chclp)- and dynamin
(Vps1p)-dependent [79]. Using a tagged version of the raft protein
FusMidp as bait, it was possible to immunoisolate secretory vesicles
of the first pathway. Subsequent quantitative analysis of these vesi-
cles by mass spectrometry revealed that they are highly enriched in
ergosterol and sphingolipids, relatively to the donor TGN [74]. This
was the first direct evidence supporting the hypothesis that plasma
membrane proteins are delivered to their destination in lipid raft
enriched carriers, which implies raft lipid sorting at the TGN. Moreover,
spectroscopic measurements using the membrane dye C-laurdan
showed that these vesicle membranes are more condensed in compar-
ison to the donor compartment, suggesting a change in membrane
packing during sorting. Further experiments with additional plasma
membrane proteins as baits showed that lipid raft sorting is a generic
feature of vesicles carrying transmembrane and GPI-protein cargo to
the plasma membrane [80]. The sorting of sphingolipids and sterols
into the post-Golgi anterograde carriers is accompanied by exclusion
of these lipids from retrograde COPI-coated vesicles [81]. These pro-
cesses help to establish the lipid gradient characteristic of the se-
cretory pathway, facilitating correct trafficking toward the cell
surface [82].

6. Clustering of lipid rafts

The model of lipid raft-based sorting and carrier formation as-
sumes that the initial state, when lipid rafts exist as nanoscale entities
within the surrounding lipid environment, needs to be modified by
clustering of smaller assemblies into larger, more stable, functional
domains, eventually leading to segregation of cargo and the forma-
tion of vesicular raft carriers (Fig. 2) [22]. This process needs to be in-
duced because in vivo lipid raft clustering does not occur
spontaneously, thus suggesting the requirement for additional clus-
tering/coalescence factors [23]. Theoretically, such lipid raft cluster-
ing could be induced by a number of different means.

In the simplest possible scenario, lipid raft coalescence might be
induced by driving the system above the critical concentration of
raft components passively by sorting out non-raft constituents. In
yeast, it was shown that phase separation could be induced for lipid
mixtures extracted from whole cells, stressing their natural, non-
induced connectivity that would have to be enhanced by increased
concentration of raft lipids in the TGN [83]. This mechanism of lipid
rafts coalescence fits well with the Golgi apparatus cisternae matura-
tion model in yeast, where new Golgi cisternae are postulated to be
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Fig. 2. Transport carrier generation based on clustering of lipid rafts and domain in-
duced budding. Right: Cargo destined for the endosomal compartments in yeast, or
the basolateral plasma membrane in epithelial cells, is sorted by adaptor and coat pro-
teins recognizing cytoplasmic sorting signals. The generation of transport vesicles by
membrane bending and subsequent budding is driven by the formation of the coat,
aided by specific bending proteins (not shown). Left: Lipid rafts carrying associated
cargo proteins are sorted into a lipid raft transport carrier, following their clustering
into a raft platform. Raft coalescence is induced by clustering agents, which might be
lumenal lectins or cytosolic peripheral proteins. The growing platform selects raft con-
stituents and excludes non-raft cargo, sorted away by signals that are dominant over
lipid raft sorting principles. Membrane bending and vesicle budding are driven by
the increasing line tension between the domains, but these processes have to be addi-
tionally facilitated by auxiliary factors, like membrane bending proteins. Also the actin
cytoskeleton plays the role, so does the fine tuning of lipid environment. Cytoskeletal
elements important for both processes are not shown. GSL, glycosphingolipids. Figure
adopted and modified with permission from [24].

generated de novo from the ER and then converted into cis- and sub-
sequently medial- and trans-cisternae [84-88]. In this model, a con-
stant flow of cargo is continuously synthesized and provided from
the ER by vesicles supplying membranous compartments, which
later gradually change their identity. Non-raft cargo destined for in-
tracellular compartments (endosomes and vacuole) would be sorted
away by signals that are dominant over a lipid raft sorting mechanism
(e.g. ubiquitylation or adaptor proteins and clathrin). This scenario is
further supported by the fact that cargo from the clathrin and
dynamin-dependent route in yeast is re-routed to the lipid raft-
dependent route upon deletion of genes that are required for the
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endosomal route [79]. The same effect as for clathrin and dynamin
was observed when genes encoding proteins from the late endosomal
pathway, like PEP12 - the t-SNARE of late endosomes or VPS4 - AAA-
ATPase involved in multivesicular body sorting, were deleted [78,79].

Cisternal maturation has also been postulated to play a major role
in transport through the Golgi apparatus in mammalian cells [89].
However, several alternative models have been proposed to explain
Golgi apparatus structure and function. These include models based
on vesicular transport, cisternal progenitors and “rapid partitioning”,
where cargo introduced into the Golgi is postulated to mix rapidly
and partition into lipid-based export domains [90-92]. Further, ob-
servations of tubular connections between the cisternae suggest di-
rect cisternal contact [93]. Thus, there is no consensus on how the
Golgi apparatus functions [94]. In this context, the question arises as
to the mechanism and regulation of active clustering of small lipid
raft assemblies into export domains in the TGN that would eventually
give rise to secretory vesicles.

An alternative mechanism of lipid raft coalescence was proposed
to be based on “lectin-like” clustering agent. It exploits the crucial
role of specific protein glycosylation in plasma membrane-bound
trafficking in yeast and apical trafficking in epithelial cells, and the
fact that most sphingolipids are glycosylated [22,52,95,96]. In polar-
ized epithelial cells, lectins are known to be involved in the function
of the early secretory pathway, where they were found to have a
role in proper trafficking of N-glycosylated cargo [97-100]. The recent
identification of galectin-9 as an important player in apical mem-
brane biogenesis strengthens the evidence for a raft-based sorting
mechanism in MDCK cells. Galectin-9 binds to the Forssman glycolip-
id, which might be instrumental in driving raft-based sorting in the
TGN [44]. However galectins are secreted from cells by a non-
classical mechanism that bypasses the Golgi complex, raising the
question of how they can enter the Golgi apparatus to perform the
lipid raft clustering function. One possibility is that they re-enter
the secretory pathway upon endocytosis [44,101]. In this scenario,
galectin-9 would partially dissociate from the Forssman glycolipid
in the low pH environment of the endosomes that it traverses before
reaching the Golgi, and thus be able to nucleate raft coalescence
again. Similar to the galectin-9-Forssman antigen paradigm,
galectin-4 binds to a glycolipid sulfatide in enterocyte-like HT-29
cells, and is involved in apical sorting [102]. Thus, there may be sim-
ilar lectin-glycolipid couples that function in apical biogenesis in
other cell types, making the entire galectin family a strong candidate
for raft lipid clustering agents [44,102]. Contrary to the epithelial
cells, yeast does not have any galectins or galectin-like proteins
encoded in their genome [103]; however, a number of other yeast lec-
tins are known, including flocculins and agglutinins. Interestingly,
many of them are GPI-anchored proteins [104].

