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To determine the roles of cholesterol and the actin cytoskel-
eton in apical and basolateral protein organization and sorting,
we have performed comprehensive confocal fluorescence recov-
ery after photobleaching analyses of apical and basolateral and
raft- and non-raft-associated proteins, both at the plasmamem-
brane and in the Golgi apparatus of polarized MDCK cells. We
show that at both the apical and basolateral plasma membrane
domains, raft-associated proteins diffuse faster than non-raft-
associated proteins and that, different from the latter, they
become restricted upon depletion of cholesterol. Furthermore,
only transmembrane apical proteins are restricted by the actin
network. This indicates that cholesterol-dependent domains
exist both at the apical and basolateral membranes of polarized
cells and that the actin cytoskeleton has a predominant role in
the organization of transmembrane proteins independent of
their association with rafts at the apical membrane. In the Golgi
apparatus apical proteins appear to be segregated from thebaso-
lateral ones in a compartment that is sensitive both to choles-
terol depletion and actin rearrangements. Furthermore, con-
sistent with the role of actin rearrangements in apical protein
sorting, we found that apical proteins exhibit a differential sen-
sitivity to actin depolymerization in the Golgi of polarized and
nonpolarized cells.

Raft microdomains are ordered lipid membrane domains
enriched in cholesterol and sphingolipids (1). Diverse types of
proteins such as glycosylphosphatidylinositol-anchored pro-
teins (GPI-APs),2 acylated proteins and transmembrane pro-
teins are able to segregate into thesemembrane domains, which
have been proposed to be involved in many cellular mecha-

nisms such as protein sorting, endocytosis, virus budding, and
bacterial infection (2–5). One biochemical characteristic of the
raft components is to be insoluble upon extraction in cold non-
ionic detergent like Triton X-100; therefore, rafts have been
assimilated to detergent-resistant membrane (DRMs). How-
ever, to date it has been very difficult to study rafts in unper-
turbed cells because their putative size (between 10 and 200
nm) is below the optical resolution (6). Several imaging tech-
niques including single particle tracking, FRET, and FRAP have
been developed to investigate protein and lipid organization in
raft domains and their functions inmembrane compartmental-
ization (7–13). By using FRAP, Meder et al. (30) found that raft
and non-raft-associated proteins exhibit different behaviors,
suggesting the existence of two environments: raft and non-raft
domains at the apical surface of polarized MDCK cells.
One of our major interests is to understand the mechanism

of apical sorting of GPI-APs in polarized cells. The GPI anchor
was one of the first apical sorting signals to be postulated (1,
14–16); however, this hypothesis has been challenged by the
finding that GPI-APs can be either apically or basolaterally
sorted in polarized epithelial cells (17–20). A common charac-
teristic of apical and basolateral GPI-APs is their association
with raft microdomains. However, contrary to the basolateral
ones, only apical GPI-APs are able to cluster in high molecular
weight complexes in the Golgi apparatus prior to their apical
sorting (17). Impairment of GPI-AP oligomerization results in
mis-sorting to the basolateral surface, thus indicating that in
addition to raft association, clustering of GPI-APs is required
for apical sorting. The differential sorting (apical or basolateral)
of raft-associated proteins can be explained by differences in
the nature of the raft domain with which these proteins asso-
ciate or in differences in the affinity (21).3 The role of the
actin cytoskeleton in organizing and compartmentalizing
the plasma membrane appears to be equally important (9,
22). To gain insights into the mechanism of apical sorting
and protein compartmentalization, we analyzed the FRAP
behavior of raft- and non-raft-associated proteins in apical
and basolateral membranes of polarized MDCK cells, as well
as in the Golgi, under conditions of raft and/or actin
cytoskeleton perturbation.
Our data indicate that (i) raft domains with distinct proper-

ties exist in both apical and basolateral membranes of fully

* This work was supported by Agence Nationale de la Recherche Grant
05-BLAN 296-01 and Ministero dell’ Università e della Ricerca Scientifica e
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polarizedMDCK cells, (ii) the actin cytoskeleton has an impor-
tant role in the organization of apical transmembrane proteins
independent of their association with rafts, and (iii) apical and
basolateral proteins are segregated in the Golgi apparatus into
two different compartments both containing cholesterol-de-
pendent domains.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Cell culture reagents were pur-
chased from Invitrogen. Phalloidin-rhodamine and latrunculin
A were purchased from Invitrogen; filipin, methyl-�-cyclodex-
trin, water cholesterol soluble, and mevinolin were purchased
from Sigma.
Cell Culture—MDCK cells were grown in Dulbecco’s modi-

