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Introduction
Glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-APs)
are directly targeted to the apical domain of the plasma membrane
in the majority of polarised epithelial cells. They also partition
preferentially in dynamic membrane domains that are enriched in
sphingolipid and cholesterol – called rafts or detergent-resistant
membranes (DRMs) because of their resistance to extraction using
detergent (Hancock, 2006; Simons and Ikonen, 1997; Simons and
Vaz, 2004).

It has therefore been proposed that the GPI anchor acts as an
apical sorting signal (Lisanti et al., 1989) by mediating the
incorporation of GPI-APs into rafts (Simons and Ikonen, 1997).
However, raft-association is not sufficient to determine apical sorting
of GPI-APs, because DRM-associated GPI-APs are sorted both to
apical and basolateral membranes of polarised epithelial cells
(Benting et al., 1999a; Lipardi et al., 2000; Paladino et al., 2004;
Paladino et al., 2007). By contrast, only apical GPI-APs oligomerise
during their delivery to the apical membrane, and impairment of
their oligomerisation leads to their basolateral missorting (Paladino
et al., 2004; Paladino et al., 2007). We have previously proposed
that protein oligomerisation is the key step in the apical sorting of
GPI-APs (Paladino et al., 2004). However, the mechanism
responsible for apical GPI-AP oligomerisation is still unknown. GPI-
APs could interact with each other and with other molecules via
the glycolipid anchor and/or the protein ectodomain, therefore lipid-
lipid, lipid-protein and also protein-protein interactions could be
involved in their oligomerisation. GPI-AP oligomers appear to be
protein specific and once formed are not sensitive to cholesterol
depletion, suggesting that they are maintained by protein-protein

interactions (Paladino et al., 2004). Nonetheless, several findings
suggest that rafts constitute a favourable environment for their
formation; indeed oligomerisation of GPI-APs begins in the medial
Golgi complex – concomitantly with raft-association – and
cholesterol depletion impairs the oligomer formation in the Golgi
complex (Paladino et al., 2004). It is, therefore, possible that, besides
the protein ectodomain, the lipid anchor also has a role in favouring
clustering of apical GPI-APs. GPI anchors differ in their fatty-acid
composition (Ferguson and Williams, 1988) and these differences
are likely to modulate the interaction with raft lipids, which in turn
might affect the ability of the proteins to oligomerise.

To understand the role of the GPI-anchor in the oligomerisation
and, consequently, in the apical sorting of GPI-APs, we cloned two
expression constructs in which the C-terminus of the green
fluorescent protein (GFP) was fused to different GPI-attachment
signals derived from either an apically sorted GPI-AP – the folate
receptor (FR) (Sinn et al., 2003) (supplementary material Fig. S1),
or from a basolaterally sorted one – the prion protein (PrP)
(Sarnataro et al., 2002), yielding GFP-FR and GFP-PrP, respectively.
We then analysed the properties and the sorting of these two fusion
proteins in stably transfected MDCK cells. Our data show that
different GPI attachment signals can influence the oligomerisation
capacity differently and can determine differential sorting of the
same protein ectodomain.

Results and Discussion
Expression of different GFP fusion proteins in MDCK cells
To investigate the role of the GPI anchor in the apical sorting of
GPI-APs, the C-terminus of GFP was fused to the GPI attachment

To understand the mechanism involved in the apical sorting of
glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-
APs) we fused to the C-terminus of GFP the GPI-anchor-
attachment signal of the folate receptor (FR) or of the prion
protein (PrP), two native GPI-anchored proteins that are sorted
apically or basolaterally, respectively, in MDCK cells. We
investigated the behaviour of the resulting fusion proteins
GFP-FR and GFP-PrP by analysing three parameters: their
association with DRMs, their oligomerisation and their apical
sorting. Strikingly, we found that different GPI-attachment
signals differently modulate the ability of the resulting GFP-
fusion protein to oligomerise and to be apically sorted. This is

probably owing to differences in the GPI anchor and/or in the
surrounding lipid microenvironment. Accordingly, we show that
addition of cholesterol to the cells is necessary and sufficient to
drive the oligomerisation and consequent apical sorting of GFP-
PrP, which under control conditions does not oligomerise and
is basolaterally sorted.
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signal from either the apically sorted folate receptor (FR) (Sinn et
al., 2003) (supplementary material Fig. S1) or the basolaterally
sorted prion protein (PrP) (Sarnataro et al., 2002), resulting in the
two fusions proteins GFP-FR and GFP-PrP (Fig. 1A). Expression
constructs were transfected in MDCK cells and clones that stably
expressed one or the other fusion protein selected (data not shown)
(Paladino et al., 2004).