Lipid rafts are primarily organized from the exoplasmic mem-
brane leaflet but they are matched by domains on the cytoplasmic
side [105-109]. Thus, clustering of rafts by cytoplasmic agents is
also possible, with annexins as candidates. Annexin 2 and annexin
13b facilitate apical transport in MDCK cells and both preferentially
associate with cholesterol-rich domains [110-112]. Moreover, annex-
ins were shown to form large, two-dimensional ordered arrays, with
annexin 2 also having lipid segregation potential [113,114].

Myelin and lymphocyte (MAL) proteolipids, membrane proteins
associated with lipid rafts and having a role in apical transport,
might also serve a role as clustering agents. VIP17/MAL, which cycles
between the Golgi apparatus and the apical cell surface, was shown to
form oligomers, which may induce raft clustering [115-117]. More-
over, spontaneously formed or antibody-cross-linked MAL clusters
show lateral concentration of sphingolipid raft markers and exclusion
of a fluorescent analogue of PE, making MAL a key component in the
organization of membrane domains and sorting platforms [118].

Additionally, cargo protein oligomerization might amplify their af-
finity for lipid rafts and enhance clustering of lipid raft platforms. As

mentioned, ceramide-dependent Pmalp oligomerization, further fa-
cilitated by Ast1p, was crucial for the association with DRMs and
proper PM delivery. In the case of GPI-anchored proteins in polarized
epithelial cells, the GPI-anchor itself is insufficient for proper delivery
and only upon oligomerization of GPI-proteins do they reach their
apical destination [36]. Moreover, it was shown that this oligomeriza-
tion principle is not used by apically destined non-raft proteins [119].
Neither O- nor N-glycan motifs of apical GPI-proteins were directly
involved in their oligomerization; however their apical delivery was
perturbed by tunicamycin, an inhibitor of protein N-glycosylation,
combined with cholesterol depletion. It was postulated that some pu-
tative, proteinaceous lipid raft-associated N-glycosylated interactor
may be involved in the recognition and oligomerization of apical
GPI-anchored proteins [120].

7. Lipid rafts and transport vesicle generation

Lipid raft clustering also provides a mechanism for the generation
of specific transport carriers at the TGN (Fig. 2). The mismatch in bio-
physical properties (e.g. more ordered versus less ordered) between
the growing lipid raft “platform” and surrounding non-raft environ-
ment is energetically unfavorable, and results in a line tension along
the domain boundaries. This tension increases with the length of
the domain boundary, which grows with the size of the domain.
The tension can be decreased by reducing the length of interphase
boundaries. In three-dimensional systems this may be achieved by
budding out the lipid raft portion of a membrane, and this occurs
once the line energy becomes greater than the energy costs of mem-
brane bending in the forming bud [121,122]. This process of small, or-
dered phase domains budding out and eventually pinching off from
the donor membrane was indeed shown in artificial systems
[123,124]. The growing curvature of a membrane close to the demix-
ing point (phase separation) further induces lipid sorting based solely
on underlying connectivity of sorted lipids and is greatly amplified by
lipid clustering [125]. Since the curvature of a membrane can also
drive protein sorting, a growing bud can generate a feedback system
whereby curvature-preferring proteins would be recruited to a grow-
ing lipid raft platform, further increasing the propensity to generate
curvature [126-129]. Once a curved membrane is generated, phase
separation into membrane tubes can trigger membrane fission arising
from the difference in elastic constants between the domains
[130,131].

If the processes of bilayer bending, budding, and vesicle formation
were only membrane-driven (i.e. propelled exclusively by line ten-
sion between the membrane phases), raft domains in the range of
several hundreds of nanometers would be required [122]. Therefore,
in vivo these processes are probably facilitated by auxiliary factors,
likely proteins [125,132]. BAR domain-containing proteins could be
involved in the generation of membrane curvature, as Rvs161p, the
amphiphysin-like lipid raft protein, is required for the plasma mem-
brane delivery in yeast [60,133]. Protein induced curvature has also
been shown to be generated by clustering of glycosphingolipids by
their toxin ligands, where it takes the form of tubular invaginations
from the plasma membrane [134,135]. In this scenario, the final
force for vesicle scission and endocytosis involves the actomyosin cy-
toskeleton in the absence of coat proteins or dynamins [136]. The
actin cytoskeleton has been postulated to be involved in membrane-
lipid raft dynamics, acting as a scaffold or nucleator for driving lipid
raft coalescence [137,138]. Indeed, actin polymerization was demon-
strated to be critical for the lateral organization of apical and basolat-
eral proteins in the Golgi apparatus [35].

For clarity, raft carrier formation is described here as a separate,
subsequent event to lipid raft clustering. However, it must be stressed,
that in the dynamic environment of the TGN, these processes are very
likely interconnected both spatially and temporally, both affecting the
progress and influencing the outcome. This interdependence might
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become a major obstacle in further investigation of TGN events, specif-
ically in attempts to reconstitute the process in simplified, in vitro sys-
tems. It is probable that different types of factors (i.e., clustering,
bending and pulling agents) are involved in the result of lipid-driven
domain clustering and budding, with specific machineries employed
by different cargoes.

8. Regulation and fine tuning of lipid based vesicle generation

Assuming that effective vesicle budding and scission requires a
system close to the demixing and phase separation point, the lipid
composition at the site of carrier generation would need to be fine-
tuned to regulate and assist these processes.

For example, phosphatidic acid (PA) resulting from the action of
Golgi-associated phospholipase D has a role in membrane bending
and secretory vesicles budding mediated by BAR-domain proteins,
suggesting its mechanical involvement in carrier generation
[139,140]. This is further supported by the fact that this lipid was
found at elevated levels in secretory vesicles in yeast [74]. Also men-
tioned earlier, asymmetric lipids containing very long fatty acid
chains (C26) necessary for the proper trafficking of Pmalp were
shown to have a role in stabilizing highly curved membrane struc-
tures potentially by lowering the energy required for bending by
coupling bilayer leaflets through fatty acid chains interdigitation
[141,142]. Similarly, in yeast lipid raft-dependent secretory vesicles,
sphingolipid species that had specific asymmetry provided by C26
and C24 fatty acids chains were found to be enriched. These could
have a direct role in carrier generation [80]. For the maintenance of
optimal membrane curvature essential for Fur4p delivery, ergosterol
and unsaturated fatty acid-containing lipids were proposed to play a
role [57].

