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A Role for Lipids in Protein Sorting?
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Abstract: Lipid and protein diversity provides structural and functional identity to the membrane compartments
that define the eukaryotic cell. This compositional heterogeneity is maintained by the secretory pathway, which
feeds newly synthesized proteins and lipids to the endomembrane systems. The precise sorting of lipids and
proteins through the pathway guarantees the achievement of their correct delivery. Although proteins have been
shown to be key for sorting mechanisms, whether and how lipids contribute to this process is still an open
discussion. Our laboratory, in collaboration with other groups, has recently addressed the long-postulated role
of membrane lipids in protein sorting in the secretory pathway, by investigating in yeast how a special class of
lipid-linked cell surface proteins are differentially exported from the endoplasmic reticulum. Here we comment on
this interdisciplinary study that highlights the role of lipid diversity and the importance of protein-lipid interactions
in sorting processes at the cell membrane.
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1. Introduction
Eukaryotic life depends on the spatial and temporal organiza-

tion of cellular membrane systems which are defined by a unique
lipid composition and a specific set of proteins. The membrane
signature of lipids and proteins is maintained by a complex endo-
membrane system that makes up the biosynthetic secretory path-
way. This pathway synthesizes almost all membrane lipids and
a third of the proteome in the endoplasmic reticulum to subse-
quently deliver them to their correct functional destinations.[1,2]
The process of directing each individual secretory protein to a
specific site is known as protein sorting and is essential to pre-
serve cellular compartmentalization and homeostasis. Indeed, a
growing number of pathologies that span from genetic to neuro-
degenerative diseases are found to be associated with, or directly
caused by sorting defects.[3,4] Therefore, further understanding of
the fundamental principles of protein sorting is a major goal for
basic and biomedical research.

In the secretory pathway, proteins are transported between the
different organelles in membrane-bound carriers, such as lipid
vesicles. However, the sorting mechanisms by which cargo pro-
teins are selected and captured into different transport vesicles are
not completely understood. It is well established that sorting of
many secretory proteins depends on specific sorting signals pres-
ent on their amino acid sequence. These signals are recognized
directly or indirectly by the vesicle coats, which are cytosolic
protein complexes that sculpt a lipid vesicle by bending the donor
membrane and, simultaneously, collect the cargo into the nascent
vesicle. Nevertheless, other secretory proteins don’t have known
sorting signals, suggesting the existence of alternative sorting
mechanisms.[5–7]

In addition to the coat-mediated sorting, the interaction of se-
cretory proteins with the lipids of the membrane might also con-
tribute to their sorting along the secretory pathway. Lipidomic
development has shown that cell membranes contain a diverse and
complex lipid composition.[1] The precise identification of lipids
has been essential to uncover the bioactive role of this special
class of molecules. For instance, membrane lipids are far from just
passive passengers of transport vesicles with the simple structural

role of sealing the carrier container.[1,8] They can be active play-
ers in vesicular trafficking, facilitating the recruitment of special-
ized cytosolic proteins of the transport machinery or increasing
the membrane curvature to generate the vesicle bud.[9] Moreover,
separation of membrane lipids into different fluid phases might
act as a protein sorting determinant. A lipid-based mechanism for
the preferential sorting of cargo without involvement of coat pro-
teins was initially postulated to explain the selective sorting of a
specific protein from the Golgi to the apical plasma membrane
in mammalian polarized epithelial cells.[10–12] This hypothetical
mechanism is based on the lipid raft concept, which posits that
preferential interactions by hydrogen bonding between highly
saturated lipids such as sphingolipids and sterols can induce the
formation of tightly packed membrane domains floating in a fluid
bilayer of unsaturated glycerophospholipids. These lipid-ordered
domains would recruit and laterally segregate specific proteins
acting as sorting platforms for their export in selective transport
carriers (Fig. 1).[11,13]

Although lipid-order phases of sphingolipids and sterols can
be spontaneously generated in artificial model membranes, this
mechanism is still based on indirect or inconclusive evidence in
living cells.[14,15] For that reason, lipid-based protein sorting in