By comparing the C-terminal sequences of annotated pro-
proteins, GPI-attachment signal appears to be composed of four
sequence regions: First, an unstructured linker region of about 11
residues upstream the cleavage site (ω-site); second, a region of
small residues (ω–1 to ω+2) that include the GPI-modification site;
third, a moderately polar spacer region of about 8-12 residues that
contains a possibly hydrophobic island (ω+4,ω+5) and; fourth, a
hydrophobic segment of 10-20 residues that begins at ω+11
(Eisenhaber et al., 1998; Eisenhaber et al., 2003; Udenfriend and
Kodukula, 1995). The C-terminal hydrophobic domain and the ω-
site have been demonstrated to be essential for GPI-anchor
attachment (Caras et al., 1989; Moran et al., 1991). Moreover, it
has been shown that pro-proteins that contain a GPI-attachment
signal without the amino acids upstream from the ω-site result in
proteins being correctly modified and expressed at the cell surface
(Lisanti et al., 1991). To study exclusively the role of the GPI anchor
and to eliminate interference of any additional amino acids in the
sequence, we used a minimal GPI-anchoring signal leaving only
the two amino acids essential (ω and ω–1) for the attachment of
the GPI anchor in the resulting chimeric proteins. Except for the
ω-site and few positions close by, the GPI modification signal has
not been characterised regarding its amino-acid-type preferences
but only by the physical properties of the different amino acid side
chains (Eisenhaber et al., 1998; Udenfriend and Kodukula, 1995).
It is unknown whether differences in the primary structure of the
GPI attachment signal specify the addition of different preformed
GPI-anchors. By comparing the amino acid sequences of the GPI-
signals of FR and PrP, we noticed that they have the same length
(24 amino acids) and that both contain a Ser residue at the ω-site,
similar to 48% of all known GPI-APs (Eisenhaber et al., 1998).
However, in FR the position ω+2 is occupied by Ala as in 70% of
all known GPI-APs, whereas in PrP this position is occupied by a
Thr residue (Fig. 1A). Although the presence of a Thr residue at
ω+2 has been demonstrated to be less efficient than Ala or Gly
residues when GPI attachment is concerned (Udenfriend and
Kodukula, 1995), another GPI-protein – decay accelerating factor
(DAF), which also contains a Thr residue at this position – is linked
to the GPI . In addition, in contrast to PrP, DAF is efficiently sorted
to the apical membrane in MDCK cells (Lisanti et al., 1991),
suggesting that the presence of Thr at this position is not sufficient
to redirect the protein to the basolateral surface. Another peculiarity
of PrP signal are two proline residues at ω+8 and ω+9 (the start of
the hydrophobic region; Fig. 1A), which could favour the folding
of this domain and stabilise its α-helical structure (Udenfriend and
Kodukula, 1995).

GFP-FR and GFP-PrP are differently sorted in MDCK cells
By treating cells with 15 μg/ml of phosphatidylinositol-specific
phospholipase C (PI-PLC) we demonstrated that both our chimeric
proteins were GPI-anchored and similarly sensitive to the hydrolysis
by this enzyme (Fig. 1B). We then analysed their localisation by
confocal microscopy in live and in fixed cells grown under
polarising conditions on polycarbonate filters (Fig. 2). At steady
state, both under live (Fig. 2A) and fixed conditions (Fig. 2B), GFP-

FR was mainly localised on the apical surface, whereas GFP-PrP
was distributed on the basolateral side. The surface distribution of
both proteins was quantified by selective domain biotinylation,
showing ~85-90% of GFP-FR on the apical surface, whereas ~90-
95% of GFP-PrP was basolaterally distributed (Fig. 2C). These
results show that GFP-FR and GFP-PrP behave as native FR and
PrP, indicating that different GPI-attachment signals determine the
apical or basolateral sorting of the attached GFP ectodomain.