fied Eagle’s medium containing 5% fetal bovine serum. MDCK
cells were transfected with sequences encoding GFP-FR, P75-
GFP, GFP-PrP, or GFP-PIT as described previously (17, 18, 23).
Depletion or Loading of Cholesterol—To deplete the cells of

cholesterol, we used a previously described protocol (24, 25).
Briefly MDCK cells were plated on filters, and mevinolin (10
�M) was added to the cells 24 h after plating in Dulbecco’s
modified Eagle’s medium supplemented with 5% delipidated
calf serum and mevalonate (250 �M). In supplemental Fig. S2
after 3 days on filter, ��CD (10 mM) was added to medium
containing 20 mM Hepes, pH 7.5, and 0.2% bovine albumin for
30 min at 37 °C.
To load the cells with cholesterol after 3 days of polarization

on filters, water-soluble cholesterol (10 mM in M�CD) was
added to warm medium containing 20 mM Hepes, pH 7.5, and
0.2% bovine albumin for 30 min at 37 °C.
Water-soluble cholesterol was prepared with M�CD. The

following ratio between the two chemicals determines whether
the mixture will act as a cholesterol donor (ratio 1:6, cholester-
ol:M�CD) or acceptor (26, 27). To determine the rate of cho-
lesterol depletion or addition, wemeasured cellular cholesterol
levels by a colorimetric assay (cholesterol/cholesteryl ester
quantification; Calbiochem) according to the manufacturer’s
instructions.
Perturbation of the Cytoskeleton Meshwork—To perturb the

actin cytoskeleton, we incubated the polarized MDCK cells
with latrunculin A (Molecular Probes) (1 �m) in Dulbecco’s
modified Eagle’s medium containing 5% fetal bovine serum
for 5 or 60 min at 37 °C before FRAP analysis or fixation for
immunofluorescence.
Velocity Gradients—Velocity gradients were performed

using a previously published protocol (17, 28). The cells were
grown to confluency in 100-mm dishes, washed in phosphate-
buffered saline containingCaCl2 andMgCl2 and lysed on ice for
30 min in 20 mM Tris, pH 7.4, 100 mM NaCl, 0.4% SDS, 0.2%
Triton X-100. The lysates were scraped from dishes, sheared
through a 26-gauge needle, and layered on top of a glycerol
gradient (40 to 20%) after removal of nuclei by low speed cen-
trifugation. After centrifugation at 45,000 rpm for 16 h in an
ultracentrifuge (model SW 50; Beckman counter), fractions of
300 �l were harvested from the top of the gradient and trichlo-
roacetic acid-precipitated. The proteins were revealed by
Western blot using specific antibodies.

Fluorescence Microscopy—MDCK cells were grown on tran-
swell filters for 3–4 days, washed with phosphate-buffered
saline containing CaCl2 and MgCl2, fixed with 4% paraformal-
dehyde, and quenched with 50 mM NH4Cl. The actin cytoskel-
eton was revealed by using phalloidin-rhodamine (1/100). For
the filipin staining, we fixed the cells for 60 min, permeabilized
for 5 min with 0.075% saponin, and quenched with ammonium
chloride (50mM) before staining for 1 hwith filipin (250�g/ml)
(Sigma-Aldrich). The images were acquired using a laser scan-
ning confocal microscope (LSM 510; Carl Zeiss Microimaging,
Inc.) equipped with a plan apo 63� oil immersion (NA 1.4)
objective lens.
FRAP Measurements and Analysis—FRAP enabled the

assessment of two parameters, the mobile fraction and the
apparent diffusion coefficient. Whereas the mobile fraction
corresponds to the fraction of the studied protein that is able to
repopulate the bleached area, the apparent diffusion coefficient
indicates the speed with which the proteins diffuse. FRAP anal-
ysis was performed on a confocal LSM 510 META from Zeiss.
Using the plan apo 63� oil immersion (NA 1.4) objective lens,
we monitored the fluorescence of our fused GFP protein using
low intensity laser excitation (488 nm) (prebleach scans). We
always kept an airy unit of 1. As a preliminary analysis to deter-
mine the mathematical model to apply for membrane proteins,
different sizes of regions of interest (ROI) from 280 nm to 6.2
�m were selectively bleached (29). From those analyses it
appeared that our model proteins were following a diffusion-
coupled FRAP recovery (29). Furthermore, because we used a
circular ROI, we analyzed our raw data using the previously
described Soumpasis mathematical equation (30, 31). To com-
pare our data with published studies, we opted for a bleaching
ROI of 1.4 �m for all of our experiments. Therefore a circular
region of 1.4 �m was photobleached with the same laser exci-
tation at high intensity (decrease of the fluorescence into the
ROI by 60–80%), and then the recovering of fluorescence into
the bleached region over timewasmonitored by recordingwith
low intensity laser (post-bleach scans) as before photobleach-
ing. This recovery reflects the ability of unbleached fluorescent
proteins around the ROI to repopulate the photobleached ROI.
For each FRAP acquisition, we considered two internal con-
trols, one that indicates over time the natural bleaching of the
sample and one that gives the level of fluorescence background
(29). The raw data were fitted with the Igor Pro software and an
application developed in EMBLwith the Soumpasismathemat-
ical equation. FRAP recordings were obtained in CO2-inde-
pendent medium (0.15 M NaCl, 0.1 M KCl, 0.1 M CaCl2, 0.1 M
MgCl2, 0.2 M Hepes) at room temperature or at 37 °C.

