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SUMMARY

The glycosphingolipid GM1 binds cholera toxin (CT) on host cells and carries it retrograde from
the plasma membrane (PM) through endosomes, the frans-Golgi (TGN), and the endoplasmic
reticulum (ER) to induce toxicity. To elucidate how a membrane lipid can specify trafficking in
these pathways, we synthesized GM1 isoforms with alternate ceramide domains and imaged their
trafficking in live cells. Only GM1 with unsaturated acyl chains sorted efficiently from PM to
TGN and ER. Toxin binding, which effectively crosslinks GM1 lipids, was dispensable, but
membrane cholesterol and the lipid raft-associated proteins actin and flotillin were required. The
results implicate a protein-dependent mechanism of lipid-sorting by ceramide structure and
provide a molecular explanation for the diversity and specificity of retrograde trafficking by CT in
host cells.
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INTRODUCTION

Cholera toxin typifies the ABs-subunit toxins that have co-opted a lipid-based, rather than a
protein-based, receptor to traffic retrograde from the PM through endosomes and TGN into
the ER of host cells for the induction of disease (Johannes and Popoff, 2008; Lencer and
Tsai, 2003; Sandvig et al., 1992; Spooner and Lord, 2012). The lipid receptor that binds CT
at the cell surface and is required for toxin entry into the endosome and sorting to the ER is
the ganglioside GM1 (Cuatrecasas, 1973), but how GML1 can act as the sorting vehicle for
toxin trafficking in these pathways is not understood.

Gangliosides are acidic glycosphingolipids comprised of a complex extracellular
oligosaccharide that binds the toxins and a ceramide domain that anchors the lipid in the
membrane bilayer. The oligosaccharide traps the gangliosides in the outer-leaflet of cell
membranes (trans-leaflet “flip-flop” is very slow)(Cantu et al., 2011). There is no evidence
for transfer of the gangliosides between organelles of intact cells by cytosolic lipid transfer
proteins, and they are transported to different intracellular destinations by vesicular traffic
(Brown and Mattjus, 2007; Neumann and van Meer, 2008). Both the oligosaccharide and the
ceramide domains of naturally-occurring glycosphingolipids exhibit various degrees of
structural heterogeneity (Hakomori, 2003). In human intestinal T84 cells, the predominant
GM1 species have ceramide chains with C24:0, C24:1, C16:0 and C16:1 fatty acids (Lencer
and Costello unpublished data). In this cell line, not all gangliosides that bind the ABsg
subunit toxins by their oligosaccharide domain traffic from PM to ER, suggesting that the
ceramide domain might dictate their native sorting pathways (Fujinaga et al., 2003; Wolf et
al., 1998). In support of this hypothesis, there is evidence that the ceramide structure of
sphingomyelin acts as a determinant for trafficking into late endosomes and lysosomes
(Gupta et al., 2010; Koivusalo et al., 2007); and when incorporated into HeLa cells, GM1
ceramides containing the unsaturated C18:1 fatty acid allow for greater CT toxicity
(Masserini et al., 1990).

Two mechanisms are proposed to explain lipid sorting in mammalian cells. Both propose a
key dependence on lipid structure. One invokes a molecular sorting process in which
individual lipids segregate in membranes of different contours and compositions as
determined by the structure of the lipid (molecular shape) and driven by the minimal free
energy of the space it occupies in the membrane bilayer (Mukherjee et al., 1999), though
some studies provide evidence against this as a sole mechanism of action (Romer et al.,
2010; Sorre et al., 2009; Tian et al., 2009). With respect to GM1, this model predicts that the
GM1 species with kinked unsaturated chain ceramides would energetically favor partition
into the curved membrane contours of sorting tubules that emanate from the endosome and
thus sort to non-lysosomal intracellular destinations including the ER. The GM1 species
with long straight saturated chain ceramides, however, would prefer flat membranes and
remain in the endosome maturing along the degradative pathway. The other model invokes a
cooperative sorting process involving self-assembly of certain lipids into membrane
“nanodomains” (often termed lipid rafts) based on lipid phase behavior and subsequent
interactions with other membrane components (Jacobson et al., 2007; Kaiser et al., 2009;
Lingwood and Simons, 2010; Sorre et al., 2009; Tian et al., 2009). The nanodomains formed
are dependent on associated protein scaffolds and links to the actin cytoskeleton for
biological function (Lingwood et al., 2008; Romer et al., 2010; Sharma et al., 2004).
Sphingolipids containing long saturated chain fatty acids that phase segregate in liquid
ordered (Lo) domains of artificial membranes are considered essential structural
components, along with cholesterol. The glycosphingolipids (and sphingomyelin) fall within
this group (Lingwood and Simons, 2010), and there is evidence that these lipids sort the
ABs toxins retrograde from PM to ER by association with lipid rafts (Falguieres et al., 2001;
Fujinaga et al., 2003; Orlandi and Fishman, 1998; Smith et al., 2006; Wolf et al., 1998).
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In this paper, we test the hypotheses that a subset of the GM1 sphingolipids traffic naturally
from PM to ER, and that ceramide structure explains the specificity of lipid sorting into this
pathway. To do this, we synthesized GM1 species with identical fluorophore-labeled
oligosaccharide head groups but with different ceramide domains and examined their
intracellular trafficking in live cells after incorporation into the PM. The GM1 species
prepared were predicted to discriminate between liquid ordered (L) and liquid disordered
(Lg) lipid phases in artificial membranes (Lingwood and Simons, 2010), and between
membranes with different phase-characters and contours /n vivo (Kaiser et al., 2009;
Lingwood et al., 2009; Mukherjee et al., 1999; Simons and Gerl, 2010), thus allowing for
inferences on the mechanisms of lipid sorting.