Both GFP-FR and GFP-PrP associate with DRMs, but only
GFP-FR forms high-molecular-weight complexes
To investigate the mechanism of the different sorting of the two
chimeric proteins we analysed their DRM-association because it
has been shown to be one of the requirements for apical GPI-AP
sorting (Benting et al., 1999b; Lipardi et al., 2000; Paladino et al.,
2004; Paladino et al., 2007). We found that both GFP-FR and GFP-
PrP migrate to the DRM fractions of sucrose-density gradients that
were enriched in the ganglioside GM1 (Fig. 3A). These data confirm
that the GPI anchor is sufficient to mediate the association of the
protein with DRMs independently of their sorting phenotype
(Benting et al., 1999b; Brown and London, 1998; Lipardi et al.,
2000; Paladino et al., 2004; Paladino et al., 2007). However, it is
interesting that the two proteins have a slightly different distribution
profile on the gradients – apical GPI-AP peaks in fraction 5, whereas
basolateral GPI-AP peaks in fraction 6 – similar to what has already
been shown for native apical or basolateral GPI-APs (Paladino et
al., 2004; Paladino et al., 2007; Sarnataro et al., 2002). This
difference could have two explanations: either different affinities
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Fig. 1. GFP-fusion proteins and their treatment with PI-PLC. (A) In the fusion
constructs GFP-FR and GFP-PrP, GFP is fused to the GPI-anchor attachment
signal of folate receptor (FR) and prion protein (PrP), respectively. The FR or
PrP sequence included in the fusion proteins is shown. The ω-site is shown in
red. (B) MDCK cells stably expressing GFP-FR or GFP-PrP were extracted
with Triton X-114. After phase separation, detergent phases were incubated in
the presence (+) or absence (–) of PI-PLC (15 μg/ml) as previously described
(Lisanti et al., 1989). The resulting aqueous phases were precipitated with
trichloroacetic acid and detected by western blotting using anti-GFP antibody.
As previously shown, the band migrating at 43 kDa represents a partially
denatured dimer of GFP (Paladino et al., 2004).
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4003Apical sorting mechanisms of GPI-proteins

of the apical and basolateral GPI-APs for the same lipid rafts or, a
different lipid environment surrounding the differently sorted
proteins.

GPI anchors can have differences in their fatty acid composition
and/or the modifications of their sugars (Ferguson and Williams,
1988; McConville and Ferguson, 1993). In particular, the presence

of an additional acyl substitution of the inositol ring and/or
carbohydrate and phospho-ethanolamine substitution of mannose
residues has been found (Ferguson, 1999; Kinoshita and Inoue,
2000). This in turn could mediate a different affinity for lipid rafts.

Fig. 2. GFP-FR and GFP-PrP are differently sorted in MDCK cells. MDCK
cells stably expressing GFP-FR or GFP-PrP were grown on filter for 4 days.
(A,B) Cells were analysed in vivo in (A) CO2-independent medium or (B)
stained with an anti-GFP antibody followed by a TRITC-conjugated secondary
antibody under non-permeabilising conditions. Serial confocal sections were
collected from top to bottom of cell monolayers. (C) Cells were labelled with
LC-biotin, which was added to their apical (Ap) or basolateral (Bl) surface.
After immunoprecipitation using anti-GFP antibody, samples were separated
by SDS-PAGE and biotinylated proteins were revealed using HRP-
streptavidin. Bars, 10 μm.

Fig. 3. GFP-FR and GFP-PrP both associate with DRMs, but only GFP-FR
forms HMM complexes. (A) MDCK cells stably expressing GFP-FR or GFP-
PrP were lysed at 4°C in buffer containing 1% Triton X-100 and separated by
centrifugation until equilibrium on 5-40% sucrose-density gradients to purify
Triton-X-100 insoluble microdomains. Fractions of 1 ml were collected from
top (fraction 1) to bottom (fraction 12) and, after TCA-precipitation, run on
SDS-PAGE and detected using anti-GFP antibody. One aliquot of each fraction
was transferred onto nitrocellulose membrane, and GM1 (a typical raft-
marker) was revealed by using cholera toxin conjugated to HRP. (B) Cells
were lysed in buffer containing 0.4% SDS and 0.2% Triton X-100 and run
through 5-30% sucrose gradients. Fractions of 500 μl were collected from the
top (fraction 1) to the bottom (fraction 9) of the gradients. Proteins were TCA-
precipitated and detected by western blotting using a specific GFP antibody.
The position on the gradients of molecular mass markers is indicated. 
The graphs show the mean values of protein distribution on the gradients from
three different experiments ± s.d.
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Acyl- and alkyl-chain length of GPI-anchors has been demonstrated
to be crucial for raft association in vitro (Benting et al., 1999a).
Several enzymes, such as GUP1 and PER1, have been shown to
be involved in remodelling the GPI-anchor in Saccharomyces
cerevisiae and in Tripanosoma brucei (Bosson et al., 2006; Fujita
et al., 2006; Jaquenoud et al., 2008). Recently, by using post-GPI-
attachment to protein 2 (PGAP2)-deficient cells, it has been shown
that fatty-acid remodelling of GPI-AP is crucial for their raft

association (Maeda et al., 2007), thus supporting the hypothesis that
anchor remodelling affects the affinity for lipid rafts. Moreover, a
recent study has demonstrated that two different recombinant GPI-
APs [GFP-DAF and GFP-conjugated tumor-necrosis-factor-related
apoptosis-inducing ligand receptor 3 (GFP-TRAIL-R3)] partition
in lipid rafts at different extents, both after their transfection into
HEK 293 cells or after insertion in primary lymphocytes by cell-
surface painting (Leglar et al., 2005), suggesting that the two fusion