It is also known that a certain lipid balance is essential for the
proper function of secretion in yeast. Disruption of the function of
the SEC14 gene, which encodes the phosphatidylinositol/phosphati-
dylcholine transfer protein, causes a block in secretion and abnormal-
ities in intracellular transport [143,144]. On the other hand, Kes1p, a
member of the oxysterol binding protein family has a role in negative
regulation of Sec14p-dependent secretion [145]. Also the recruitment
and activation of phosphatidylinositol 4-kinase III3 (PI4KIIIB), result-
ing in the production of phosphatidylinositol 4-phosphate (PI4P),
which is a marker for TGN, plays a crucial role in regulation of carrier
budding mediated by tuning the membrane lipid environment. Stud-
ies demonstrate that PI4P and its effectors connect vesicle budding
with lipid dynamics, ensuring that the appropriate membrane com-
position is established before a transport vesicle buds from the
Golgi. PI4P promotes the recruitment of a variety of lipid-transfer
proteins, including OSBP1, CERT and FAPP2. CERT delivers ceramide
from its site of synthesis in the ER to the Golgi apparatus, supporting
synthesis of sphingolipids, and OSBP1 is linked to sterol metabolism
[146-148]. Moreover FAPP2, which was shown to be involved in the
transport of apical cargo in polarized MDCK cells, has membrane
tubulating potential achieved by a wedge-shaped motif penetrating
a bilayer [149-151]. Involvement of Sec14 and FAPP2 proteins in ve-
sicular transport is described in more detail elsewhere in this issue
[152,153].

Altogether these facts suggest that in addition to lipid rafts and
their associated components, other factors, including fine-tuning
lipid levels are involved in cargo sorting and carrier formation at the
TGN.

9. Outlook

The role of lipid rafts in the sorting and generation of post-Golgi
transport carriers is increasingly supported by studies on epithelial
MDCK cells and yeast. The route to the cell surface in yeast seems to
be a direct one, while in MDCK cells, endosomes have also been

implicated to be stations along the pathway [40]. Clearly, endosomes
are involved in recycling apical and basolateral proteins and lipids.
Delineating the pathways and quantifying the routes that different
cargoes take to the cell surface remains a difficult issue in membrane
trafficking research. One reason is that blocking one pathway by in-
hibitors or mutants of machinery proteins often leads to rerouting
of cargo to an alternative route. Until a methodology is developed
that can overcome these obstacles, these issues will not be resolved.
For lipid raft mediated sorting and transport carrier formation, the
challenge now will be to analyze the process mechanistically by re-
constitution in vitro. Taking this approach we can begin to dissect
the mechanisms involved in raft based sorting by biochemical and
biophysical means.

Acknowledgements

We thank James Sdenz and Ilya Levental for the critical reading of
this manuscript and Mathias Gerl for the help with figures. This work
was supported by DFG “Schwerpunktprogramm1175” grant no:
SI459/2-1, DFG “Transregio 83” grant no: TRR83 TP02, ESF “LIPID-
PROD” grant no: SI459/3-1, BMBF “ForMaT” grant no: 03FO1212 and
the Klaus Tschira Foundation.

References

[1] G. Griffiths, K. Simons, The trans Golgi network: sorting at the exit site of the
Golgi complex, Science 234 (1986) 438-443.

[2] LM. Traub, S. Kornfeld, The trans-Golgi network: a late secretory sorting station,
Curr. Opin. Cell Biol. 9 (1997) 527-533.

[3] E. Rodriguez Boulan, D.D. Sabatini, Asymmetric budding of viruses in epithelial
monlayers: a model system for study of epithelial polarity, Proc. Natl. Acad.
Sci. U. S. A. 75 (1978) 5071-5075.

[4] K.S. Matlin, K. Simons, Reduced temperature prevents transfer of a membrane
glycoprotein to the cell surface but does not prevent terminal glycosylation,
Cell 34 (1983) 233-243.

[5] S.D. Fuller, R. Bravo, K. Simons, An enzymatic assay reveals that proteins des-

tined for the apical or basolateral domains of an epithelial cell line share the

same late Golgi compartments, EMBO J. 4 (1985) 297-307.

MJ. Rindler, LE. Ivanov, H. Plesken, E. Rodriguez-Boulan, D.D. Sabatini, Viral gly-

coproteins destined for apical or basolateral plasma membrane domains tra-

verse the same Golgi apparatus during their intracellular transport in doubly

infected Madin-Darby canine kidney cells, J. Cell Biol. 98 (1984) 1304-1319.

K.S. Matlin, K. Simons, Sorting of an apical plasma membrane glycoprotein oc-

curs before it reaches the cell surface in cultured epithelial cells, ]. Cell Biol. 99

(1984) 2131-2139.

D.E. Misek, E. Bard, E. Rodriguez-Boulan, Biogenesis of epithelial cell polarity: in-

tracellular sorting and vectorial exocytosis of an apical plasma membrane glyco-

protein, Cell 39 (1984) 537-546.

S. Pfeiffer, S.D. Fuller, K. Simons, Intracellular sorting and basolateral appearance

of the G protein of vesicular stomatitis virus in Madin-Darby canine kidney cells,

J. Cell Biol. 101 (1985) 470-476.

[10] G. van Meer, K. Simons, Lipid polarity and sorting in epithelial cells, ]. Cell.
Biochem. 36 (1988) 51-58.

[11] J.E. Rothman, F.T. Wieland, Protein sorting by transport vesicles, Science 272
(1996) 227-234.

[12] R. Schekman, L. Orci, Coat proteins and vesicle budding, Science 271 (1996)
1526-1533.

[13] F. Wieland, C. Harter, Mechanisms of vesicle formation: insights from the COP
system, Curr. Opin. Cell Biol. 11 (1999) 440-446.

[14] K. Matter, W. Hunziker, I. Mellman, Basolateral sorting of LDL receptor in MDCK
cells: the cytoplasmic domain contains two tyrosine-dependent targeting deter-
minants, Cell 71 (1992) 741-753.

[15] K. Bowers, T.H. Stevens, Protein transport from the late Golgi to the vacuole in
the yeast Saccharomyces cerevisiae, Biochim. Biophys. Acta 1744 (2005)
438-454.

[16] H. Folsch, H. Ohno, J.S. Bonifacino, I. Mellman, A novel clathrin adaptor complex
mediates basolateral targeting in polarized epithelial cells, Cell 99 (1999)
189-198.

[17] A.L. Ang, T. Taguchi, S. Francis, H. Félsch, LJ. Murrells, M. Pypaert, G. Warren, 1.
Mellman, Recycling endosomes can serve as intermediates during transport
from the Golgi to the plasma membrane of MDCK cells, ]. Cell Biol. 167 (2004)
531-543.

[18] E. Rodriguez-Boulan, A. Miisch, Protein sorting in the Golgi complex: shifting
paradigms, Biochim. Biophys. Acta 1744 (2005) 455-464.

[19] S. Deborde, E. Perret, D. Gravotta, A. Deora, S. Salvarezza, R. Schreiner, E.
Rodriguez-Boulan, Clathrin is a key regulator of basolateral polarity, Nature
452 (2008) 719-723.