Importantly, we studied trafficking of the GM1 sphingolipids in the presence and absence of
CT. CT binds to GML1 via the toxin’s homopentameric B-subunit, which scaffolds up to five
GM1 molecules together. Such clustering of the glycosphingolipids by the ABs5 toxins
structurally remodels both artificial and native cell membranes to form nanodomains and in
some cases membrane tubulations (Johannes and Mayor, 2010; Panasiewicz et al., 2003;
Romer et al., 2007; Romer et al., 2010; Safouane et al., 2010; Tian et al., 2009). Thus, the
ABs toxins can induce their own trafficking platform and strongly affect the membrane
dynamics of their lipid receptors in ways that could explain their ability to enter the ER and
intoxicate host cells. On the other hand, CT retains toxicity when only one or two GM1
sphingolipids are bound (Wolf et al., 2008), suggesting a native pathway for
glycosphingolipid trafficking (Lencer and Tsai, 2003; Wolf et al., 1998).

Synthesis and characterization of GM1 variants

We synthesized different molecular species of GM1 with or without polar Alexa Fluors®
coupled to the oligosaccharide head-group and with the following fatty acyl chains in the
ceramide domain: C12:0, C16:0, C16:1, and C18:0 (Figure 1A). All structures were
confirmed by mass spectrometry (Supplemental Experimental Procedures, Table S1 and
Figure S1). With the exception of the C12:0 molecular species, all are naturally-occurring
lipids (Hakomori, 2003; Nilsson and Svennerholm, 1982). The Alexa-labeled GM1 lipids
still bound CTB specifically but with about 10-fold apparent lower affinity as compared to
unlabeled GM1 (data not shown). The phase-partitioning behavior of the GM1 variants was
defined by reconstituting selected GM1 species into a series of giant unilamellar vesicles
(GUVs) containing lipid:sterol compositions that model biological membranes with a large
range of co-existing liquid-disordered (Lq) and liquid-ordered (L) phases at room
temperature (Figure 1D). Phase partitioning of the GM1 variants was visualized by confocal
microscopy using Texas red® 1,2-dihexadecanoyl-sr+glycero-3-phosphoethanolamine (TR-
DHPE) to mark the Ly phase (Figures 1B & 1C). Fifty vesicles were imaged for each GM1
isoform, and phase partitioning of the ganglioside alone or when clustered together as a
GM1-CTB complex was assigned to be primarily L, Ly, or non-preferential (NPP) by
quantitative image analysis as previously described (Methods and (Johnson et al., 2010)).

In the absence of crosslinking by CTB, we found that the C12:0-GM1 and C18:0
fluorophore-labeled species displayed no phase preference (NPP) under some conditions, or
partitioned under other conditions preferentially into the Ly or L, phases respectively
(Figure 1C). When these GM1 species were cross-linked by binding CTB, however, both
partitioned almost exclusively in L, domains under all conditions. In stark contrast, when
GUVs contained the unsaturated GM1-C16:1 species and cross-linked by CTB, this lipid
partitioned almost exclusively with Ly domains. Thus, GM1 with differing ceramides
showed distinct phase-partitioning behaviors in GUVs, behaving largely as predicted for
saturated and unsaturated lipids (Brown et al., 2000). Clustering the saturated C12:0- and
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C18:0-GM1 molecules together by binding to CTB enhanced partitioning into L, domains,
consistent with previous studies on CTB-GM1 complexes (Hammond et al., 2005; Johnson
et al., 2010). For the C16:1-GM1 species, however, no L, phase partitioning was detected
after CTB binding, indicating that the unsaturated ceramide has a dominant influence on
phase partitioning of GM1 in GUVs.

Influence of ceramide structure on GM1 trafficking

GM1 trafficking was studied in live human epithelial A431 cells expressing EGFP-fusions
to Rab5, Rab11a, and Rab7 GTPases to mark the early sorting (SE), recycling (RE), and late
endosomal compartments (LE) and EGFP-fusions to Golgin97 and Sec6la to mark the
TGN and ER, respectively (schematic of retrograde pathways, Figure 1E). Cells were pre-
treated with Alexa-labeled or unlabeled GM1 at 10°C to preload the PM, washed in 10%
fetal bovine serum at 10°C to remove free GM1, and warmed to 37°C for 60 min to allow
internalization (Supplemental Methods). Conditions for loading the cells equally with the
different GM1 species were determined by measures of total cell fluorescence. For the
C16:0 and C16:1 pair, this was confirmed by FACS analysis of GM1 loaded cells before and
after treatment with trypsin, which also showed that >83% of these Alexa-labeled GM1
lipids were incorporated into the membrane bilayer (Figure S1C and (Schwarzmann, 2001)).
Confocal FRAP studies confirmed that the exogenously applied Alexa-GM1 species
diffused at rates and with mobile fractions as expected for lipids in membrane bilayers as
shown for the fluorescent lipid analog DilCqg (Figures 1F & S1D-S1E). This is distinct
from the slow membrane diffusion of CT bound to endogenous GM1 (Alexa-CTB)
described before (Kenworthy et al., 2004).

After switching to physiologic temperatures, we quantified the fraction of Alexa-GM1
species occupying each sub-cellular compartment in three dimensions relative to the total
GM1 incorporated into the cell using the Manders colocalization coefficient (termed My,
method as described (Tzaban et al., 2009)). Colocalization was also quantified using the
Pearson’s correlation coefficient (Rr). At 60 min, GM1 with short chain C12:0 and
unsaturated C16:1 ceramides localized to the PM, RE, LE, and the #rans-Golgi network
(TGN) (Figures 2A, 2B & S2). On average, about 10% was associated with the TGN, 65%
remained in the “recycling pathway” (PM, SE and RE), and a smaller amount
(approximately 25% for C16:1) localized to late endosomes. In contrast, the saturated long
chain C18:0 species localized overwhelmingly to Rab7 late endosomes (LE, 80%) (Figure
S2), and none was detected in the TGN. Like the unsaturated C16:1-GM1 species, the chain-
length matched but saturated C16:0-GM1 species was present in the PM and all endosomal
compartments, but with greater colocalization with the LE and less with the RE as measured
by the Pearson’s algorithm (Figure 2A, compare left and right panels, and histograms). Most
importantly, no saturated C16:0-GM1 species co-localized with the TGN (Figure 2B). Thus,
only the unsaturated C16:1-GM1 and short-chain C12:0-GM1 species appeared to enter the
retrograde pathway.