Journal of Cell Science 121 (24)

Fig. 4. Addition of cholesterol affects the
oligomeric state and the polarity of GFP-PrP but
does not influence the behaviour of GFP-FR.
MDCK cells stably expressing GFP-FR or GFP-
PrP were loaded with 2 mM cholesterol (+chol)
or not (control), and oligomerisation state and
distribution of GFP-FR and GFP-PrP at the
plasma membrane were assessed. (A) Cells were
lysed as decribed for Fig. 3B and ran through 20-
40% glycerol gradients. Fractions of 300 μl were
collected from the top (fraction 2) to the bottom
(fraction 15) of the gradients. Proteins were
precipitated with TCA and detected by western
blotting using anti-GFP antibody. The position on
the gradients of the molecular mass markers is
indicated. (B,C) Plasma membrane localisation
was determined by analysing (B) the natural
fluorescence of GFP or by (C) an
immunofluorescence assay performed under non-
permeabilising conditions by adding anti-GFP
antibody to the apical side of cells that had been
grown on filter for 4 days. Serial confocal
sections were collected from the top to the
bottom of the cells. Mean fluorescence intensities
at the apical and basolateral domains were
measured and are expressed as percentages of
total fluorescence. Bars, 15 μm.
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4005Apical sorting mechanisms of GPI-proteins

proteins have a different affinity for these lipid microdomains
(Legler et al., 2005). However, it has been shown that two other
GPI-APs, PrP and thymocyte differentiation antigen1, have a
different subcellular localisation in neurons and are surrounded by
a different lipid environment (Brugger et al., 2004), thus suggesting
the existence of more than one type of lipid microdomain. On the
same line, we found that DRMs associated with an apical or a
basolateral protein contain the same lipid species, but in different
ratios (Tivodar et al., 2006). Therefore, it is also possible that a
different GPI anchor leads to the partitioning of GPI-APs in
different lipid microdomains. Interestingly, it has been reported that
the GPI-anchor of PrP has one or two more hexose units in addition
to the three basic ones and contains sialic acid, a sugar not
previously found to be a component of GPI anchors (Baldwin, 2005;
Stahl and Prusiner, 1991).

Whereas DRM-association is required but is not sufficient for
the apical sorting of GPI-APs (Benting et al., 1999b; Paladino et
al., 2004) a distinct feature of the apically sorted GPI-APs is their
ability to form high molecular mass (HMM) complexes (Paladino
et al., 2004; Paladino et al., 2007). Thus, we analysed whether the
different sorting of the two chimeric proteins correlates with a
difference in their ability to oligomerise. To this aim, cell lysates
were purified on velocity gradients according to their molecular
mass (Fig. 3B). We found that, similar to the native GPI-APs (FR
and PrP) at steady state, ~20-25% of GFP-FR occurred in HMM
complexes, whereas GFP-PrP was purified exclusively as monomer
(Fig. 3B). These findings confirm that oligomerisation is required
for apical sorting of GPI-APs (Paladino et al., 2004; Paladino et
al., 2007) and suggest that the basolateral sorting of GFP-PrP is a
consequence of its inability to oligomerise. Furthermore, they show
that differences in the GPI attachment signal to the same ectodomain
result in fusion proteins with different oligomerisation capacity.