[20] K. Simons, G. van Meer, Lipid sorting in epithelial cells, Biochemistry 27 (1988)
6197-6202.

(6

(7

8

[9

doi:10.1016/j.bbalip.2011.12.008

Please cite this article as: M.A. Surma, et al., Lipid-dependent protein sorting at the trans-Golgi network , Biochim. Biophys. Acta (2012),



http://dx.doi.org/10.1016/j.bbalip.2011.12.008

[21]
(22]
(23]
(24]
[25]
(26]
(27]

(28]

[29]
(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

(45]

[46]

[47]

(48]

(49]

[50]
[51]

(52]

M.A. Surma et al. / Biochimica et Biophysica Acta xxx (2012) XxX-xXx 7

K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature 387 (1997)
569-572.

S. Schuck, K. Simons, Polarized sorting in epithelial cells: raft clustering and the
biogenesis of the apical membrane, J. Cell Sci. 117 (2004) 5955-5964.

D. Lingwood, K. Simons, Lipid rafts as a membrane-organizing principle, Science
327 (2010) 46-50.

K. Simons, MJ. Gerl, Revitalizing membrane rafts: new tools and insights, Nat.
Rev. Mol. Cell Biol. 11 (2010) 688-699.

M.F. Hanzal-Bayer, ].F. Hancock, Lipid rafts and membrane traffic, FEBS Lett. 581
(2007) 2098-2104.

E. Ikonen, K. Simons, Protein and lipid sorting from the trans-Golgi network to
the plasma membrane in polarized cells, Semin. Cell Dev. Biol. 9 (1998) 503-509.
C. Lipardi, L. Nitsch, C. Zurzolo, Detergent-insoluble GPI-anchored proteins are
apically sorted in Fischer rat thyroid cells, but interference with cholesterol or
sphingolipids differentially affects detergent insolubility and apical sorting,
Mol. Biol. Cell 11 (2000) 531-542.

G.H. Hansen, LL. Niels-Christiansen, E. Thorsen, L. Immerdal, E.M. Danielsen,
Cholesterol depletion of enterocytes. Effect on the Golgi complex and apical
membrane trafficking, ]. Biol. Chem. 275 (2000) 5136-5142.

P. Keller, K. Simons, Post-Golgi biosynthetic trafficking, J. Cell Sci. 110 (Pt 24)
(1997) 3001-3009.

D. Lingwood, K. Simons, Detergent resistance as a tool in membrane research,
Nat. Protoc. 2 (2007) 2159-2165.

M.P. Lisanti, LW. Caras, M.A. Davitz, E. Rodriguez-Boulan, A glycophospholipid
membrane anchor acts as an apical targeting signal in polarized epithelial
cells, J. Cell Biol. 109 (1989) 2145-2156.

LA. Hannan, M. Edidin, Traffic, polarity, and detergent solubility of a
glycosylphosphatidylinositol-anchored protein after LDL-deprivation of MDCK
cells, J. Cell Biol. 133 (1996) 1265-1276.

M. Esfahani, R.D. Bigler, ].L. Alfieri, S. Lund-Katz, ].D. Baum, L. Scerbo, Cholesterol
regulates the cell surface expression of glycophospholipid-anchored CD14 anti-
gen on human monocytes, Biochim. Biophys. Acta 1149 (1993) 217-223.

S. Mayor, H. Riezman, Sorting GPI-anchored proteins, Nat. Rev. Mol. Cell Biol. 5
(2004) 110-120.

S. Lebreton, S. Paladino, C. Zurzolo, Selective roles for cholesterol and actin in
compartmentalization of different proteins in the Golgi and plasma membrane
of polarized cells, J. Biol. Chem. 283 (2008) 29545-29553.

S. Paladino, D. Sarnataro, R. Pillich, S. Tivodar, L. Nitsch, C. Zurzolo, Protein olig-
omerization modulates raft partitioning and apical sorting of GPI-anchored pro-
teins, J. Cell Biol. 167 (2004) 699-709.

P. Pizzo, E. Giurisato, M. Tassi, A. Benedetti, T. Pozzan, A. Viola, Lipid rafts and T
cell receptor signaling: a critical re-evaluation, Eur. J. Immunol. 32 (2002)
3082-3091.

T. Kinoshita, M. Fujita, Y. Maeda, Biosynthesis, remodelling and functions of
mammalian GPl-anchored proteins: recent progress, J. Biochem. 144 (2008)
287-294.

Y. Maeda, Y. Tashima, T. Houjou, M. Fujita, T. Yoko-o, Y. Jigami, R. Taguchi, T.
Kinoshita, Fatty acid remodeling of GPI-anchored proteins is required for their
raft association, Mol. Biol. Cell 18 (2007) 1497-1506.

0.A. Weisz, E. Rodriguez-Boulan, Apical trafficking in epithelial cells: signals,
clusters and motors, J. Cell Sci. 122 (2009) 4253-4266.

D.A. Brown, J.K. Rose, Sorting of GPI-anchored proteins to glycolipid-enriched
membrane subdomains during transport to the apical cell surface, Cell 68
(1992) 533-544.

S. Paladino, S. Lebreton, S. Tivodar, V. Campana, R. Tempre, C. Zurzolo, Different
GPI-attachment signals affect the oligomerisation of GPI-anchored proteins and
their apical sorting, J. Cell Sci. 121 (2008) 4001-4007.

J.L. Sampaio, M.J. Gerl, C. Klose, C.S. Ejsing, H. Beug, K. Simons, A. Shevchenko,
Membrane lipidome of an epithelial cell line, Proc. Natl. Acad. Sci. U. S. A. 108
(2011) 1903-1907.

R. Mishra, M. Grzybek, T. Niki, M. Hirashima, K. Simons, Galectin-9 trafficking
regulates apical-basal polarity in Madin-Darby canine kidney epithelial cells,
Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 17633-17638.

N. Fujitani, Y. Takegawa, Y. Ishibashi, K. Araki, J.-I. Furukawa, S. Mitsutake, Y.
Igarashi, M. Ito, Y. Shinohara, Qualitative and quantitative cellular glycomics of
glycosphingolipids based on rhodococcal endoglycosylceramidase-assisted gly-
can cleavage, glycoblotting-assisted sample preparation, and matrix-assisted
laser desorption ionization tandem time-of-flight mass spectrometry analysis,
J. Biol. Chem. 286 (2011) 41669-41679.

H. Zhang, N. Abraham, L.A. Khan, D.H. Hall, J.T. Fleming, V. Gobel, Apicobasal do-
main identities of expanding tubular membranes depend on glycosphingolipid
biosynthesis, Nat. Cell Biol. 13 (2011) 1189-1201.