Trafficking of both these lipids into the TGN was completely blocked in cells pre-treated
with Brefeldin A prior to GM1 incorporation (Figure 2C, data for GM1-C16:1 not shown)
showing that GM1 transport was by vesicular traffic and along the PM-TGN-ER retrograde
pathway exploited by CT (Fujinaga et al., 2003). We also examined the cells 5 min after
warming to 37°C. At this time, a fracti on of both the C12:0- and C18:0-GML1 lipids were
co-localized with Rab5 (Figure 2D), suggesting that the different molecular species transit
the early endosomes en route to the RE, TGN, and LE, respectively.

To assay for GM1 transport into the ER, we allowed overnight uptake of the Alexa-labeled
species C16:0-GM1 and C16:1-GM1 into A431 cells and counted cells positive for the
presence of GM1 in the entire nuclear envelope visualized by Sec61a-EGFP (Massol et al.,
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2004; Saslowsky et al., 2010). This was assessed by three investigators blinded to each other
and treatment groups. Only GM1 with C16:1 unsaturated ceramides were consistently
present in the ER (Figures 3A & 3B). The same results were obtained in EGFP-Sec6la
expressing African green monkey kidney Bscl cells (Figures S3A & S3B).

Control studies showed that labeling GM1 with structurally different fluorophores
(schematic Figure 1A) had no effect on the intracellular distribution of the sphingolipids as
long as the fluorophore attached was strongly polar (Figure S2B). Labeling the C18:0-GM1
with the hydrophaobic fluorophore BODIPY altered trafficking of this lipid (data not shown).
To test whether one or another of the exogenous GM1 variants might have nonspecific toxic
effects that could explain the different trafficking patterns, we loaded cells with both GM1-
C18:0 and GM1-C12:0 species labeled with different polar fluorophores (Figure 1A) and
examined the distribution of both lipids at 60 minutes in single cells. The two GM1 variants
again sorted into distinct compartments (Figure S2C), as in cells loaded with each GM1
species alone (Figures 2A, 2B). Thus, neither lipid affected trafficking of the other.

These studies show that mammalian cells sort single GM1 molecules retrograde from PM to
TGN and ER, or from PM to LE, with the structure of the ceramide domain dictating the
different trafficking pathways. Remarkably, we find that only the unsaturated species of the
C16-carbon ceramide pair was efficiently sorted retrograde from PM to TGN and ER. The
short-chain GM1-C12:0 species was also sorted into the TGN, but this species is not a
physiologic lipid and may be missorted. To test if unsaturated fatty acids in the ceramide
domain might be a general rule for retrograde lipid sorting, we synthesized an additional
Alexa-labeled GM1 species containing the C18:1 fatty acid (see Methods). A fraction of this
GM1 variant also localized to the TGN (Figure 2B, bottom panels). Thus, it is the
unsaturated-ceramide GM1 species displaying predominantly L4 behavior in artificial
membranes (Figure 1) that traffic retrograde into the ER, suggesting that they are the
functional toxin receptors /n vivo.

Effect of toxin binding on GML1 trafficking

Because CT binds multiple GM1 molecules and effectively crosslinks GM1 to remodel cell
membranes, we sought to determine if toxin binding might affect the intracellular sorting of
the different GM1 species. As all cells expressing GM1 are sensitive to intoxication by CT,
we hypothesized that clustering GM1 by toxin binding might induce retrograde TGN and
ER transport for the long saturated GM1 species, which on their own did not efficiently
enter the retrograde pathways. Studies in A431 cells, however, showed no such effect. Toxin
binding did not divert the GM1 species containing long saturated ceramide domains (C16:0-
and C18:0-GM1) from the LE to the TGN (Figure 4B, bottom panels, and Figure 4E, data
not shown for C18:0-GM1). For all other GM1-species, however, there was a strong effect
of toxin binding on retention of GM1 in the recycling system. We found that after binding
CTB the bulk of all short/unsaturated GM1 species including C16:0, C16:1 and C12:0
(about 70-80% in each case) was no longer in the recycling compartments (PM, SE or RE);
instead, it was in the LE (Figures 4A-D). Remarkably, TGN sorting was preserved for the
unsaturated C16:1-GM1 species, despite the dramatic redistribution of this lipid from the RE
to LE after cross-linking by CTB (Figures 4A & 4E). To test whether endogenous GM1 in
A431 cells could have confounded these results, we repeated these experiments using mouse
embryonic fibroblasts lacking GD2-synthase (Yamashita et al., 2003), termed here “MEF-
GM17/~ cells”, which are completely devoid of endogenous gangliosides. Identical results
were obtained (Figures 4F-41).

To interpret this result we needed to define in more detail the pathway for transport of the
unsaturated C16:1-GM1 species from PM into the TGN after binding CTB. One possibility
was that the unsaturated GM1-CTB complex entered the LE but then was diverted to the
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TGN via the mannose-6-phosphate receptor (Man-6-PR) retrieval pathway. This pathway,
however, would not be consistent with published evidence that CT and the other ABs5 toxins
take a direct route from the early sorting endosome to the TGN, bypassing the LE (Mallard
et al., 1998). Another possibility was that CTB-induced crosslinking of C16:1-GM1 lipids
selectively affected sorting mechanisms in the endosome, facilitating sorting into the LE
pathway but having no effect on the sorting mechanism responsible for GM1 traffic to the
TGN and presumably ER.

We addressed this problem by using RNAi in A431 cells against rab9 to inhibit the LE to
TGN (Man-6-PR) pathway, and RNAI against syntaxin6 to inhibit the SE/RE to TGN
pathway (Ganley et al., 2008; Mallard et al., 1998). In cells lacking Rab9, the CTB-GM1-
C16:1 complex entered the TGN in the same amounts as in untreated cells (Figures 5A-5C).
In cells lacking Syntaxin 6, however, the complexes entered the TGN with lower efficiency
or not at all (Figures 5D — 5F). Thus, a fraction of the unsaturated CTB-C16:1-GM1
complexes trafficked directly from SE into the TGN, even though the bulk of these CTB
crosslinked-lipids were diverted to the LE after binding CTB. This result implies a sorting
step localized to the endosome that either retains GM1 lipids in the recycling system, directs
the cross-linked unsaturated C16:1-GM1 lipids retrograde towards the TGN, or directs them
towards the LE.