Addition of cholesterol results in GFP-PrP oligomerisation and
apical sorting, but does not affect the behaviour of GFP-FR
Our previous results might be explained by the fact that different
GPI attachment signals mediate a different affinity for lipid rafts
or the association of the two different GPI-APs to different lipid
rafts, which in turn influences the oligomerisation state of the protein
and, therefore, its sorting behaviour. To test these hypotheses we
decided to alter the amount of cholesterol in the MDCK cell
membrane, because it appears to be a crucial player in the apical
sorting of GPI-APs. Indeed cholesterol depletion affects both the
delivery of apically sorted GPI-APs and their ability to oligomerise
in the Golgi complex (Ehehalt et al., 2008; Paladino et al., 2004;
Paladino et al., 2007). By contrast, the basolateral sorting of PrP is
not affected by cholesterol depletion and the protein remains in its
monomeric form during its delivery to the basolateral domain of
the plasma membrane (Paladino et al., 2004; Sarnataro et al., 2002).
We therefore decided to analyse the effect the addition of cholesterol
has on oligomerisation and sorting of our two chimeric GPI-APs
(Fig. 4). As previously shown (Patel et al., 2002), the pre-treatment
of MDCK cells with cholesterol (2 mM) in a complex with methyl-
β-cyclodextrin (βCD) results in an increase of ~50% in cellular
cholesterol levels (see Materials and Methods), without detectable
cytotoxicity or morphological and functional changes in the cell
monolayer (supplementary material Fig. S2). Whereas the addition
of cholesterol does not affect oligomerisation (Fig. 4A) and/or apical
sorting of GFP-FR (Fig. 4B), we – surprisingly – purified ~20%
of GFP-PrP as HMM complexes that contained more than a trimer
upon cholesterol loading (Fig. 4A). In agreement with these data,

GFP-PrP was re-directed to the apical surface of the cells, as assessed
by confocal microscopy in (living or fixed) polarised cells (Fig.
4B,C). Quantification of the fluorescence intensity showed that after
cholesterol addition ~45±3% of GFP-PrP reached the apical surface
compared with ~20±5% in control cells (Fig. 4B). 

These data, therefore, support the hypothesis that oligomerisation
is a necessary event for the apical sorting of GPI-APs, and show that
the lipid environment (specifically the levels of cholesterol in the
MDCK cell membrane) may drive oligomerisation and apical sorting
of GPI-APs. However, because a double Cys to Ser mutation
(referred to as S49/71) in the GFP ectodomain of GFP-FR impairs
both oligomerisation and apical sorting of this protein (Paladino et
al., 2004), it appears that the protein ectodomain is also required to
permit or stabilise the occurrence of oligomers in rafts. We postulate
that, although the S49/71 mutant possesses a GPI-anchor that can
promote partition in a favourable environment to form HMM
complexes, it does not oligomerise because it does not possess the
two Cys residues in the ectdomain that enable its oligomerisation. In
agreement with this hypothesis we found that cholesterol addition
does not affect the sorting of the S49/71 mutant (supplementary
material Fig. S3). Indeed, although this mutant already partitions in
a favourable membrane environment, it does not have the permissive
ectodomain that is needed to allow or stabilise the HMM oligomers.
By contrast, the addition of cholesterol favours oligomerisation and
apical sorting of the basolateral GFP-PrP (which has a different GPI-
attachment signal compared with apical GFP-FR, but contains the
two Cys residues in the ectodomain, Fig. 4).

In conclusion, we show that different GPI-anchor-signal
attachments result in both different sorting and different
oligomerisation capacity of the same anchored ectodomain GFP. This
is probably owing to the attachment of a structurally different GPI
anchor. Interestingly, by increasing the cholesterol content we were
able to ‘convert’ a non-oligomerising basolateral protein into an
oligomerising apical one. This clearly indicates that a specific lipid
environment is required to enable a permissive ectodomain to
oligomerise. These data can be explained in at least two different
ways: Either, the addition of cholesterol stabilises the interaction
between the basolateral GPI-AP and lipid rafts (i.e. by rigidifying
the raft membranes or interfering with the free diffusion of proteins)
(Lebreton et al., 2008), thus allowing the stabilisation of the protein
in rafts and consequently its oligomerisation and apical sorting; or,
cholesterol addition may change the characteristics of the surrounding
lipid environment (i.e. conversion of basolateral rafts to apical rafts),
thus enabling the protein originally associated with the basolateral
raft to oligomerise and to be delivered apically. However, it could
also be envisaged that a cholesterol-enriched environment recruits
into the raft domains other proteins, which can stabilise GFP-PrP
oligomers through interaction with the ectodomain of the protein.
Possible candidates involved in the stabilization of GPI-AP oligomers
are proteins belonging to the annexin family (e.g. annexin II and
annexin XIIIb), which have been found to be enriched in rafts and
involved in the apical transport of raft transmembrane proteins
(Fiedler et al., 1995; Jacob et al., 2004; Lafont et al., 1998).
Alternatively, galectin 4, which interacts with glycosphingolipids and
the depletion of which induces the intracellular accumulation of
apical raft-associated proteins (Delacour et al., 2005) might be
another candidate.

Further studies are required to better characterise the structural
composition of GPI anchors of differently sorted proteins and the
chemical-physical properties of lipid microdomains that surrounding
GPI-APs at the level of the Golgi complex, and also to investigate
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further the existence of possible interactors or motifs present on
the protein ectodomain that allows oligomerisation to occur.