Fig 1. Lipid-based protein sorting model. Lipid-ordered domains of
sphingolipids and sterols (orange) recruit and segregate specific proteins
(red) for their incorporation in selective transport vesicles.
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methodology allowed direct in vivo visualization of the entry of
newly synthesized cargos into ERES at nanoscale dimensions. As
GPI-AP we used Gas1-GFP, a yeast model GPI-AP having a C26
ceramide-based GPI-lipid moiety.[32]We found that newly synthe-
sized Gas1-GFP forms clusters next to specific ERES, whereas
transmembrane secretory proteins distribute throughout the ER
membrane. Moreover, we also observed that Gas1-GFP and trans-
membrane cargos selectively entered into different ERES.[16] We
next tested the hypothesis that the C26 ceramide present in the
ER membrane drives the specific clustering and sorting of GPI-
APs into selective ERES. To address this goal, we took advan-
tage of yeast genetics by working with a modified yeast strain
able to produce shorter ceramides (C18–C16) instead of the very
long ceramides (C26) of the wild-type strain. This mutant strain
named GhLag1 lacked the two endogenous yeast ceramide syn-
thases Lag1 and Lac1 which were replaced by the ceramide syn-
thase from the cotton GhLag1.[33]A lipidomic approach was used
to define the lipid landscape related to our biological question
in the mutant strain (Fig. 2). In collaboration with the Riezman
lab (University of Geneva, Switzerland) we confirmed that the
membrane ceramides of the modified strain were indeed C16–
C18 ceramides, and we analyzed the composition of the GPI-lipid
moiety of Gas1-GFP expressed in GhLag1 strain. The lipid study
of the GPI-anchor involved the affinity purification of Gas1-GFP,
the chemical cleavage and release of the GPI-lipid by using ni-
trous acid, and its analysis by electrospray ionization tandemmass
spectrometry (ESI-MS/MS).[34] For lipid species identification we
used a multiple reaction monitoring (MRM) approach. By using
this method, we could determine the precise GPI-lipid structure of
Gas1-GFP in the GhLag1 strain. Surprisingly, we found that the
Gas1 protein expressed in the mutant strain has a C26 ceramide,
the same lipid as in the wild type,[16,34] in contrast to the ceramide
composition of its cellular membranes that contains shorter ce-
ramides (C18–C16). This fact made the GhLag1 strain an excel-
lent candidate to study specifically the hypothetical role of the
acyl chain length of membrane ceramides in ER clustering and
sorting. Using SCLIM we found that when the acyl chain length
of membrane ceramides decreased to C18–C16, Gas1 was un-
able to cluster and was rerouted to exit with other transmembrane
proteins from the same ERES. Our findings showed for the first
time in vivo that ceramide acyl chain length in the ER membrane
is an essential player in ER clustering and sorting of GPI-APs.[16]

Coat protein complexes have been defined as one of the main
drivers of protein sorting mechanisms at the early secretory path-
way.[35] Therefore, the GPI-APs clustering and sorting dependent
on the membrane ceramide acyl chain could be explained because
lipids are affecting the ER export protein machinery. GPI-APs use
a specialized COPII system for ER export, which is actively regu-
lated by the structural remodeling of the glycan part of the GPI
anchor.[36,37] The luminal nature of this family of proteins makes
them dependent on receptors as the p24 transmembrane protein
complex to ensure its recruitment in the nascent vesicle. Only
when the glycan is correctly remodeled the GPI-AP is recognized
by the p24 complex, which, in turn, selectively recruits Lst1, a
specialized isoform of the major COPII cargo binding subunit.[38]
We found that the clustering and sorting of Gas1-GFP doesn’t
involve the recruitment of a specialized cytosolic COPII coat.
However, this process requires the presence of C26 ceramide in
the ER membrane and the binding of the remodeled GPI-anchor
by the p24 protein complex.[16]

4. Molecular Dynamics Simulation Suggests a
Mechanism for Ceramide Chain Length-based Protein
Sorting

What could be then the underlying sorting mechanism? One
possibility is that p24 proteins preferentially bind through their
transmembrane domains the very long chain C26 ceramide instead

the secretory pathway is still an open question. Here, we discuss
our recent work on this fundamental issue, where we specifically
investigate in yeast how a diverse class of lipid-linked cell sur-
face proteins, the glycosylphosphatidylinositol (GPI)-anchored
proteins (GPI-APs), are differentially exported from the ER, the
first essential step of the secretory pathway.[16]

