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Background: Mechanisms for intracellular lipid sorting remain poorly understood.

Results: Polarized epithelial cells sort ganglioside GM1, the receptor for cholera toxin, into distinct retrograde and transcytotic
pathways, provided that GM1 contains ceramide domains with short or unsaturated fatty acid chains.

Conclusion: Sphingolipid sorting depends on ceramide structure, implicating a mechanism for lipid sorting by lipid shape.
Significance: The results identify a lipid-sorting pathway across epithelial barriers with clinical applications.

Cholera toxin causes diarrheal disease by binding ganglioside
GM1 on the apical membrane of polarized intestinal epithelial
cells and trafficking retrograde through sorting endosomes, the
trans-Golgi network (TGN), and into the endoplasmic reticu-
lum. A fraction of toxin also moves from endosomes across the
cell to the basolateral plasma membrane by transcytosis, thus
breeching the intestinal barrier. Here we find that sorting of
cholera toxin into this transcytotic pathway bypasses retrograde
transport to the TGN. We also find that GM1 sphingolipids can
traffic from apical to basolateral membranes by transcytosis in
the absence of toxin binding but only if the GM1 species contain
cis-unsaturated or short acyl chains in the ceramide domain. We
found previously that the same GM1 species are needed to effi-
ciently traffic retrograde into the TGN and endoplasmic reticu-
lum and into the recycling endosome, implicating a shared
mechanism of action for sorting by lipid shape among these
pathways.

Cholera toxin (CT)? secreted by Vibrio cholerae typifies the
structure and function of AB; subunit toxins that intoxicate
host cells by moving retrograde from the cell surface through
endosomes and the trans-Golgi network (TGN) into the endo-
plasmic reticulum (ER). For CT, this requires binding of its B
subunit to the ganglioside receptor GM1, which acts as the
vehicle for retrograde trafficking into the TGN and ER (1).
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Once in the ER, a portion of the A subunit is unfolded and
retrotranslocated to the cytosol to induce toxicity. The penta-
meric structure of the CT B subunit allows for binding of five
GM1 molecules simultaneously. Such cross-linking of GM1
affects trafficking of the CT-GM1 complex, enhancing the effi-
ciency of retrograde transport and the induction of disease
(1-3).

In nature, V. cholerae colonizes the intestine, and CT enters
the host through the apical membrane of polarized epithelial
cells that line the intestinal lumen. These cells form the robust
but delicate single-cell barrier against passive diffusion of small
and large solutes, macromolecular complexes, and microor-
ganisms, essential for intestinal function and host defense. In
studying how CT enters the apical membrane of polarized epi-
thelia, we found that, in addition to retrograde transport, bind-
ing to GM1 also allows CT to cross the epithelial cells from the
apical to the basolateral surface by transcytosis (4), thus en-
abling CT to breach the intestinal barrier as an intact protein. In
principle, the CT-GM1 complex could traffic across polarized
cells by virtue of its ability to efficiently sort retrograde into the
TGN and ER, from where it could move to the contralateral cell
surface within anterograde transport vesicles of the secretory
pathway that normally emerge from these compartments. We
have found evidence for and against this hypothesis (4, 5).

Almost nothing is known about the itinerary or mechanism
of membrane sorting in the absorptive basolaterally directed
transcytotic pathway. The Fcvy receptor FcRn is the only other
known membrane receptor that moves cargo efficiently from
apical to basolateral membranes by transcytosis (6). Although a
key sorting step appears to occur in the common sorting endo-
some of polarized cells (7, 8), how FcRn sorts IgG into the tran-
scytotic pathway remains poorly understood. In polarized cells,
the common endosome functions in many ways like the sorting
endosome of non-polarized cells (9). It receives membrane and
fluid-phase cargo internalized from both apical and basolateral
cell surfaces and distributes cargo among the recycling, retro-
grade, and (uniquely to polarized cells) transcytotic pathways.
The common endosome also delivers cargo to the lysosome by
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active (ESCRT, endosomal sorting complex required for trans-
port) or passive retention within the maturing endosome (10,
11).