Materials and Methods
Cell culture and transfections
MDCK cells were grown in DMEM (Dulbecco’s modified Eagle’s medium)
containing 5% FBS. The GFP-FR construct (referred to before as GFP-GPI) (Paladino
et al., 2004) was a kind gift of Stephen Lacey (Southwestern University, Georgetown,
TX) and MDCK cells stably expressing this construct had been obtained previously
(Paladino et al., 2004). In GFP-PrP, the signal peptide sequence and the GPI-
attachment-signal sequence of mouse PrP were fused 5� and 3� of GFP, respectively,
into a pEGFP vector (Clontech Laboratories). Sequences were amplified using PCR
and specific primers containing unique restrictions sites of the vector: the signal peptide
was inserted 5� NheI 3� AgeI, the GPI attachment signal 5� BglII 3� EcoRI. MDCK
cells were transfected with cDNA coding for GFP-PrP using lipofectin (Invitrogen).
Stable clones were selected by resistance to neomycin.

Biotinylation assay
Cells grown on polycarbonate filters for 4 days, were selectively biotinylated from
the apical or the basolateral side. Lysates were immunoprecipitated using a monoclonal
anti-GFP antibody (Molecular Probes, Invitrogen) and analysed by western blotting
using horseradish peroxidase (HRP)-streptavidin (Pierce).

Fluorescence microscopy
MDCK cells, grown on transwell filters for 4 days, were fixed using 4% PFA and
stained using an anti-GFP antibody that can be detected with TRITC-conjugated
secondary antibody. For live imaging, cells were grown upside down on filters that
had been then mounted on a optical glass within a Petri dish containing CO2-
independent medium (150 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20
mM HEPES pH 7.4) as previously described (Paladino et al., 2006). Images were
collected using an LSM 510 confocal microscope (Carl Zeiss).

As previously described (Nichols et al., 2001), quantification of mean fluorescence
intensities in selected regions of interest were performed using the LSM software
(Carl Zeiss). In particular, the fluorescence intensities of same-sized areas within a
single z-plane through the cell monolayer (ranging from 1-3 μm to 8-12 μm, starting
from the top of the cell for apical and basolateral signals) were measured and corrected
for background.

Sucrose-density gradients
Sucrose-density-gradient analysis of Triton-X-100-insoluble material was performed
according to previously published protocols (Brown and Rose, 1992; Paladino et al.,
2004). Cells grown to confluency in 150-mm dishes were lysed for 20 minutes in
TNE buffer (Tris, NaCl, EDTA) with 1% Triton X-100 on ice. Lysates were scraped
off the dishes, brought to 40% sucrose and then placed at the bottom of a centrifuge
tube. A discontinuous sucrose gradient (5-35% in TNE) was layered on the top of
the lysates and the samples were ultracentrifuged at 39,000 rpm (SW41 rotor;
Beckman) for 17 hours. From the top of the gradient, 1-ml fractions were harvested. 

Velocity gradients
Cells grown to confluency in 100-mm dishes, were lysed for 30 minutes in 20 mM
Tris pH 7.4, 100 mM NaCl, 0.4% SDS, 0.2% Triton X-100 on ice. Lysates were
scraped off the dishes, sheared through a 26-g needle and nuclei were pelleted. A
sucrose gradient (30-5%) was layered into a centrifuge tube and the lysate, added on
the 5% part of the gradient, was ultracentrifuged at 45,000 rpm (SW50 rotor; Beckman)
for 16 hours. Fractions of 500 μl were harvested from the top of the gradient (Paladino
et al., 2004; Scheiffele et al., 1998). In the case of longer-velocity gradients, lysates
were layered on the top of a 40-20% glycerol gradient and, after ultracentrifugation
[45,000 rpm (SW50 rotor; Beckman) for 16 hours], fractions of 300 μl were collected
(Meunier et al., 2002). 

Cholesterol addition
Cholesterol was added to cells by using cholesterol-saturated βCD (2 mM cholesterol
in 10 mM βCD), which was purchased from Sigma as water-soluble cholesterol
already balanced with βCD (ratio 1:6). Cholesterol-saturated βCD was added to cells
in medium (containing 20 mM HEPES pH 7.5 and 0.2% bovine albumin) at 37°C
for 30 minutes. A colorimetric assay (Merck Chemicals) was used to measure
cholesterol levels.

We thank Karine Gousset for the critical reading of the manuscript.
This work was supported by grants from the Ministero dell’Università
e della Ricerca Scientifica e Tecnologica (FIRB 2004, PRIN 2006) and
from ANR (05-BLAN 296-01).