GM1 with unsaturated ceramides are functional toxin receptors

To examine ER transport of the CTB crosslinked lipids we used MEF-GM1~/~ cells stably
expressing Sec6la-EGFP. The cells were loaded at 10 °C with either t he Alexa568-labeled
C16:0- or C16:1-GM1 molecular species, and then treated or not treated with Alexa647-
labeled CTB, washed as described, and warmed to 37 °C for 5 h before imaging live.
Transport of the CT-GM1 complexes into the ER was measured as the fraction of cells
containing both GM1 and CTB co-localized with EGFP-Sec61a at the nuclear envelope and
in reticular structures throughout the cytosol, again as assessed independently by three
investigators. First, we found that CTB in the Sec61a compartment was always co-localized
with GM1, providing evidence that GM1 remains associated with CT all the way from PM
into the ER (Figure 6A). Second, we found that the CTB-C16:1-GM1 complexes moved
from PM into the ER much more efficiently than the CTB-C16:0-GM1 complexes (>90%
vs. <25% of cells counted, Figure 6B), exactly as predicted by the trafficking patterns of the
single lipids. We also measured ER transport of GM1 in MEF GM1~/~ cells in the absence
of CTB binding and obtained essentially the same results (Figure 6C). However, in the
absence of CTB binding, only 20% of the cells at 5 h had detectable GML1 in the ER when
loaded with the unsaturated C16:1-GM1 species, as opposed to over 90% when CTB was
bound (Figure 6B). Thus, there was a clear effect of crosslinking GM1 caused by toxin
binding that increased uptake of GM1 into the cell, or the efficiency of transport in the
retrograde pathway, or both.

We also studied MEF GM17~/~ cells loaded with GM1 species not labeled with Alexa.
Loading conditions for the unlabeled GM1 species was first defined using a horseradish
peroxidase (HRP)-labeled CTB binding assay for membrane GM1 content (Figure 6D).
Equal loading into the membrane for the GM1-C16:0 and GM1-C16:1 species was
confirmed by FACS analysis as described above (Figures S4A — S4C). These studies also
showed that the unlabeled GM1 sphingolipids integrated into the PM of MEF GM1~/~ cells
but with lower efficiency than the Alexa-labeled lipids in A431 cells (about 18% was
incorporated into the PM, Figure S4B & S4C), consistent with previous studies using native
bovine unlabeled GM1 (Saqgr et al., 1993; Scheel et al., 1985). The greater membrane uptake
for the Alexa-fluor labeled GM1 lipids may be explained by their additional charge and
greater solubility in aqueous solution.
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Trafficking of the different unlabeled GM1 species into the ER of the MEF GM17/~ cells
was measured using fluorophore-labeled CTB. Consistent with our previous results, we
found 6-fold greater efficiency for retrograde sorting of the unsaturated GM1-C16:1 species
into the ER (Figure 6E). Similar results were found for the GM1-C12:0 species (data not
shown). To confirm that these GM1 variants act as functional receptors for CT leading to
toxicity, we measured the time course of toxin-induced cAMP in the MEF-GM1~~ cells
loaded equally with the different GM1 species (Figure 6F). Only the short-chain and
unsaturated GM1 molecular species with C12:0- and C16:1-ceramides allowed for a rapid
and robust toxin-induced cAMP response (Figure 6F). MEF-GM1~/~ cells loaded with the
C16:0 or C18:0-GM1 variants responded to CT only marginally and with a dramatically
slower time-course. Thus, the unsaturated C16:1-GM1 molecular species sorts retrograde
from PM to ER by an endogenous lipid-sorting pathway. When bound to CT, it acts as a
functional receptor leading to toxicity, and cross-linking C16:1-GM1 by toxin binding does
not over-ride the influence of ceramide structure on the sorting process.

We are aware that our analysis of these results is based on the assumption that the
exogenous lipids added to A431 cells and mouse embryonic fibroblasts remained
structurally intact over the 1-5 h time course for most of our experiments. It was not
possible to test this assumption directly: despite multiple attempts, we were unable to
recover sufficient quantities of the gangliosides for structural characterization by mass
spectroscopy. On the other hand, using thin-layer chromatography we estimated the amounts
of the different Alexa-GM1 species extracted from A431 cells by fluorescence and found
that between 50-80% of each lipid species loaded into the cell was recovered intact after 4h
incubations at 37°C, with no eviden ce for partial degradation of the Alexa-labeled
gangliosides (not shown). This indicates that most of the lipid loaded into cells remained
intact over the time course of our experiments. Furthermore, there is no evidence for
degradation of ganglioside ceramide domains before the oligosaccharide head group is
cleaved in the lysosome (Luberto and Hannun, 1999). Thus we consider it unlikely that the
ceramides of the added lipids were differentially altered in the early sorting compartments
under study here and as further described below.

Mechanism of lipid sorting

How do cells distinguish between the saturated and unsaturated GM1 species, and is the
structure of the ceramide domain (molecular shape) sufficient to explain ganglioside
trafficking? We first sought evidence for GM1 sorting by lipid-phase behavior, as predicted
by the lipid raft hypothesis. A431 cells loaded with the unsaturated GM1-C16:1 isoform and
acutely depleted of cholesterol by treatment with methyl-B-cyclodextrin (MBCD) failed to
transport this GM1 species from PM into the TGN, either as a single lipid in the absence of
crosslinking, or as a CTB-GM1 complex (Figures 7A & 7B). In both cases, the unsaturated
GM1-C16:1 species still populated the RE and PM in cholesterol depleted cells (data not
shown). Celglular cholesterol was also required for sorting of the saturated C18:0-GM1
lipids, in this case for trafficking from PM into the LE (Figure 7C). Here, we found that after
cholesterol depletion the saturated C18:0-GM1 species was now retained in the RE and PM
(Figure 7C, compare left and middle panels); this was reversed by replenishing the cells with
cholesterol (Figure 7C, right panel). The fact that cholesterol depletion affected the
trafficking of both the saturated and unsaturated GM1 species, retaining them in the plasma
membrane and recycling system, suggests that a lipid-raft mechanism is involved in GM1
sorting.