2. GPI-anchored Proteins as a Model to Study Lipid-
dependent Protein Sorting

GPI-APs are secretory proteins attached by a glycolipid moi-
ety (GPI anchor) to the external leaflet of the plasma membrane,
where they play a wide variety of vital physiological roles as en-
zymes, receptors or adhesion molecules.[17] GPI-APs receive the
GPI anchor as a posttranslational modification in the ER lumen.
This modification, conserved from yeast to mammals, allows
GPI-APs to travel along the secretory pathway from the ER to the
plasma membrane via the Golgi compartment. The GPI anchor
acts as a sorting signal that targets GPI-APs to the cell surface,
conferring a unique mode of membrane association within the lu-
men of secretory organelles. This leads GPI-APs to be trafficked
separately from transmembrane proteins along the secretory path-
way. For this reason, GPI-APs constitute an exceptional model
to study the relevance of protein–lipid interactions in sorting and
trafficking along the secretory pathway.[18,20]

3. The Chain Length of Ceramides Counts for Protein
Sorting into Selective ER Exit Sites

In the yeast Saccharomyces cerevisiae, GPI-APs are segre-
gated and sorted from transmembrane cargo proteins during the
ER export.[21,22] To exit the ER, all newly synthesized secreto-
ry proteins enter into special subdomains of the ER membrane
called ER exit sites (ERES), where they are packaged into the
lipid vesicles that transport them to the Golgi. These vesicles are
generated by polymerization of the cytosolic coat protein complex
II (COPII), which locally bends the ER membrane at ERES.[23]
Using an in vitro assay that reconstitutes COPII budding from the
ER, we found that GPI-APs and other secretory proteins exit the
ER in distinct COPII vesicles.[21]

Although the molecular bases of this sorting process were
unknown, it was proposed that the underlying mechanism might
require ceramide lipids.[19]Ceramides, which consist of sphingoid
long-chain base and fatty acid, serve as precursors of complex
sphingolipids.[24] In yeast, the GPI-lipid undergoes a structural
remodeling at the ER after the GPI attachment to the protein. The
remodeled GPI-anchor mainly incorporates a ceramide with a
very long-chain saturated fatty acid of 26 carbons (C26:0).[17]C26
ceramide, which is the major ceramide produced by yeast cells,
is also synthesized in the ER and mostly exported to the Golgi
by COPII vesicles.[25,26] Furthermore, chemical and genetic ex-
periments showed that GPI-APs had a specific ceramide require-
ment for their ER-to-Golgi transport in yeast.[27,28] Biophysical
studies with liposomes indicate that very long acyl chain cerami-
des can cluster to form ordered domains with unique physical
properties.[29,30] Based on these observations, we proposed that
in the less ordered lipid environment of the yeast ER membrane
formed by shorter (C16–C18) and unsaturated glycerolipids, C26
ceramides from membranes and GPI-APs take advantage of their
physical properties to coalesce and cluster into ceramide-rich or-
dered domains. This hypothetical ceramide-dependent clustering
would segregate GPI-APs from transmembrane proteins and sort
them together with membrane ceramides into the same ERES and
COPII vesicles.[19]

We have recently tested this hypothetical ceramide-based
sorting mechanism by combining a yeast genetic system with
super-resolution confocal live imaging microscopy (SCLIM), a
cutting-edge microscopy technology developed by the Nakano
lab (RIKEN Center for Advanced Photonics, Japan).[16,31] This
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GPI-APs adjacent to specific ERES are thicker than the bulk of
the ER membrane. In this case, thickness could act also as sorting
determinant by generating hydrophobic mismatches.