R. Schekman, Charting the secretory pathway in a simple eukaryote, Mol. Biol.
Cell 21 (2010) 3781-3784.

M. Bagnat, S. Kerdnen, A. Shevchenko, A. Shevchenko, K. Simons, Lipid rafts
function in biosynthetic delivery of proteins to the cell surface in yeast, Proc.
Natl. Acad. Sci. U. S. A. 97 (2000) 3254-3259.

M. Bagnat, A. Chang, K. Simons, Plasma membrane proton ATPase Pmalp re-
quires raft association for surface delivery in yeast, Mol. Biol. Cell 12 (2001)
4129-4138.

M. Bagnat, K. Simons, Lipid rafts in protein sorting and cell polarity in budding
yeast Saccharomyces cerevisiae, Biol. Chem. 383 (2002) 1475-1480.

K. Umebayashi, A. Nakano, Ergosterol is required for targeting of tryptophan
permease to the yeast plasma membrane, J. Cell Biol. 161 (2003) 1117-1131.
T.J. Proszynski, K. Simons, M. Bagnat, O-glycosylation as a sorting determinant
for cell surface delivery in yeast, Mol. Biol. Cell 15 (2004) 1533-1543.

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

B. Gaigg, B. Timischl, L. Corbino, R. Schneiter, Synthesis of sphingolipids with
very long chain fatty acids but not ergosterol is required for routing of newly
synthesized plasma membrane ATPase to the cell surface of yeast, J. Biol.
Chem. 280 (2005) 22515-22522.

B. Gaigg, A. Toulmay, R. Schneiter, Very long-chain fatty acid-containing lipids
rather than sphingolipids per se are required for raft association and stable sur-
face transport of newly synthesized plasma membrane ATPase in yeast, ]. Biol.
Chem. 281 (2006) 34135-34145.

E. Lauwers, B. André, Association of yeast transporters with detergent-resistant
membranes correlates with their cell-surface location, Traffic 7 (2006) 1045-1059.
E. Lauwers, G. Grossmann, B. André, Evidence for coupled biogenesis of yeast
Gap1 permease and sphingolipids: essential role in transport activity and nor-
mal control by ubiquitination, Mol. Biol. Cell. 18 (2007) 3068-3080.

L. Pineau, L. Bonifait, ].-M. Berjeaud, P. Alimardani-Theuil, T. Berges, T. Ferreira, A
lipid-mediated quality control process in the Golgi apparatus in yeast, Mol. Biol.
Cell 19 (2008) 807-821.

M.CS. Lee, S. Hamamoto, R. Schekman, Ceramide biosynthesis is required for the
formation of the oligomeric H+-ATPase Pmalp in the yeast endoplasmic retic-
ulum, J. Biol. Chem. 277 (2002) 22395-22401.

A. Chang, G.R. Fink, Targeting of the yeast plasma membrane [H+]ATPase: a
novel gene AST1 prevents mislocalization of mutant ATPase to the vacuole,
J. Cell Biol. 128 (1995) 39-49.

T.J. Proszynski, RW. Klemm, M. Gravert, P.P. Hsu, Y. Gloor, ]. Wagner, K. Kozak,
H. Grabner, K. Walzer, M. Bagnat, K. Simons, C. Walch-Solimena, A genome-
wide visual screen reveals a role for sphingolipids and ergosterol in cell surface
delivery in yeast, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 17981-17986.

CS. Oh, D.A. Toke, S. Mandala, C.E. Martin, ELO2 and ELO3, homologues of the
Saccharomyces cerevisiae ELO1 gene, function in fatty acid elongation and are re-
quired for sphingolipid formation, J. Biol. Chem. 272 (1997) 17376-17384.

C.S. Ejsing, ].L. Sampaio, V. Surendranath, E. Duchoslav, K. Ekroos, RW. Klemm,
K. Simons, A. Shevchenko, Global analysis of the yeast lipidome by quantitative
shotgun mass spectrometry, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 2136-2141.
S. Dupré, R. Haguenauer-Tsapis, Raft partitioning of the yeast uracil permease
during trafficking along the endocytic pathway, Traffic 4 (2003) 83-96.

A. Heese-Peck, H. Pichler, B. Zanolari, R. Watanabe, G. Daum, H. Riezman, Multi-
ple functions of sterols in yeast endocytosis, Mol. Biol. Cell 13 (2002)
2664-2680.

E. Sievi, T. Suntio, M. Makarow, Proteolytic function of GPI-anchored plasma
membrane protease Ypslp in the yeast vacuole and Golgi, Traffic 2 (2001)
896-907.

K. Daicho, N. Makino, T. Hiraki, M. Ueno, M. Uritani, F. Abe, T. Ushimaru, Sorting
defects of the tryptophan permease Tat2 in an erg2 yeast mutant, FEMS Micro-
biol. Lett. 298 (2009) 218-227.

M. Bagnat, K. Simons, Cell surface polarization during yeast mating, Proc. Natl.
Acad. Sci. U. S. A. 99 (2002) 14183-14188.

I. Robl, R. Grassl, W. Tanner, M. Opekarova, Construction of phosphatidyletha-
nolamine-less strain of Saccharomyces cerevisiae. Effect on amino acid transport,
Yeast 18 (2001) 251-260.

M. Opekarova, 1. Robl, W. Tanner, Phosphatidyl ethanolamine is essential for
targeting the arginine transporter Canlp to the plasma membrane of yeast,
Biochim. Biophys. Acta 1564 (2002) 9-13.

M. Opekarova, K. Malinska, L. Novakova, W. Tanner, Differential effect of phos-
phatidylethanolamine depletion on raft proteins: further evidence for diversi-
ty of rafts in Saccharomyces cerevisiae, Biochim. Biophys. Acta 1711 (2005)
87-95.

M. Okamoto, T. Yoko-o, M. Umemura, K.-I. Nakayama, Y. Jigami, Glycosylpho-
sphatidylinositol-anchored proteins are required for the transport of
detergent-resistant microdomain-associated membrane proteins Tat2p and
Furdp, ]. Biol. Chem. 281 (2006) 4013-4023.

R. Bosson, M. Jaquenoud, A. Conzelmann, GUP1 of Saccharomyces cerevisiae en-
codes an O-acyltransferase involved in remodeling of the GPI anchor, Mol.
Biol. Cell 17 (2006) 2636-2645.

C. Ferreira, C. Lucas, The yeast O-acyltransferase Gup1p interferes in lipid me-
tabolism with direct consequences on the sphingolipid-sterol-ordered domains
integrity/assembly, Biochim. Biophys. Acta 1778 (2008) 2648-2653.

R.W. Klemm, C.S. Ejsing, M.A. Surma, H.-]. Kaiser, M.J. Gerl, J.L. Sampaio, Q. de
Robillard, C. Ferguson, T.J. Proszynski, A. Shevchenko, K. Simons, Segregation
of sphingolipids and sterols during formation of secretory vesicles at the
trans-Golgi network, J. Cell Biol. 185 (2009) 601-612.