We next tested for dependence on the membrane-associated cortical actin cytoskeleton,
which is implicated in lipid raft structure and function. Treatment of A431 cells with
cytochalasin D to depolymerize actin inhibited transport of the GM1 C16:1 species from PM
into the TGN (Figure 7D). The result suggests dependence on actin for GM1 sorting,
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consistent with the observed dependence on actin for trafficking of GPl-anchored proteins
by membrane nanodomains (Chadda et al., 2007; Goswami et al., 2008), and with our
previous findings that an intact actin cytoskeleton is required for CT uptake and toxicity
(Badizadegan et al., 2004).

Finally, we tested for dependence on the lipid raft associated protein flotillin-1. The flotillin
proteins are also implicated in lipid raft structure and function, and they are required for CT
transport from PM to ER and for toxicity (Saslowsky et al., 2010). We used RNAi from two
sources to suppress flotillin in A431 cells loaded with the C16:1-GM1 or C16:0-GM1
sphingolipids (Figures 7E-7K). Flotillin-depleted cells failed to transport the GM1-C16:1
species from the PM into the ER (Figures 7E & 7G, compare first and second columns) or
into the TGN (Figure 71). Flotillin depletion had a small effect on trafficking the C16:1-
GM1 lipids in the recycling system (PM and RE, Figure 7J), and no detectable effect on
delivery of this species to the LE (Figure 7K). Thus, flotillin appears to be required for
sorting the unsaturated GM1-C16:1 lipids, acting particularly at steps leading into the
retrograde ER-directed pathway.

DISCUSSION

Our results show that mammalian cells sort single GM1 sphingolipids by ceramide structure
and provide insight into the mechanisms of lipid sorting and cholera toxin action. We found
that it is the GM1 species with unsaturated ceramide chains that sort efficiently from PM to
the TGN and ER. Small amounts of GM1 species with long saturated ceramides also enter
the ER in live cells, but very inefficiently and without dependence on flotillin, suggesting a
stochastic pathway. This differential sorting of GM1 species may explain the ability of CT
to enter host cells by different endocytic pathways and to traffic into multiple intracellular
compartments (Glebov et al., 2006; Massol et al., 2004; Parton, 1994; Torgersen et al.,
2001), not all of them leading to toxicity.

In contrast to GM1, the extracellular domain, and not the lipid-anchor, dominates trafficking
of the GPI-anchored proteins (Bhagatji et al., 2009), although the structure of the glycerol-
based lipid anchor has recently been shown to affect sorting into recycling pathways (Refaei
et al., 2011). Undoubtedly, the extracellular head group of GM1 and other neighboring lipids
will also affect how the single GM1 species behave in membrane dynamics (Lingwood et
al., 2010; Sonnino et al., 2007), and ceramide structure will affect toxin binding to the
oligosaccharide head group (Arab and Lingwood, 1996; Lingwood et al., 2011). But these
aspects of GM1 function were not studied here.

Our results support major tenets of both the “molecular shape” and “lipid raft” hypotheses
for lipid sorting, which propose competing but not necessarily exclusive mechanisms.
Consistent with the molecular shape model, the unsaturated structure of the ceramide
domain in GM1 dictates efficient retrograde trafficking. This does not, however, appear to
be fully sufficient to explain GM1 sorting. We find that sorting of the unsaturated GM1
species also depends upon membrane cholesterol and the membrane associated proteins
flotillin-1 and actin, consistent with the lipid raft hypothesis for lipid trafficking (Goswami
et al., 2008; Jacobson et al., 2007; Kaiser et al., 2009; Lingwood and Simons, 2010; Sorre et
al., 2009; Tian and Baumgart, 2009). Compositional fluctuations with different phase-
character occur in cell membranes near lipid “demixing” or “miscibility critical points” and
though the nanodomains formed may be very small (50 nm) and transient (20 ms half-life)
(Eggeling et al., 2009; Heinrich et al., 2010; Honerkamp-Smith et al., 2009; Lingwood et al.,
2008; Sorre et al., 2009; Tian et al., 2009), there is good evidence they are biologically
active (Lingwood et al., 2010) and that the CT-GM1 complex can associate with them
(Baumgart et al., 2007; Lingwood et al., 2008).
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Remarkably, the unsaturated GM1 sphingolipids that sort retrograde to the ER in live cells
partition predominantly into Lq phases of GUVs when cross-linked by CTB. This behavior
in GUVs does not typify the lipids predicted to associate with lipid rafts and suggests that
the way membrane lipids assemble into nanodomains of live cells may be more diverse than
currently hypothesized. Perhaps in live cell membranes with complex lipid and protein
compositions, lipid rafts can be structured to accommodate the unsaturated GM1 species,
either by direct or indirect protein-lipid binding. Flotillin could be one such protein. It is also
interesting to consider that the unsaturated GM1 species may allow for dynamic phase
segregations in membranes with miscibility critical points that change during the process of
vesicular trafficking (a feature perhaps unavailable to the saturated GML1 lipids). Our results
in cholesterol-depleted cells suggest such phase segregations may occur in the sorting
endosome.

We also note that CT will likely bind multiple GM1 species in the same cell membrane,
unless the toxin can discriminate between GM1 with different ceramides as for Shiga toxin
binding /n vitroto the globoside Gb3 (Arab and Lingwood, 1996). Our results, however,
predict that CT binding to mostly long saturated GM1 ceramides would inhibit retrograde
trafficking and render the cell resistant to intoxication.