RESULTS

Overview of the Studied Proteins and Validation of FRAP Set-
tings in Polarized MDCK Cells—We set up a confocal FRAP
analysis and determined the mobile fraction and apparent dif-
fusion coefficients of different proteins (see “Experimental Pro-
cedures”) at the level of the plasma membrane and the Golgi
apparatus (supplemental Fig. S1) to correlate the behavior of
the studied proteins with the immediate membrane environ-
ment. For raft-associated proteins, we studied GFP-FR and
GFP-PrP where GFP is fused to the GPI signal attachment of
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either the folate receptor (GFP-FR) or the prion protein (GFP-
PrP) (Fig. 1). These two chimeric proteins are excellent candi-
dates because although both are GPI-anchored and raft-associ-
ated, they have an opposite polarity and different capacity to
oligomerize.3 As non-raft proteins, we considered two trans-
membrane proteins fused to GFP: P75-GFP, which is apically
sorted and has GFP fused to the human neurotrophin receptor
(32); and GFP-PIT, which is basolaterally sorted and has GFP
fused to a truncated form of the low density lipoprotein recep-
tor (extracellular domain deleted) (23) (Fig. 1).
All constructs were stably transfected into MDCK cells

where we could compare the behavior and therefore the local
environment (both at the level of the plasma membrane and in
the Golgi) of (i) two differentially sorted raft-associated pro-
teins (GFP-FR versus GFP-PrP), (ii) two apical proteins either
raft- or non-raft-associated (GFP-FR or P75-GFP respectively),
and (iii) two basolateral proteins either raft- or non-raft-asso-
ciated (GFP-PrP or GFP-PIT, respectively).
We performed all FRAP analyses on polarized MDCK cells

grown “upside-down” on small filters for three to four days to
obtain fully polarized conditions as previously reported (23).
Under these conditions the behavior at 25 and at 37 °C of our
twomodel apical proteins P75-GFP and GFP-FR was similar to
what was previously reported (30) (supplemental Fig. S2) and
confirmed that different environments were surrounding raft-
and non-raft-associated proteins. Having validated our FRAP
conditions, we performed the rest of our experiments at phys-
iological temperature (37 °C). Because, as expected, the mobile
fraction of all studied proteins at this temperature was 100%
(supplemental Fig. S2 and data not shown), we only measured

differences in the apparent diffusion coefficient of each fusion
protein.
Involvement of Cholesterol in the Organization of Raft-asso-