References
Baldwin, M. A. (2005). Analysis of glycosylphosphatidylinositol protein anchors: the prion

protein. Meth. Enzymol. 405, 172-187.
Benting, J., Rietveld, A., Ansorge, I. and Simons, K. (1999a). Acyl and alkyl chain length

of GPI-anchors is critical for raft association in vitro. FEBS Lett. 462, 47-50.
Benting, J. H., Rietveld, A. G. and Simons, K. (1999b). N-Glycans mediate the apical

sorting of a GPI-anchored, raft-associated protein in Madin-Darby canine kidney cells.
J. Cell Biol. 146, 313-320.

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

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

Brown, D. A. and London, E. (1998). Functions of lipid rafts in biological membranes.
Annu. Rev. Cell Dev. Biol. 14, 111-136.

Brugger, B., Graham, C., Leibrecht, I., Mombelli, E., Jen, A., Wieland, F. and Morris,
R. (2004). The membrane domains occupied by glycosylphosphatidylinositol-anchored
prion protein and Thy-1 differ in lipid composition. J. Biol. Chem. 279, 7530-7536.

Caras, I. W., Weddell, G. N. and Williams, S. R. (1989). Analysis of the signal for
attachment of a glycophospholipid membrane anchor. J. Cell Biol. 108, 1387-1396.

Delacour, D., Gouyer, V., Zanetta, J. P., Drobecq, H., Leteurtre, E., Grard, G., Moreau-
Hannedouche, O., Maes, E., Pons, A., Andre, S. et al. (2005). Galectin-4 and sulfatides
in apical membrane trafficking in enterocyte-like cells. J. Cell Biol. 169, 491-501.

Ehehalt, R., Krautter, M., Zorn, M., Sparla, R., Fullekrug, J., Kulaksiz, H. and
Stremmel, W. (2008). Increased basolateral sorting of carcinoembryonic antigen in a
polarized colon carcinoma cell line after cholesterol depletion – Implications for treatment
of inflammatory bowel disease. World J. Gastroenterol. 14, 1528-1533.

Eisenhaber, B., Bork, P. and Eisenhaber, F. (1998). Sequence properties of GPI-anchored
proteins near the omega-site: constraints for the polypeptide binding site of the putative
transamidase. Protein Eng. 11, 1155-1161.

Eisenhaber, B., Maurer-Stroh, S., Novatchkova, M., Schneider, G. and Eisenhaber, F.
(2003). Enzymes and auxiliary factors for GPI lipid anchor biosynthesis and post-
translational transfer to proteins. BioEssays 25, 367-385.

Ferguson, M. A. (1999). The structure, biosynthesis and functions of
glycosylphosphatidylinositol anchors, and the contributions of trypanosome research. J.
Cell Sci. 112, 2799-2809.

Ferguson, M. A. and Williams, A. F. (1988). Cell-surface anchoring of proteins via
glycosyl-phosphatidylinositol structures. Annu. Rev. Biochem. 57, 285-320.

Fiedler, K., Lafont, F., Parton, R. G. and Simons, K. (1995). Annexin XIIIb: a novel
epithelial specific annexin is implicated in vesicular traffic to the apical plasma
membrane. J. Cell Biol. 128, 1043-1053.

Fujita, M., Umemura, M., Yoko-o, T. and Jigami, Y. (2006). PER1 is required for GPI-
phospholipase A2 activity and involved in lipid remodeling of GPI-anchored proteins.
Mol. Biol. Cell 17, 5253-5264.

Hancock, J. F. (2006). Lipid rafts: contentious only from simplistic standpoints. Nat. Rev.
Mol. Cell. Biol. 7, 456-462.

Jacob, R., Heine, M., Eikemeyer, J., Frerker, N., Zimmer, K. P., Rescher, U., Gerke,
V. and Naim, H. Y. (2004). Annexin II is required for apical transport in polarized
epithelial cells. J. Biol. Chem. 279, 3680-3684.

Jaquenoud, M., Pagac, M., Signorell, A., Benghezal, M., Jelk, J., Butikofer, P. and
Conzelmann, A. (2008). The Gup1 homologue of Trypanosoma brucei is a GPI
glycosylphosphatidylinositol remodelase. Mol. Microbiol. 67, 202-212.

Kinoshita, T. and Inoue, N. (2000). Dissecting and manipulating the pathway for
glycosylphos-phatidylinositol-anchor biosynthesis. Curr. Opin. Chem. Biol. 4, 632-638.