Contrary to yeast, in mammalian cells, most of GPI-APs have
an ether lipid-based GPI anchor. Both lipids are structurally dif-
ferent, which raises the question of whether the mechanism pro-
posed in yeast might be also conserved in mammals. Interestingly,
despite the differences in the chemical structure of the ether lipids
and very long acyl chain ceramides, a recent study found that both
lipids evolutionarily share some similar physicochemical proper-
ties and functions.[41] Thus, we could postulate that the ether lipid
of GPI anchors in mammalian cells might function similarly to
the very long acyl chain ceramide of GPI anchors in yeast. The
ether lipid moiety could associate with very long-chain ceramides
present in the ER membrane promoting clustering and sorting of
GPI-APs during ER export. This model that implies a tight cor-
relation between GPI-APs and long-chain membrane ceramides
is supported by previous observations in mammalian cells and
yeast, where GPI anchor synthesis is required for the biosynthetic
transport to the Golgi of very long acyl chain ceramides.[42,43]
Therefore, an evolutionarily conserved mechanism appears to
operate for selective co-transport of GPI-APs and very long acyl
chain ceramides in the same transport vesicles.

5. Conclusions
Sorting mechanisms are of vital importance to keep cell com-

partmentalization and functions. In this review we summarize
how interdisciplinary research that combines genetic engineer-
ing, chemistry, lipidomics, super-resolution confocal live imaging
microscopy and molecular dynamic simulations has been highly
useful to decipher the role of very long chain ceramides in the
sorting mechanism of essential secretory proteins as the GPI-APs.
Contrary to the classical lipid-based protein sorting model, our
results suggest that it is not the lipid alone but transmembrane
proteins who initiate sorting by locally reorganizing and concen-
trating specific lipids. We propose that the biophysical properties
associated with the concentrated lipids around the transmembrane

of shorter C18 ceramide. To address this question, we collaborated
with the Vanni lab (University of Fribourg, Switzerland). Using
molecular dynamics (MD) simulations they studied the interaction
between the transmembrane helix of one of the yeast p24 com-
plex proteins, Emp24, and membrane ceramides with different
acyl chain lengths. We found that both C18 and C26 ceramides
accumulate around the cytosolic leaflet of the transmembrane he-
lix of Emp24 causing an asymmetric distribution of ceramides in
the membrane around the protein domain. Contrary to our initial
hypothesis both C26 and C18 ceramides can bind Emp24 with the
same preference. The underlying sorting mechanism should rely
then on a distinctive biophysical property of the C26 ceramides. It
has been recently shown that very-long chain C24 ceramides but
not shorter C18 ceramides have a strong propensity to interdigitate
forming interdigitated phases.[30] In fact in liposomes this ability to
interdigitate of very long chain ceramides can remodel membranes
by promoting high curvature and membrane bending.[29]

Based on these findings, we propose the following mechanism
to explain ceramide chain length-dependent clustering and sorting
of GPI-APs into selective ERES (Fig. 3). First, the p24 complex
binds multivalently C26 ceramide-based GPI-APs in the luminal
leaflet and, concomitantly, accumulates C26 membrane cerami-
des in the cytosolic leaflet. The local concentration of C26 cerami-
des in both leaflets of the ER membrane around the p24 proteins
would lead them to interdigitate forming an interdigitated phase,
which in turn, would promote protein clustering and membrane
curvature, leading to GPI-AP segregation into selective ERES,
which also prefers highly curved zones of the ER membrane.[39]
A partial interdigitation between C26 ceramides around the p24
proteins is predicted to locally increase the thickness of the ER
membrane. Indeed, a recent study by the Barral lab (ETH Zurich)
has described genetically encoded fluorescent reporters visual-
izing local variations in bilayer thickness.[40] These reporters or
biosensors were used to show that C26 membrane ceramides
promote the formation of discrete domains of increased bilayer
thickness in the yeast ER. Therefore, these biosensors could be
used to test whether the discrete domains formed by clustered

Fig 2. Overview of the lipidomic
workflow used in the study by
Rodriguez-Gallardo and col-
laborators. Yeast cells express-
ing Gas1-GFP were collected
to obtain the cell lipid extract or
to purify the GPI-AP, Gas1-GFP.
Extracted lipids from the cells
and the purified protein were ana-
lyzed using electrospray ioniza-
tion tandem mass spectrometer.
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domains eventually drive lateral segregation and sorting of pro-
teins. According to this model, proteins might recruit the appro-
priate lipids exploiting their specific emergent biophysical prop-
erties to perform different functions within the cell. This would
explain how diverse lipid composition of the membrane makes
sense in cell physiology. Therefore, understanding the local mu-
tual influence of lipids and proteins will be key to comprehend
eukaryotic life.
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