Here we elucidate the intracellular itinerary for transcytosis
of CT across polarized epithelial cells grown in monolayer cul-
ture. We used a mutant toxin (CTB-GS) containing N-glycosyl-
ation and tyrosine-sulfation motifs to report on retrograde
transit through the TGN and ER, respectively (12), and selective
biotinylation of basolateral cell surface proteins to track the
fraction of toxin crossing the cell by transcytosis. We found that
the retrograde and transcytotic pathways do not intersect,
implicating distinct itineraries and the early/common endo-
some as the site for GM1 lipid sorting. We also found that
efficient sorting of GM1 into the transcytotic pathway does not
require cross-linking by toxin binding, providing that the GM1
species contain cis-unsaturated or short acyl chains in the cer-
amide domain.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—CT was obtained from Calbio-
chem, and CT-GS was as described (12). Polyclonal rabbit anti-
CTB was as described (5). HRP-conjugated secondary antibod-
ies and sulfo-NHS-biotin were from Thermo Scientific.
Radioactive *°S was from PerkinElmer Life Sciences. Polarized
monolayers of T84 and MDCK II cells were cultured on 0.33 or
5 cm? polyester Transwell® inserts (Corning) as described pre-
viously (4).

TGN/ER Trafficking Assay and Selective Cell Surface Biotin-
ylation—A mutant CT (CT-GS) harboring sulfation and glyco-
sylation motifs appended to the C terminus of CTB has been
described previously (12). Basolateral or apical surfaces of
polarized T84 monolayers were selectively biotinylated as
described (4).

Immunoprecipitation and Affinity Precipitation—Transwell
filters were excised into lysis buffer (20 mm Tris (pH = 8), 150
mM NaCl, 5 mm EDTA, 20 mm triethanolamine, 0.5% SDS, 0.2%
BSA, and complete protease (Roche)), heated at 100 °C for 10
min, and diluted to accommodate immunoprecipitation (IP). IP
of CTB was as described before (13), and some samples were
then affinity-purified of biotin conjugates using NeutrAvidin®-
agarose (Thermo Scientific). SDS-PAGE, Western blot analy-
sis, and phosphorimaging was as described (13).

GM1 Lipid Synthesis and Alexa Fluor Labeling—GM]1 spe-
cies were covalently labeled with Alexa Fluor 568 (Invitrogen)
and purified by HPLC as described previously (1).

Transcytosis Conditions—High electrical resistance T84
monolayers or MDCK II cells were washed in Hanks’ balanced
salt solution (HBSS) (pH = 7.4) for all experiments. For Alexa
Fluor-conjugated GM1 experiments, apical surfaces of invert-
ed-grown monolayers were equilibrated for 15 min at 10 °C
with HBSS containing 0.034% defatted BSA and then incubated
apically with either 1.2 um C16:1, 2 um C16:0, or 0.8 um C12:0
Alexa Fluor-labeled GM1 (in HBSS + 0.034% defatted BSA) for
1 hat 10 °C. Monolayers were then warmed to 37 °C or kept at
4.°C for 2 h for MDCK II and 3 h for T84 cells, washed in HBSS,
and imaged live by confocal microscopy as described below.

Biochemical Quantitation of GM1 Transcytosis—MDCK II
monolayers grown on 12-well inserts were incubated with unla-
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beled GM1 species as above (1.2 um C16:1 or 2 um C16:0; con-
tinuous incubation during the 2-h 4.°C or 37 °C step). Some
monolayers were treated with 10 um BFA for 20 min prior to
and during apical GM1 incubation. Monolayers were returned
to 4 °C and incubated basolaterally with 10 nm CTB for 30 min
on ice. After extensive washing, monolayers were lysed (2 filters
combined/sample), and CTB was immunoprecipitated as
before (5), separated by SDS-PAGE, detected by immunoblot
analysis, and then bands were quantified using a ChemiDoc
XRS™ imaging system (Bio-Rad).

Measurement of PM GM1I1 Loading—Apical surfaces were
equilibrated at 10 °C with HBSS/0.034% BSA. Monolayers were
incubated apically with either 1.2 um C16:1 or 2 um C16:0 Alexa
Fluor-labeled GM1 in HBSS/BSA for 1 h at 10 °C, washed, incu-
bated apically = 0.25% trypsin on ice for 5 min, washed, and
then inserts were excised into 100-pul, 37 °C radioimmune pre-
cipitation assay buffer for 10 min (25 mm Tris-HCI (pH 7.4), 150
mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1%
SDS). Lysates were spun at 6000 X g for 20 min, and superna-
tant fluorescence was measured using a FLUOstar Omega plate
reader (excitation, 544 nm; emission, 620 nm; BMG Labtech).