The identification of the GM1 species with unsaturated ceramides as physiologic receptors
for trafficking CT was not fully expected, as the closely related Shiga toxin and the SV40
virus require binding to glycosphingolipids with long saturated ceramide domains to travel
from PM to ER and induce toxicity (Ewers et al., 2010; Raa et al., 2009; Sandvig et al.,
1994). Unlike CT, however, Shiga toxin and SV40 virus have the potential to scaffold a
greater number of glycosphingolipid receptors together (360 GM1 and 15 Gb3 molecules
respectively) (Ewers et al., 2010; Johannes and Mayor, 2010; Romer et al., 2007; Romer et
al., 2010), and this could induce distinct mechanisms of lipid sorting unavailable to CT. A
recent study shows that retrograde sorting depends critically on Shiga toxin binding not only
to glycosphingolipid, but also to the endosomal membrane protein GPP130 (Mukhopadhyay
and Linstedt, 2012). Perhaps once in the TGN, the long saturated ceramide domain of the
toxin’s receptor Gh3 facilitates this interaction. No such dependence on GPP130 was found
for CT (Mukhopadhyay and Linstedt, 2012).

On the other hand, there is evidence from studies on Shiga toxin (Romer et al., 2007) that
anticipate sorting by glycosphingolipid receptors with unsaturated ceramide domains. Upon
binding to the unsaturated species of Gb3 in model membranes, Shiga toxin spontaneously
induces highly curved tubules (Romer et al., 2007). CT binding to GM1 in model
membranes also induces spontaneous membrane curvature and tubule formation (Heinrich et
al., 2010; Sorre et al., 2009; Tian et al., 2009). Thus, aside from any effect on phase
partitioning, the spontaneous curvature induced by toxin binding to GM1, perhaps amplified
by binding to the unsaturated GM1 species (as for Shiga toxin binding Gb3), may /n vivo
allow for partitioning of the CT-GM1 complex into sorting tubules required for retrograde
transport. This could account for the increased ER transport of GM1 induced by toxin
binding. Toxin binding to the unsaturated GM1 species may also activate intracellular
signaling pathways that enhance uptake and trafficking, as for Shiga toxin (Torgersen et al.,
2001). Either mechanism of action could underlie how the CTB-subunit, and the other ABs
toxins, evolved as essentially pentameric structures.

Our findings, we believe, can be generalized to explain the pathogenesis of disease induced
by V. cholerae, as intestinal cells express a number of different GM1 species with ceramide
acyl chains of C24:0, C24:1, C16:0, and C16:1 predominating (Lencer and Costello,
unpublished data). In this study, we focused on the C16:1 and C16:0 variants, but our results
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show the C18:1 molecular species behave in the same way, suggesting a general rule for
sphingolipid transport in the retrograde pathways.

Based on our results, we propose the following model for GM1 sorting (see Graphic
Abstract). In the absence of CT, the GM1 species with unsaturated ceramides continuously
recycle between the PM and early SE and RE with a fraction constitutively captured by
actin-, flotillin-, and cholesterol-dependent nanodomains for retrograde transport to the TGN
and ER. The long chain saturated GM1 isoforms also enter the early SE but are efficiently
sorted to the LE. Thus, CT co-opts an endogenous unsaturated-sphingolipid and flotilin-
dependent pathway to intoxicate host cells. While crosslinking GM1 by toxin binding
enhances retrograde transport (Wolf et al., 2008), it is not required. Surprisingly, the major
effect of CT binding on GM1 trafficking is to cluster the recycling GM1 species, driving
most of them into the degradative LE and lysosome.

List of Materials is in the Supplemental Experimental Procedures.

Imaging and Quantitative analysis of GUVs

GUVs were prepared and imaged as previously described (Tian et al., 2009). The phase
partition for GM1-CTB-A488 complex in GUVs (Figure 1C) was determined by
quantitative image analysis through ImageJ (National Institute of Health, Bethesda, MD).
Further details in Supplemental Experimental Procedures.

FRAP Measurements

A431 cells were plated on coverslips or MatTek chambers and fluorophore-labeled GM1
isoforms were added at 0.5-2.0 .M concentrations at 10°C to load the plasma membranes.
Alternatively, cells were incubated for 5 minutes at room temperature with 100 nM of
Alexa555-CTxB or 2.5 pg/ml DilCyg (both obtained from Invitrogen, Carlsbad, CA). Cells
were then washed and confocal FRAP experiments were carried out on a Zeiss LSM 510
confocal microscope (Carl Zeiss Microlmaging, Inc., Thornwood, NY) at 37° C as described
in the Supplementary materials. FRAP data were collected for at least three independent
experiments.

Cell Culture and siRNA Knockdown

Human epithelial A431 cells were from the American Tissue Culture Collection (ATCC,
VA). Mouse embryonic fibroblasts (MEFs) lacking GM1 ganglioside were generated from
mouse cell lines genetically knocked out for the GM2/GD2 synthase gene. Cells were grown
and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% FBS
with penicillin and streptomycin. Stable A431 cell lines expressing EGFP fusion constructs
for Rab5, Rab7, Rab11 and Golgin97 were generated by transfection with
Lipofectamine2000 reagent (Life Technologies, CA) followed by selection in G418
antibiotic and single-cell cloning. For siRNA knockdown in A431 cells, sSiRNAs against
syntaxin6, rab9 (Life Technologies, CA) and flotillin-1 (Santa Cruz, CA or Thermo, CO)
were transfected into cells plated on coverslips and used for experiments 48—72 hours later.
See Supplemental Experimental Procedures.

Synthesis of GM1 Fatty Acyl and Fluorophore-Labeled Isoforms

Synthesis and labeling of GM1 containing different fatty acids is described in Supplemental
Experimental Procedures.
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Live Cell Imaging

Stable A431 cells were plated on coverslips and fluorophore-labeled GM1 isoforms were
added at 0.5-2.0 M concentrations at 10°C to load the plasma membranes. Cells were
allowed to warm up to 37°C to allow for endocytosis and reach steady-state. 40 nM CTB
(Merck, Germany) in HBSS was added in some experiments prior to warming for 90
minutes. Cells were imaged live using a Zeiss Spinning Disk Confocal microscope and data
captured and analyzed with Slidebook software (Intelligent Imaging Innovations, CO).
Colocalization to EGFP-labeled endosomes/organelles was quantified using Manders and
Pearson’s Coefficients (My and Rr respectively) as detailed in Supplemental Experimental
Procedures. In all cases, except for analysis of GM1 distribution among endosomes in the
absence of CTB binding (Figure 2A), the My and Rr results are internally consistent.