Lafont, F., Lecat, S., Verkade, P. and Simons, K. (1998). Annexin XIIIb associates with
lipid microdomains to function in apical delivery. J. Cell Biol. 142, 1413-1427.

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

Legler, D. F., Doucey, M. A., Schneider, P., Chapatte, L., Bender, F. C. and Bron, C.
(2005). Differential insertion of GPI-anchored GFPs into lipid rafts of live cells. FASEB
J. 19, 73-75.

Lipardi, C., Nitsch, L. and Zurzolo, C. (2000). Detergent-insoluble GPI-anchored proteins
are apically sorted in fischer rat thyroid cells, but interference with cholesterol or
sphingolipids differentially affects detergent insolubility and apical sorting. Mol. Biol.
Cell 11, 531-542.

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

Lisanti, M. P., Caras, I. W. and Rodriguez-Boulan, E. (1991). Fusion proteins containing
a minimal GPI-attachment signal are apically expressed in transfected MDCK cells. J.
Cell Sci. 99, 637-640.

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

McConville, M. J. and Ferguson, M. A. (1993). The structure, biosynthesis and function
of glycosylated phosphatidylinositols in the parasitic protozoa and higher eukaryotes.
Biochem. J. 294, 305-324.

Meunier, L., Usherwood, Y. K., Chung, K. T. and Hendershot, L. M. (2002). A subset
of chaperones and folding enzymes form multiprotein complexes in endoplasmic
reticulum to bind nascent proteins. Mol. Biol. Cell 13, 4456-4469.

Journal of Cell Science 121 (24)

Jo
ur

na
l o

f C
el

l S
ci

en
ce



4007Apical sorting mechanisms of GPI-proteins

Moran, P., Raab, H., Kohr, W. J. and Caras, I. W. (1991). Glycophospholipid membrane
anchor attachment: molecular analysis of the cleavage/attachment site. J. Biol. Chem.
266, 1250-1257.

Nichols, B. J., Kenworthy, A. K., Polishchuk, R. S., Lodge, R., Roberts, T. H.,
Hirschberg, K., Phair, R. D. and Lippincott-Schwartz, J. (2001). Rapid cycling of
lipid raft markers between the cell surface and Golgi complex. J. Cell Biol. 153, 529-
541.

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

Paladino, S., Pocard, T., Catino, M. A. and Zurzolo, C. (2006). GPI-anchored proteins
are directly targeted to the apical surface in fully polarized MDCK cells. J. Cell Biol.
172, 1023-1034.

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

Patel, H. K., Willhite, D. C., Patel, R. M., Ye, D., Williams, C. L., Torres, E. M., Marty,
K. B., MacDonald, R. A. and Blanke, S. R. (2002). Plasma membrane cholesterol
modulates cellular vacuolation induced by the Helicobacter pylori vacuolating cytotoxin.
Infect. Immun. 70, 4112-4123.

Sarnataro, D., Paladino, S., Campana, V., Grassi, J., Nitsch, L. and Zurzolo, C. (2002).
PrPC is sorted to the basolateral membrane of epithelial cells independently of its
association with rafts. Traffic 3, 810-821.

Scheiffele, P., Verkade, P., Fra, A. M., Virta, H., Simons, K. and Ikonen, E. (1998).
Caveolin-1 and -2 in the exocytic pathway of MDCK cells. J. Cell Biol. 140, 795-806.

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

Simons, K. and Vaz, W. L. (2004). Model systems, lipid rafts, and cell membranes. Annu.
Rev. Biophys. Biomol. Struct. 33, 269-295.

Sinn, P. L., Hickey, M. A., Staber, P. D., Dylla, D. E., Jeffers, S. A., Davidson, B. L.,
Sanders, D. A. and McCray, P. B., Jr (2003). Lentivirus vectors pseudotyped with
filoviral envelope glycoproteins transduce airway epithelia from the apical surface
independently of folate receptor alpha. J. Virol. 77, 5902-5910.

Stahl, N. and Prusiner, S. B. (1991). Prions and prion proteins. FASEB J. 5, 2799-2807.
Tivodar, S., Paladino, S., Pillich, R., Prinetti, A., Chigorno, V., van Meer, G., Sonnino,

S. and Zurzolo, C. (2006). Analysis of detergent-resistant membranes associated with
apical and basolateral GPI-anchored proteins in polarized epithelial cells. FEBS Lett.
580, 5705-5712.

Udenfriend, S. and Kodukula, K. (1995). How glycosylphosphatidylinositol-anchored
membrane proteins are made. Annu. Rev. Biochem. 64, 563-591.

Jo
ur

na
l o

f C
el

l S
ci

en
ce