Fluorescence Microscopy—Confocal images were collected
using either a Nikon PlanApo X100 (1.4 numerical aperture) or
a PlanFluor X40 (1.3 numerical aperture) lens on a Nikon
TE2000 inverted microscope coupled to a PerkinElmer spin-
ning disk confocal unit and an Orca AG cooled charge-coupled
device camera (Hamamatsu Photonics K.K.). Slidebook soft-
ware (Intelligent Imaging Innovations, Inc.) was used for image
capture and processing.

RESULTS

To define the intracellular itinerary of CT during transcyto-
sis, we applied CTB-GS to apical surfaces of intestinal T84 cell
monolayers preincubated with **S-sulfate (13, 14). After 2 h,
the monolayers were cooled to 4 °C, washed extensively, and
basolateral membrane and membrane-associated proteins
were selectively tagged with biotin as described previously
(4). CTB-GS was then either immunoprecipitated from total
cell lysates using an anti-CTB antibody (Fig. 1, A and B, lane I)
or double affinity-purified by immunoprecipitation followed by
“pull-down” with avidin-coupled beads to isolate the fraction of
CTB-GS that had been transcytosed, as evidenced by the biotin
tag (Fig. 1, A and B, lane 2). Both fractions were analyzed by
SDS-PAGE followed by immunoblot analysis (Fig. 14) and
autoradiography (B) to quantify the fraction of 3°S-sulfate-la-
beled toxin that had transited through the TGN and ER.

Equal amounts of CTB-GS were loaded for analysis (Fig. 14,
uppermost band in lanes 1 and 2). A fraction of total cell-asso-
ciated CTB-GS was **S-radiolabeled, indicating transit through
the TGN (Fig. 1B, lane 1, lower band) or through the TGN and
ER (upper band marked by asterisk, representing N-glycosyla-
tion of the CT B subunit as described (14)). No **S-radiolabeled
toxin, however, was detected in the transcytosed fraction of
CTB-GS that was tagged with biotin on the basolateral mem-
brane (Fig. 1B, lane 2). Transport to the basolateral membrane
did not occur by paracellular diffusion because no basolaterally
biotinylated CTB-GS was detected in control monolayers incu-
bated continuously at 4 °C and studied in parallel (Fig. 1C). We
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FIGURE 1. Sorting of CT into the transcytotic pathway bypasses retro-
grade transport to the TGN and ER. A-D, polarized T84 monolayers were
incubated apically with 10 nm CT-GS for 2 h at 37 °C prior to biotinylation of
the basolateral surfaces. Total toxin was immunoprecipitated from cell
lysates and either analyzed directly (IP only, captures all CT-GS) or subjected to
an additional avidin affinity purification step (IP + avidin, captures only baso-
lateral CT-GS). To achieve similar CTB-GS levels between the total and baso-
lateral pools, 7-fold more cells were used for the IP + avidin samples. 10% of
each sample was analyzed by SDS-PAGE and immunoblot analysis using anti-
CTB (A), with the remainder being separated by SDS-PAGE and analyzed by
autoradiography (B). Pure CT-GS is indicated (standard), and crude lysates
were separated by SDS-PAGE and probed with an antibody against B-actin as
aloading control (A, C, and D, lower panels). The asterisk in B denotes a higher
molecular weight glycosylated CTB-GS band. C, T84 monolayers were treated
asin A, except cells were not pretreated with 3°S-sulfate, and some cells were
held at 4 °C during the 2-h apical toxin incubation. Basolateral CT-GS fractions
(IP + avidin) were immunoblotted using anti-CTB. D, as in C, except cells were
incubated with either buffer or 10 um BFA for 20 min prior to apical exposure
to 10 nm CT-GS for 2 h at 37 °C. Data are representative of three independent
experiments for A-C and two independent experiments for D.

also found that blockade of retrograde trafficking to and from
the ER by pretreatment of cells with brefeldin A (BFA) failed to
block transcytosis of CTB-GS (Fig. 1D and Ref. 4). Transcytosis
of CTB-GS was slightly enhanced by BFA, as we observed pre-
viously (4), which may indicate greater amounts of CTB avail-
able within the early sorting endosomes for entry into the tran-
scytotic pathway because of the block in retrograde transport.
Thus, the fraction of CTB-GS that crosses the cell by apical-to-
basolateral transcytosis does not enter the TGN or ER en route
to the basolateral membrane. The result implicates the “com-
mon endosome” (8,9, 15) as the site for sorting between the two
pathways.