Normalization of GM1 Plasma Membrane Loading

MEF-GM1~~ cells were plated in 96-well plates and incubated with varying concentrations
of GM1 isoforms to label the plasma membrane at 10 °C. Horse radish peroxidase-
conjugated CTB (20 nM) was then added to bind GM1 loaded on cells. Cell membranes
were lysed in detergent-containing buffer and the peroxidase signal in the lysates was
measured using a colorimetric method. See Supplemental Experimental Procedures for
details.

Cholesterol Depletion Studies

A431 cells were plated onto coverslips in 6-well plates and treated with 5 mM MBCD in
HBSS for 1 hour at 37 °C to acutely deplete of membranes of cholesterol. Cells were
washed then chilled to 10 °C followed by loading with fluorescent GM1 isoforms in HBSS
for 30 minutes. Cells were either not treated, or treated with 40 nM CTB at 37 °C for 90
minutes then imaged by confocal microscopy as explained above.

Actin Depolymerization Studies

A431 cells plated as above were pre-treated with 20 wM cytochalasin D in Opti-MEM for
30 minutes. Cells were then chilled to 10 °C and Alexa GM1 complexes in HBSS containing
20 iM cytochalasin D were added to load the membranes for 1 hour. After washing, cells
were warmed up to 37 °C in Opti-MEM containing cytochalasin D and imaged after 75 — 90
minutes by confocal microscopy.

Measurement of Intracellular cAMP Levels

Intracellular cAMP in MEF-GM1~/~ cells treated with CT for 15, 30, 45, or 60 minutes was
measured using an EIA cAMP kit (GE Biosciences, NJ) as described previously (Saslowsky
etal., 2010).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1. GM1 with different ceramide domains partition into Ly or L regions of artificial
membranes

A: Structures of GM1 synthesized, Alexa Fluors used and site of conjugation to sialic acid.
See also Supplemental Figure S1 and Table S1.

B: Confocal equatorial images of GUVs with DOPC:Chol:DPPC compositions 1 or 3 (Panel
c) show different phase partitioning of GM1-CTB complexes, TR-DHPE (red, marking Lq)
and GM1-CTB-Alexa488 (green). Left GUV-composition-1: CTB-C16:1 GM1 complex
shows L4 phase preference. Middle (top) GUV-composition-1: CTB-C12:0 GM1 complex
shows variable phase partitioning. Middle (bottom) GUV-composition-3: CTB-C12:0 GM1
complex shows L, phase preference. Right GUV-composition-1: CTB-C18:0 GM1 complex
shows L, phase preference. Bar = 10 pm.

C: Phase partitioning of Alexa-labeled GM1 and crosslinked GM1-CTB-A488 complexes in
GUVs of different lipid cholesterol compositions. When variable, the ratios for the number
of vesicles with the observed phases are shown in the parentheses.

D: Partial ternary phase diagram showing the five GUV lipid-compositions used in these
studies. The gray scale line shows the approximate position of a phase coexistence boundary
(Tian et al., 2009; Veatch and Keller, 2003) and referencing the domain area fraction of the
L4 phase, which decreases with increasing DPPC content (Tian et al., 2009).

E: Schematic of endocytic and retrograde pathways and EGFP-fusion proteins used to mark
the indicated compartments.

F: Confocal FRAP of the different Alexa-labeled GM1 species introduced into A431 cells.
All GM1 variants (containing fatty acids: C12:0 — orange line, C16:0 — purple line, C16:1 —
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black line, C18:0 green-line) displayed D values of approximately 1.3 um?/s nearly equal to
that of an established lipid probe, DilC1g (~1.87um?/s, blue line). Alexa-555 CTB (red line)
diffused substantially slower (D ~ 0.08 um?/s).

See also Figure S1.
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Figure 2. Intracellular distribution of the different GM 1 species

A,B: Confocal images of live A431 cells stably expressing EGFP fusion proteins as
indicated (Figure 1E). Cells were imaged 50-60 minutes after loading with Alexa-labeled
1.6 M C16:1- or 2.0 pM C16:0- GM1 molecular species (A), and 1.0 uM C12:0, 2.0 pM
C18:0 and C18:1 Alexa-GM1 variants (B). Inverted grayscale images of selected areas
(dotted box) for individual fluorescence channels are shown to the right of the merged
images. Histograms (far right) show quantitation of GM1 localized to the respective
compartment using Manders (My), or Pearson’s (Rr) coefficients for at least 3 independent
experiments. Each dot represents a correlation coefficient calculated from a single field of
view containing 2 — 3 cells on average. Overall brightness of the red channels in (B) images
was enhanced to better visualize TGN signals.

C: As for panels (A) and (B) using Golgin97-EGFP expressing cells pretreated, or not with
10 uM Brefeldin A followed by uptake for 60 minutes of Alexa-labeled C12:0-GM1.
Fraction of lipid signal in the TGN were My = 0.088 for untreated versus My = 0.007 for
Brefeldin A —treated cells. N = 26 cells analyzed per treatment.

D: As for panels (A) and (B) using cells loaded with short chain (C12:0) or long chain
(C18:0) Alexa-GM1 and imaged after 5 minutes uptake. The fraction of total lipid in the
Rab5 compartment at this time point were 0.07 for C12:0-GM1 and 0.11 for C18:0-GM1. N
=45 cells analyzed per treatment. Scale bars = 10 pm.