E. Harsay, A. Bretscher, Parallel secretory pathways to the cell surface in yeast,
J. Cell Biol. 131 (1995) 297-310.

A.L Kruckeberg, L. Ye, J.A. Berden, K. van Dam, Functional expression, quantifica-
tion and cellular localization of the Hxt2 hexose transporter of Saccharomyces
cerevisiae tagged with the green fluorescent protein, Biochem. J. 339 (Pt 2)
(1999) 299-307.

R.M. Barfield, ].C. Fromme, R. Schekman, The exomer coat complex transports
Fus1p to the plasma membrane via a novel plasma membrane sorting signal
in yeast, Mol. Biol. Cell 20 (2009) 4985-4996.

E. Harsay, R. Schekman, A subset of yeast vacuolar protein sorting mutants is
blocked in one branch of the exocytic pathway, ]. Cell Biol. 156 (2002)
271-285.

S. Gurunathan, D. David, J.E. Gerst, Dynamin and clathrin are required for the
biogenesis of a distinct class of secretory vesicles in yeast, EMBO ]. 21 (2002)
602-614.

M.A. Surma, C. Klose, RW. Klemm, C.S. Ejsing, K. Simons, Generic sorting of raft
lipids into secretory vesicles in yeast, Traffic 12 (2011) 1139-1147.

Please cite this article as: M.A. Surma, et al., Lipid-dependent protein sorting at the trans-Golgi network , Biochim. Biophys. Acta (2012),

doi:10.1016/j.bbalip.2011.12.008



http://dx.doi.org/10.1016/j.bbalip.2011.12.008

(81]

(82]

(83]

(84]

(85]

(86]
(87]
(88]

(89]

M.A. Surma et al. / Biochimica et Biophysica Acta xxx (2012) XXx-xxx

B. Briigger, R. Sandhoff, S. Wegehingel, K. Gorgas, ]J. Malsam, J.B. Helms, W.D.
Lehmann, W. Nickel, F.T. Wieland, Evidence for segregation of sphingomyelin
and cholesterol during formation of COPI-coated vesicles, J. Cell Biol. 151
(2000) 507-518.

G. van Meer, D.R. Voelker, G.W. Feigenson, Membrane lipids: where they are and
how they behave, Nat. Rev. Mol. Cell Biol. 9 (2008) 112-124.

C. Klose, CS. Ejsing, AJ. Garcia-Saez, H.-]. Kaiser, J.L. Sampaio, M.A. Surma, A.
Shevchenko, P. Schwille, K. Simons, Yeast lipids can phase-separate into
micrometer-scale membrane domains, J. Biol. Chem. 285 (2010) 30224-30232.
M.N. Morin-Ganet, A. Rambourg, S.B. Deitz, A. Franzusoff, F. Képés, Morphogen-
esis and dynamics of the yeast Golgi apparatus, Traffic 1 (2000) 56-68.

BJ. Bevis, A.T. Hammond, C.A. Reinke, B.S. Glick, De novo formation of transition-
al ER sites and Golgi structures in Pichia pastoris, Nat. Cell Biol. 4 (2002)
750-756.

E. Losev, C.A. Reinke, ]. Jellen, D.E. Strongin, B.J. Bevis, B.S. Glick, Golgi maturation
visualized in living yeast, Nature 441 (2006) 1002-1006.

K. Matsuura-Tokita, M. Takeuchi, A. Ichihara, K. Mikuriya, A. Nakano, Live imag-
ing of yeast Golgi cisternal maturation, Nature 441 (2006) 1007-1010.

H.R.B. Pelham, Maturation of Golgi cisternae directly observed, Trends Biochem.
Sci. 31 (2006) 601-604.

B.S. Glick, A. Nakano, Membrane traffic within the Golgi apparatus, Annu. Rev.
Cell Dev. Biol. 25 (2009) 113-132.

[90] J.E. Rothman, L. Orci, Movement of proteins through the Golgi stack: a molecular

[91]

[92]

(93]
[94]
[95]
[96]
[97]
(98]

[99]

[100]

[101]
[102]

[103]

[104]

[105]

dissection of vesicular transport, FASEB J. 4 (1990) 1460-1468.

S.R. Pfeffer, How the Golgi works: a cisternal progenitor model, Proc. Natl. Acad.
Sci. U. S. A. 107 (2010) 19614-19618.

G.H. Patterson, K. Hirschberg, R.S. Polishchuk, D. Gerlich, R.D. Phair, ]. Lippincott-
Schwartz, Transport through the Golgi apparatus by rapid partitioning within a
two-phase membrane system, Cell 133 (2008) 1055-1067.

A. Nakano, A. Luini, Passage through the Golgi, Curr. Opin. Cell Biol. 22 (2010)
471-478.

H.R. Pelham, ].E. Rothman, The debate about transport in the Golgi—two sides of
the same coin? Cell 102 (2000) 713-719.

B.A. Potter, R.P. Hughey, O.A. Weisz, Role of N- and O-glycans in polarized bio-
synthetic sorting, Am. J. Physiol. Cell Physiol. 290 (2006) C1-C10.

E. Rodriguez-Boulan, A. Gonzalez, Glycans in post-Golgi apical targeting: sorting
signals or structural props? Trends Cell Biol. 9 (1999) 291-294.

K. Yamashita, S. Hara-Kuge, T. Ohkura, Intracellular lectins associated with
N-linked glycoprotein traffic, Biochim. Biophys. Acta 1473 (1999) 147-160.

H. Hauri, C. Appenzeller, F. Kuhn, O. Nufer, Lectins and traffic in the secretory
pathway, FEBS Lett. 476 (2000) 32-37.

S. Hara-Kuge, T. Ohkura, H. Ideo, O. Shimada, S. Atsumi, K. Yamashita, Involvement
of VIP36 in intracellular transport and secretion of glycoproteins in polarized
Madin-Darby canine kidney (MDCK) cells, J. Biol. Chem. 277 (2002) 16332-16339.
0. Vagin, J.A. Kraut, G. Sachs, Role of N-glycosylation in trafficking of apical
membrane proteins in epithelia, Am. ]. Physiol. Renal Physiol. 296 (2009)
F459-F469.

R.C. Hughes, Galectins in kidney development, Glycoconj. J. 19 (2004) 621-629.
D. Delacour, V. Gouyer, ].-P. Zanetta, H. Drobecq, E. Leteurtre, G. Grard, O.
Moreau-Hannedouche, E. Maes, A. Pons, S. André, A. Le Bivic, HJ. Gabius,
A. Manninen, K. Simons, G. Huet, Galectin-4 and sulfatides in apical membrane
trafficking in enterocyte-like cells, J. Cell Biol. 169 (2005) 491-501.