We found recently that the structure of the ceramide domain
of GM1, thelipid portion of GM1 anchoring the molecule in the
membrane, dictates the efficiency of its trafficking in the retro-
grade pathways from PM to the TGN and ER in the absence of
cross-linking by CTB (1). To test whether transcytosis of GM1
is also independent of toxin cross-linking and to test whether
the ceramide structure of GM1 affects sorting into the transcy-
totic pathway, we used the same GM1 species employed in our
earlier studies. Briefly, distinct GM1 lipids were synthesized to
contain ceramide domains differing only in the structure of
their acyl chains (C12:0, C16:0, or C16:1) and with Alexa Fluor
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568 attached to the extracellular oligosaccharide head group
(1). Each of these Alexa Fluor-labeled GM1 species were intro-
duced into apical membranes of either polarized canine kidney
MDCK or human intestinal T84 monolayers and analyzed in
live cells for transcytosis to the basolateral membrane by con-
focal microscopy.

We found that by 2 h at 37 °C, the Alexa Fluor-labeled GM1
species harboring a single cis-unsaturated 16-carbon acyl chain
in the ceramide domain (C16:1-GM1) was transported from
the apical to the basolateral membranes (Fig. 2, D and E). No
basolateral membrane localization was detected in control
monolayers incubated at 4 °C (Fig. 2, J and K), indicating that
transcellular GM1 transport was by transcytosis and not para-
cellular diffusion. In contrast to C16:1-GM1, a much smaller
amount of the GM1 species containing saturated C16:0 acyl
chains was transported to the basolateral surface (Fig. 2, G and
H), although comparable levels of the two sphingolipids were
initially incorporated into the apical PM, as assessed by bio-
chemistry and microscopy (B, C, F, and I). Similar results were
obtained when C16:1-GM1 and C16:0-GM1 species were
applied to intestinal T84 monolayers, although transepithelial
transport in T84 cells was often weaker than in MDCK cells and
typically required longer incubation times for detection (Fig. 2,
L—-N). GM1 species with a short C12:0 ceramide chain were
rapidly and greatly transported across T84 monolayers, sug-
gesting that this short-acyl chain ceramide sorts more effi-
ciently into the transcytotic pathway than either C16:1-GM1 or
C16:0-GM1 (Fig. 20).

To quantify the relative amount of apical-to-basolateral tran-
scytosis for the different GM1 species, we measured the binding
of CTB to basolateral membranes of MDCK monolayers, as
assessed by immunoblot analysis (Fig. 3). Although indirect,
this method is the most accurate means to gauge GM1 levels in
only the basolateral PM. MDCK II cells not treated apically with
exogenous GM1 had very low levels of CTB bound to basolat-
eral membranes, indicative of low levels of endogenous GM1
(Fig. 3, BSA only, lane 3). Monolayers treated apically with
either C16:1-GM1 or C16:0-GM1 species and incubated at 4 °C
had weak signals for CTB binding to basolateral membranes,
only slightly above BSA control background levels and perhaps
indicative of a small paracellular leak (Fig. 3, lanes I and 2).
Monolayers incubated apically for 2 h at 37 °C with the C16:1-
GM1 species, however, had strong signals for CTB binding to
basolateral membranes (Fig. 3, lane 5). This was enhanced
(~40%) by pretreating the cells with BFA (Fig. 3, lane 6), con-
sistent with our results for transcytosis of CTB-GS across intes-
tinal T84 monolayers (Fig. 1D). In contrast, monolayers incu-
bated apically with the C16:0-GM1 species displayed much less
GML1 transport, binding over 3-fold less CTB on basolateral
membranes when compared with monolayers treated with the
C16:1-GM1 species (Fig. 3, compare lanes 4 and 5). Thus, GM1
containing C16:1 unsaturated fatty acids trafficked across
MDCK monolayers more efficiently than the GM1 species with
C16:0 ceramide domains, consistent with our previous results
obtained by microscopy (Fig. 3). These results implicate a sort-
ing mechanism dependent upon lipid shape (1).