See also Figure S2.
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Figure 3. GM 1 isoformswith unsaturated acyl chains move efficiently from PM to ER

A: Confocal images of live A431 cells expressing Sec61-EGFP and incubated 18 hours with
Alexa568-labeled C16:0- or C16:1-GM1 isoforms. Arrows and dotted line indicate nuclear
envelope/ER.

B: Quantification of three independent experiments shown in panel A. (mean = SEM)

See also Figure S3.
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Figure 4. Effect of crosslinking GM 1 by bindingto CTB

A: A431 cells loaded with C16:1-GM1 and incubated with or without 40 nM CTB (Right
and Left panels respectively). Scale bars = 10 pm.

B: Same as in panel (A) using A431 cells loaded with Alexa C16:0-GM1.

C-E: Histograms quantitating the colocalization (M,) of the C16:1- and C16:0-GM1
molecular species with Rab11a, Rab7 and Golgin97 compartments in cells treated with CTB
(filled triangles) or with no toxin (open circles).

F: C16:1-GM1 Alexa568 loaded MEF-GM1~/~ cells transiently expressing Rabl1a (upper
panels) and Golgin97-EGFP (lower panels) treated with 40 nM CTB or without toxin.

G: C16:0-GM1 loaded MEF-GM1~/~ cells and treated as in (F).

H and I: Histograms quantitating the colocalization of the C16:1- and C16:0-GM1 isoforms
with Rabl11a and Golgin97 compartments as indicated. Open circles (no toxin) and filled
triangles (plus CTB) as in Panels (C & D). N = 2 independent experiments. Scale bars = 10

pm.
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Figure5. The CT-GM 1 complex moves from the SE/RE directly tothe TGN

A: A431 cells expressing Golgin97-EGFP and transfected with Rab9 siRNA (right), or
controls (left), before incubations with Alexa-labeled C16:1-GM1 and CTB. Inverted
grayscale images of selected areas (dotted box) for each channel shown below.

B: Histograms quantitating the colocalization of the Alexa GM1-C16:1 complex with
Golgin97 in cells transfected with Rab9 siRNA (closed circles), or in controls (open circles).
C: Immunoblots of cell lysates probed with mouse anti-Rab9 antibody (upper panel) or with
mouse anti-p-actin (lower panel).

D: A431 cells transfected with Stx6 siRNA (right), or controls (left) and treated as in (A).
E: Histograms quantitating the colocalization of Alexa C16:1 GM1 with Golgin97 in cells
transfected with syntaxin6 (Stx6) siRNA as in (D).

F: Immunoblots probed with mouse anti-Stx6 antibody (upper panel) or with mouse anti-f-
actin (lower panel).
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Figure 6. Crosslinked unsaturated acyl chainstraffic retrograde more efficiently to the ER

A: Confocal images of Alexa-labeled C16-GM1 isoforms (3.2 uM C16:1-GM1, or 4.0 pM
C16:0-GM1) in MEF-GM1~/~ cells after 5 hour incubation with 40 nM CTB-A647. Inverted
grayscale images of Sec61a-EGFP for the entire cell (far Left, bar = 10um), 3-color merge
and grayscale images of the individual channels (right panels, bar = 10m).

B: Fraction of MEF-GM1~/~ cells showing Sec61/ER colocalization for Alexa-labeled
C16:1 and C16:0 following CTB treatment for 5 hours. n = 112 and 83 cells counted
respectively.

C: Experiments performed as in (B) but with no CTB crosslinking.

D: Doses probed for each unlabeled GM1 isoform incorporated into the PM of MEF-
GM17/~ cells as measured by enzymatic assay for surface-bound CTB-HRP conjugate. Cells
were incubated with 20 nM CTB-HRP to label the PM at 4°C. Filled-bars indicate the
conditions used in subsequent studies to load cells equally (red dotted line). (mean £ SEM,
N =3)

E: Fraction of MEF-GM1~/~ cells showing Sec61/ER colocalization for unlabeled C16-
GM1 variants following 20 nM CTB-Alexa594 treatment for 5 hours.

F: Time course of toxin-induced intracellular cAMP production in MEF-GM1~~ cells.
(mean £ SEM, N = 3)

Bar graphs in B, C & E show mean £ SEM for N = 3 independent scores.

See also Figure S4.
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Figure 7. Retrograde trafficking for the unsaturated C16:1-GM 1 species depends on cholesterol,
actin and flotillin-1

A: A431 cells expressing Golgin97-EGFP were depleted of membrane cholesterol with 5
mM MBCD (bottom panels), or not treated (top panels) and loaded with Alexa-labeled
C16:1-GM1 followed by treatment with 40 nM CTB.

B: Histogram quantitating the colocalization of C16:1-GM1 with Golgin97 in cholesterol
depleted (right columns), or control (left columns) cells treated or not with CTB. Each data
point represents a field of view containing 2-3 cells on average.

C: Alexa568 C18:0-GM1 was loaded into A431 cells expressing Rab11-EGFP that were
untreated (left panel — My = 0.05) or treated with MBCD (middle panel - My = 0.13). Panel
to right shows cholesterol depleted cells repleted with cholesterol My = 0.05. N = 43 cells
analyzed per treatment.
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D: Histograms quantitating the fraction of C16:1-GM1 colocalizing with the TGN in
Golgin97 — expressing A431 cells pre-treated with 20 .M cytochalasin D to depolymerize
actin.

E: Fraction of A431 cells with C16:1 or C16:0 Alexa GM1 colocalized in Sec61-EGFP ER/
nuclear envelope. Cells transfected with flotillin-1 siRNA and control siRNA were studied
and scored by three investigators blinded to treatment groups.

F: Representative immunoblot probed with mouse antibody against flotillin-1 or -actin in
A431 cell lysates.

G & H:same as in panels (E) and (F) using siRNA against flotillin-1 obtained from a
different source.

| —K: Histograms quantitating colocalization of the C16:1 Alexa-GM1 isoform with
Golgin97 (1), Rabl1la (J) and Rab7 (K) in cells transfected with Flotillin1 siRNA (open
circles), or untransfected controls (closed circles).

(Bar graphs show mean = SEM, N = 3 independent scores.)
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