K. Drickamer, AJ. Fadden, Genomic analysis of C-type lectins, Biochem. Soc.
Symp. (2002) 59-72.

AM. Dranginis, J.M. Rauceo, J.E. Coronado, P.N. Lipke, A biochemical guide to
yeast adhesins: glycoproteins for social and antisocial occasions, Microbiol.
Mol. Biol. Rev. 71 (2007) 282-294.

T. Harder, P. Scheiffele, P. Verkade, K. Simons, Lipid domain structure of the plas-
ma membrane revealed by patching of membrane components, ]. Cell Biol. 141
(1998) 929-942.

[106] J. Korlach, P. Schwille, W.W. Webb, G.W. Feigenson, Characterization of lipid bi-

[107]

[108]
[109]
[110]

[111]

[112]

[113]

[114]

[115]

layer phases by confocal microscopy and fluorescence correlation spectroscopy,
Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 8461-8466.

V. Kiessling, .M. Crane, L.K. Tamm, Transbilayer effects of raft-like lipid domains
in asymmetric planar bilayers measured by single molecule tracking, Biophys. J.
91 (2006) 3313-3326.

C. Wan, V. Kiessling, LK. Tamm, Coupling of cholesterol-rich lipid phases in
asymmetric bilayers, Biochemistry 47 (2008) 2190-2198.

V. Kiessling, C. Wan, LK. Tamm, Domain coupling in asymmetric lipid bilayers,
Biochim. Biophys. Acta 1788 (2009) 64-71.

F. Lafont, S. Lecat, P. Verkade, K. Simons, Annexin XIIIb associates with lipid
microdomains to function in apical delivery, J. Cell Biol. 142 (1998) 1413-1427.
R. Jacob, M. Heine, J. Eikemeyer, N. Frerker, K.-P. Zimmer, U. Rescher, V. Gerke,
H.Y. Naim, Annexin II is required for apical transport in polarized epithelial
cells, J. Biol. Chem. 279 (2004) 3680-3684.

U. Rescher, V. Gerke, Annexins—unique membrane binding proteins with di-
verse functions, J. Cell Sci. 117 (2004) 2631-2639.

F. Oling, W. Bergsma-Schutter, A. Brisson, Trimers, dimers of trimers, and tri-
mers of trimers are common building blocks of annexin a5 two-dimensional
crystals, J. Struct. Biol. 133 (2001) 55-63.

M. Menke, V. Gerke, C. Steinem, Phosphatidylserine membrane domain cluster-
ing induced by annexin A2/S100A10 heterotetramer, Biochemistry 44 (2005)
15296-15303.

R. Puertollano, M.A. Alonso, MAL, an integral element of the apical sorting ma-
chinery, is an itinerant protein that cycles between the trans-Golgi network
and the plasma membrane, Mol. Biol. Cell. 10 (1999) 3435-3447.

[116]

[117]

[118]

[119]

[120]

[121]
[122]
[123]
[124]

[125]

[126]
[127]

[128]

[129]

R. Puertollano, F. Martin-Belmonte, ]. Millan, M.C. de Marco, ].P. Albar, L. Kremer,
M.A. Alonso, The MAL proteolipid is necessary for normal apical transport and
accurate sorting of the influenza virus hemagglutinin in Madin-Darby canine
kidney cells, J. Cell Biol. 145 (1999) 141-151.

K.H. Cheong, D. Zacchetti, E.E. Schneeberger, K. Simons, VIP17/MAL, a lipid raft-
associated protein, is involved in apical transport in MDCK cells, Proc. Natl. Acad.
Sci. U. S. A. 96 (1999) 6241-6248.

L.G. Magal, Y. Yaffe, J. Shepshelovich, J.F. Aranda, M.C. de Marco, K. Gaus, M.A.
Alonso, K. Hirschberg, Clustering and lateral concentration of raft lipids by the
MAL protein, Mol. Biol. Cell. 20 (2009) 3751-3762.

S. Paladino, D. Sarnataro, S. Tivodar, C. Zurzolo, Oligomerization is a specific re-
quirement for apical sorting of glycosyl-phosphatidylinositol-anchored proteins
but not for non-raft-associated apical proteins, Traffic 8 (2007) 251-258.

M.A. Catino, S. Paladino, S. Tivodar, T. Pocard, C. Zurzolo, N- and O-glycans are
not directly involved in the oligomerization and apical sorting of GPI proteins,
Traffic 9 (2008) 2141-2150.

F. Jiilicher, R. Lipowsky, Domain-induced budding of vesicles, Phys. Rev. Lett. 70
(1993) 2964-2967.

R. Lipowsky, Domain-induced budding of fluid membranes, Biophys. ]. 64
(1993) 1133-1138.

T. Baumgart, S.T. Hess, W.W. Webb, Imaging coexisting fluid domains in biomem-
brane models coupling curvature and line tension, Nature 425 (2003) 821-824.
T. Baumgart, S. Das, W.W. Webb, ].T. Jenkins, Membrane elasticity in giant vesi-
cles with fluid phase coexistence, Biophys. J. 89 (2005) 1067-1080.

B. Sorre, A. Callan-Jones, J.-B. Manneville, P. Nassoy, J.-F. Joanny, ]. Prost, B. Goud,
P. Bassereau, Curvature-driven lipid sorting needs proximity to a demixing point
and is aided by proteins, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 5622-5626.
G.van Meer, W.L.C. Vaz, Membrane curvature sorts lipids. Stabilized lipid rafts in
membrane transport, EMBO Rep. 6 (2005) 418-419.

A. Tian, T. Baumgart, Sorting of lipids and proteins in membrane curvature gra-
dients, Biophys. J. 96 (2009) 2676-2688.

M. Safouane, L. Berland, A. Callan-Jones, B. Sorre, W. Rémer, L. Johannes, G.E.S.
Toombes, P. Bassereau, Lipid cosorting mediated by shiga toxin induced tubula-
tion, Traffic 11 (2010) 1519-1529.

M. Heinrich, A. Tian, C. Esposito, T. Baumgart, Dynamic sorting of lipids and pro-
teins in membrane tubes with a moving phase boundary, Proc. Natl. Acad. Sci.
U.S. A 107 (2010) 7208-7213.

[130] J.-M. Allain, C. Storm, A. Roux, M. Ben Amar, J.-F. Joanny, Fission of a multiphase

[131]

[132]

[133]

[134]

[135]

[136]

[137]
[138]

[139]

membrane tube, Phys. Rev. Lett. 93 (2004) 158104.

A. Roux, D. Cuvelier, P. Nassoy, ]. Prost, P. Bassereau, B. Goud, Role of curvature
and phase transition in lipid sorting and fission of membrane tubules, EMBO ].
24 (2005) 1537-1545.