In the retrograde pathway from PM to ER, sorting of GM1
depends on the lipid raft-associated protein flotillin (14). To
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FIGURE 2. Polarized epithelial cells sort GM1 gangliosides into the basolaterally directed transcytotic pathway on the basis of the structure of the
ceramide domain. A, schematic of GM1 structures. B, cell lysates of MDCK monolayers preincubated with the indicated Alexa Fluor-labeled GM1 species were
measured by fluorimetry and reported as arbitrary units (AU) of fluorescence (= S.E.). The number of monolayers/condition is indicated at the column base.
C-0, polarized epithelial monolayers were incubated apically with the indicated fluorophore-labeled GM1 species at 10 °Cfor 1 h, shifted to either 37 °Cor 4 °C
for the times indicated below, and imaged live by confocal microscopy. C-K, MDCK monolayers were incubated for 2 h at the indicated temperatures and
imaged at the indicated Z plane (small panels above D and G show X-Z reconstructions). Zoomed images (E, H, and K) are from insets in D, G, and J. L-O, T84
monolayers were incubated apically with the indicated GM1 species for 3 h at the temperatures shown. Main panels in L-N are X-Y optical sections imaged 2 um
up from the basolateral support, and small panels at the top and left are X-Z and Y-Z reconstructions, respectively. O, T84 monolayers were incubated with Alexa
Fluor-conjugated C12:0-GM1 at the indicated temperature and imaged 2 um up from the basolateral support. Arrowheads indicate basolateral membrane
labelingin E, L, and O. Scale bars = 10 um. Data are representative of three independent experiments for Band O and at least six independent experiments for

C-N.

test whether flotillin also operates in the transcytotic pathway,
we used polarized T84 cell monolayers stably expressing
shRNA against flotillin 1 and with > 85% depletion of the pro-
tein. T84 monolayers expressing a non-targeting shRNA were
used as controls. To assess the retrograde pathway from PM to
ER, we measured CT-induced toxicity, which is fully dependent
on the transport of toxin into the ER for retrotranslocation of
the CT Al chain to the cytosol. In contrast to the ~85%
decrease in retrograde ER transport observed in non-polarized
monkey Cos-1 cells (14), stable flotillin depletion in intestinal
T84 cells caused only a small block in CT-induced toxicity
(~35% decrease). Flotillin 1 depletion had no detectable effect
on transcytosis of C16:1-GM1 or C16:0-GM1, as assessed by
confocal microscopy (not shown), suggesting that flotillin may
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not be involved. It is possible, however, that flotillin depletion
has a small effect on sorting GM1 into the transcytosis pathway
that is below detection by our methods.

DISCUSSION

The results of these studies show that, in polarized epithelial
cells, sorting of GM1 gangliosides into the basolaterally
directed transcytotic pathway is, at least in part, on the basis of
the structure of the ceramide domain. Cross-linking multiple
GM1 molecules together by the CT B subunit is not necessary
for GM1 transcytosis, indicating an endogenous pathway of
sphingolipid transport, as implied by previous studies (15).
Sorting of GM1 into the transcytotic pathway appears to occur
before or within the early apical or common endosome of polar-
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FIGURE 3. Biochemical quantitation of C16:0/C16:1-GM1 transcytosis.
Apical surfaces of MDCK monolayers were treated as indicated with C16:0-
GM1 or C16:1-GM1 (no Alexa label, described under “Experimental Proce-
dures”). CTB was immunoprecipitated from cell lysates, separated by SDS-
PAGE, and immunoblotted using anti-CTB pAb (top panel). Pre-IP lysates were
immunoblotted for B-actin as cell density control (bottom panel). Quantita-
tion of CTB bands showed a 3.7- and 2.8-fold increase in lane 5 as compared
with lane 4 in two independent experiments. The CTB band in /ane 6 was 38
and 44% greater than lane 5 in two independent experiments. For these
measurements, the relevant 4 °C CTB band (lanes 7 and 2) was considered as
assay background and subtracted from the CTB bands in lanes 4-6 prior to
comparison.

ized cells because the transcytosed fraction of GM1-CTB com-
plexes never traversed the TGN or ER, and inhibition of the
retrograde pathway by treatment of cells with BFA enhanced,
rather than diminished, transcytosis. That this sorting pathway
emerges from the common endosome would be consistent with
the transcytotic pathway taken by FcRn during bidirectional Ig
transport (7) and with the observed transport of other synthetic
sphingolipids across polarized epithelial cells by transcytosis
(15, 16).

Our results have implications for the general principles of
lipid sorting in mammalian cells. Although we find that the
retrograde and transcytotic pathways for GM1-mediated sort-
ing are distinct, the same short-chain C12:0-GM1 and unsatu-
rated C16:1-GM1 ganglioside species are needed for efficient
sorting into both pathways. Similarly, in non-polarized cells, we
found recently that sorting from early endosomes into the recy-
cling and retrograde pathways was also more efficient for the
short- and unsaturated-chain GM1 sphingolipids (1). The sat-
urated C16:0-GM1 and C18:0-GM1 species, in contrast, were
directed preferentially to the late endosomes. The shared
dependence on short and unsaturated ceramide domains for
lipid sorting out of the common/sorting endosome (and away
from the lysosome) suggests a common mechanism.

One way membrane lipids are sorted in mammalian cells is
by a molecular process in which individual lipids segregate in
membranes of different contours and compositions, as deter-
mined by the structure of the lipid (molecular shape) and driven
by the minimal free energy of the space it occupies in the mem-
brane bilayer (17). Thus, it is possible that the cis-unsaturated
and short-acyl chain GM1 species, by virtue of their geometry,
sort into retrograde, transcytotic, and recycling pathways
because they energetically favor partitioning into the curved
membrane contours of the narrow-diameter sorting tubules
that emanate from the common endosome and feed these des-
tinations. Such a mechanism would also explain why the long-
chain saturated GM1 species that favor partitioning into the flat
membrane contours of the maturing endosome are directed to
the lysosome in non-polarized cells (1) and why charge differ-
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ences in sphingolipid head groups have little impact on sorting
into the transcytotic pathway in polarized epithelia (18).

Lipids, however, can also sort by a cooperative process
involving self-assembly into membrane “nanodomains” (i.e.
lipid rafts) on the basis of lipid-phase behavior and subsequent
interactions with other membrane and membrane-associated
proteins (19-21). Consistent with the lipid raft model, we
found recently, in non-polarized cells, that retrograde traffick-
ing of C16:1-GM1 to the TGN and ER (but not to the recycling
or late endosome) depended on the lipid raft-associated protein
flotillin 1 (1, 14). In polarized intestinal T84 cells, however, we
find evidence for only a marginal effect of flotillin depletion on
retrograde transport from the PM to the ER and no clear evi-
dence for flotillin effecting the sorting of GM1 through the
transcytotic pathway. Thus, flotillin 1 may act specifically in
sorting GM1 from the common endosome retrograde into the
TGN/ER. Our studies, however, do not rule out the possibility
that the residual flotillin expression (15%) was sufficient to
maintain function in transcytosis or that there are redundant
transcytotic pathways. It also remains possible that other
proteins may assemble with GM1 to direct transcellular sorting
by formation of nanodomains according to the lipid raft
hypothesis.

The simplest model emerging from these studies is that lipid
shape, typified by the cis-unsaturated ceramide species, is a
common prerequisite for sorting of GM1 out of the degradative
pathway and into the recycling, retrograde, and transcytotic
pathways. The geometry of the ceramide domain could drive
certain glycosphingolipid species to associate more efficiently
with the different membrane tubules and buds that emerge
from the common sorting endosome and escape lysosomal
transport en route to other intracellular destinations. Presum-
ably, additional mechanisms on the basis of local differences in
membrane protein and lipid composition would determine the
final destination, but it is possible that lipid sorting into the
recycling, retrograde, and transcytotic pathways is stochastic
and dependent on transport by narrow, high-curvature mem-
brane buds and tubules emerging from the common endosome.
Finally, we note that the ability of certain species of GM1 to
cross epithelial barriers by absorptive transcytosis has potential
clinical relevance, especially with respect to drug delivery
across mucosal surfaces.
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