P. Sens, L. Johannes, P. Bassereau, Biophysical approaches to protein-induced
membrane deformations in trafficking, Curr. Opin. Cell Biol. 20 (2008) 476-482.
T. Itoh, P. De Camilli, BAR, F-BAR (EFC) and ENTH/ANTH domains in the regula-
tion of membrane-cytosol interfaces and membrane curvature, Biochim.
Biophys. Acta 1761 (2006) 897-912.

W. Rémer, L. Berland, V. Chambon, K. Gaus, B. Windschiegl, D. Tenza, M.R.E. Aly,
V. Fraisier, J.-C. Florent, D. Perrais, C. Lamaze, G. Raposo, C. Steinem, P. Sens, P.
Bassereau, L. Johannes, Shiga toxin induces tubular membrane invaginations
for its uptake into cells, Nature 450 (2007) 670-675.

H. Ewers, W. Rémer, A.E. Smith, K. Bacia, S. Dmitrieff, W. Chai, R. Mancini, J.
Kartenbeck, V. Chambon, L. Berland, A. Oppenheim, G. Schwarzmann, T. Feizi,
P. Schwille, P. Sens, A. Helenius, L. Johannes, GM1 structure determines
SV40-induced membrane invagination and infection, Nat. Cell Biol. 12 (2010)
11-18 [sup pp 1-12].

W. Rémer, L.-L. Pontani, B. Sorre, C. Rentero, L. Berland, V. Chambon, C. Lamaze,
P. Bassereau, C. Sykes, K. Gaus, L. Johannes, Actin dynamics drive membrane re-
organization and scission in clathrin-independent endocytosis, Cell 140 (2010)
540-553.

A. Viola, N. Gupta, Tether and trap: regulation of membrane-raft dynamics by
actin-binding proteins, Nat. Rev. Immunol. 7 (2007) 889-896.

L. Johannes, S. Mayor, Induced domain formation in endocytic invagination, lipid
sorting, and scission, Cell 142 (2010) 507-510.

A. Siddhanta, D. Shields, Secretory vesicle budding from the trans-Golgi net-
work is mediated by phosphatidic acid levels, ]. Biol. Chem. 273 (1998)
17995-17998.

[140] J.-S. Yang, H. Gad, S.Y. Lee, A. Mironov, L. Zhang, G.V. Beznoussenko, C. Valente,

[141]

[142]

[143]

[144]

[145]

G. Turacchio, A.N. Bonsra, G. Du, G. Baldanzi, A. Graziani, S. Bourgoin, M.A. Froh-
man, A. Luini, V.W. Hsu, A role for phosphatidic acid in COPI vesicle fission yields
insights into Golgi maintenance, Nat. Cell Biol. 10 (2008) 1146-1153.

R. Schneiter, B. Briigger, C.M. Amann, G.D. Prestwich, R.F. Epand, G. Zellnig, F.T.
Wieland, R.M. Epand, Identification and biophysical characterization of a very-
long-chain-fatty-acid-substituted phosphatidylinositol in yeast subcellular
membranes, Biochem. J. 381 (2004) 941-949.

A. Toulmay, R. Schneiter, Lipid-dependent surface transport of the proton
pumping ATPase: a model to study plasma membrane biogenesis in yeast,
Biochimie 89 (2007) 249-254.

V.A. Bankaitis, D.E. Malehorn, S.D. Emr, R. Greene, The Saccharomyces cerevisiae
SEC14 gene encodes a cytosolic factor that is required for transport of secretory
proteins from the yeast Golgi complex, J. Cell Biol. 108 (1989) 1271-1281.

CJ. Mousley, K.R. Tyeryar, M.M. Ryan, V.A. Bankaitis, Sec14p-like proteins regu-
late phosphoinositide homoeostasis and intracellular protein and lipid traffick-
ing in yeast, Biochem. Soc. Trans. 34 (2006) 346-350.

X. Li, M.P. Rivas, M. Fang, J. Marchena, B. Mehrotra, A. Chaudhary, L. Feng, G.D.
Prestwich, V.A. Bankaitis, Analysis of oxysterol binding protein homologue

Please cite this article as: M.A. Surma, et al., Lipid-dependent protein sorting at the trans-Golgi network , Biochim. Biophys. Acta (2012),

doi:10.1016/j.bbalip.2011.12.008



http://dx.doi.org/10.1016/j.bbalip.2011.12.008

M.A. Surma et al. / Biochimica et Biophysica Acta xxx (2012) XxX-xXx 9

Kes1p function in regulation of Sec14p-dependent protein transport from the
yeast Golgi complex, ]. Cell Biol. 157 (2002) 63-77.

[146] T.R. Graham, C.G. Burd, Coordination of Golgi functions by phosphatidylinositol
4-kinases, Trends Cell Biol. 21 (2011) 113-121.

[147] H.-W. Shin, K. Nakayama, Dual control of membrane targeting by PtdIns(4)P and
AREF, Trends Biochem. Sci. 29 (2004) 513-515.

[148] M.A. De Matteis, A. Godi, Pl-loting membrane traffic, Nat. Cell Biol. 6 (2004)
487-492.

[149] O.V. Vieira, P. Verkade, A. Manninen, K. Simons, FAPP2 is involved in the trans-
port of apical cargo in polarized MDCK cells, J. Cell Biol. 170 (2005) 521-526.

[150] X. Cao, U. Coskun, M. Rossle, S.B. Buschhorn, M. Grzybek, T.R. Dafforn, M. Lenoir,
M. Overduin, K. Simons, Golgi protein FAPP2 tubulates membranes, Proc. Natl.
Acad. Sci. U. S. A. 106 (2009) 21121-21125.

[151] M. Lenoir, U. Coskun, M. Grzybek, X. Cao, S.B. Buschhorn, J. James, K. Simons, M.
Overduin, Structural basis of wedging the Golgi membrane by FAPP pleckstrin
homology domains, EMBO Rep. 11 (2010) 279-284.

[152] G. Schaaf, Connecting vesicular transport with lipid synthesis I: Sec14, this issue.
(2011).

[153] A. De Matteis, Connecting vesicular transport with lipid synthesis I: FAPP-2, this
issue. (2011).

doi:10.1016/j.bbalip.2011.12.008

Please cite this article as: M.A. Surma, et al., Lipid-dependent protein sorting at the trans-Golgi network , Biochim. Biophys. Acta (2012),



http://dx.doi.org/10.1016/j.bbalip.2011.12.008

	Lipid-dependent protein sorting at the trans-Golgi network
	1. Introduction
	2. Lipid rafts as sorting platforms
	3. Lipid rafts and trafficking to the apical membrane
	4. Lipids in trafficking to the plasma membrane in yeast
	5. Raft lipid segregation at the TGN
	6. Clustering of lipid rafts
	7. Lipid rafts and transport vesicle generation
	8. Regulation and fine tuning of lipid based vesicle generation
	9. Outlook
	Acknowledgements
	References