ciated Proteins at the Apical and Basolateral Plasma Mem-
brane Domains of Polarized MDCK Cells—To understand the
role of cholesterol in the organization of proteins at the apical
and basolateral plasma membranes in polarized MDCK cells,
we analyzed the FRAP behavior of apical and basolateral raft-
and non-raft-associated proteins at steady state (referred as
control) and upon modification of the cholesterol content. We
found that at steady state GPI-anchored, raft-associated pro-
teins have a significantly higher apparent diffusion coefficient
compared with non-raft-associated proteins independent of
their apical or basolateral localization (Fig. 2A). To investigate
whether cholesterol content affects the behavior of these pro-
teins, possibly by changing their local membrane environment,
we depleted cholesterol from polarized MDCK cells using
methyl-�-cyclodextrin, which sequesters cholesterol in its
hydrophobic core. A short incubation of 30 min of polarized
MDCK cells with M�CD (10 mM) reduced the content of cho-
lesterol by 30% (see “Experimental Procedures”). By performing
FRAP within the first 30 min after removal of the drug, we
observed that the apparent diffusion coefficient of all proteins,
independent of their raft association and their polarity, was
significantly decreased (supplemental Fig. S3). These results are
in agreement with what has been published earlier in nonpolar-
ized COS-7 cells (33). However, because it has been shown that
M�CDmay induce aspecific effects not related with the deple-
tion of cholesterol (27, 34), we decided to use an alternative
approach and treated the cells with mevinolin, an inhibitor of
HMG-CoA reductase, which is the rate-limiting enzyme in
cholesterol synthesis (24). MDCK cells plated on filters were
treated for 48 h in a delipidated medium with mevinolin (10
�M), resulting in a depletion of cholesterol of 30–40% (see
“Experimental Procedures”). In contrast to themethyl-�-cyclo-
dextrin results, upon inhibition of cholesterol synthesis only
raft-associated proteins (both apical and basolateral) presented
a statistically significant decrease in their apparent diffusion
coefficients, whereas non-raft-associated proteins were unaf-
fected (Fig. 2A). These results are in agreement with the fluo-
rescence correlation spectroscopy study performed in COS-7
cells using cholesterol oxidase (35, 36). They indicate that like
in nonpolarized cells, cholesterol-dependent domains exist
both at the apical and basolateral membranes of polarized
MDCK cells. Interestingly, we observed a difference in the sta-
tistical significance of the variation of the diffusion coefficient
between apical and basolateralGPI-APs after cholesterol deple-
tion (Fig. 2A, compare GFP-FR with GFP-PrP). Indeed, follow-
ing cholesterol depletion the apparent diffusion coefficient of
GFP-FR decreased with a statistical significance of p � 0.005,
whereas the apparent diffusion coefficient of GFP-PrP
decreased with a statistical significance of p � 0.0001. This
supports the hypothesis that apical andbasolateral raft domains
in polarized cells have specific properties andmay differ in lipid
composition (37). To fully investigate the requirement for cho-
lesterol in protein organization at the apical and basolateral
membranes of polarized MDCK cells, we performed FRAP
upon loading of cholesterol. To this end, we incubated polar-

FIGURE 1. Overview of fluorescent proteins. Two raft-associated proteins
are shown: apically sorted GFP-FR containing the GPI signal attachment of the
folate receptor and basolaterally sorted GFP-PrP containing the GPI signal
attachment of the prion protein. Two transmembrane non-raft-associated
proteins are shown: apically sorted P75-GFP containing P75 neurotrophin
receptor and basolaterally sorted GFP-PIT containing PIT (truncated form of
low density lipoprotein receptor deleted of its extracellular domain). All of
these proteins are fused to the GFP (green cylinder) and expressed independ-
ently in MDCK cells.
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ized MDCK cells with water-soluble cholesterol for a short
period of time (30min) before proceeding to the FRAP analysis
within the first 30 min after washing the cells. Measurement of
total cholesterol showed an increase of 50% (see “Experimental
Procedures”) also shown by the increased fluorescence signal
observed by filipin staining (Fig. 2, B and C). Under these con-
ditions, neither apical or basolateral raft-associated proteins
were affected by cholesterol addition, suggesting that rafts were
probably already saturated with cholesterol both at the apical
and basolateral surface. In contrast, we observed a statistically
significant increase of the apparent diffusion coefficient of non-

raft apical protein P75-GFP upon
loading of cholesterol (Fig. 2D).
However, under these conditions
after extraction at 4 °C in Triton
X-100, P75-GFP remained soluble
and did not float on sucrose density
gradient (supplemental Fig. S4).
This suggests that the addition of
cholesterol increases the diffusional
property of the apical non-raft-as-
sociated protein, but it is not
enough to change the partition of a
non-DRM protein to DRMs. Inter-
estingly, the addition of cholesterol
did not affect the basolateral non-
raft-associated GFP-PIT, possibly
because the basolateral domain is
already more enriched in choles-
terol compared with the apical one
(compare filipin staining in Fig. 2B,
panels a and c).
Involvement of the Actin Cytoskel-

eton in the Organization of Trans-
membrane Proteins at the Apical
Membrane of Polarized MDCK
Cells—It has been postulated that
the plasma membrane of the fibro-
blast cells like normal rat kidney
cells are compartmentalized and
that the actin meshwork plays an
essential role in the confinement of
proteins. More precisely, trans-
membrane proteins by their inter-
action with actin fibers contribute
to the establishment of membrane
compartments in which proteins
are able to diffuse. The size of these
compartments ranges between 32
and 230 nm depending on the cell
type (9, 22). We wanted to analyze
whether the actin cytoskeleton con-
tributed to the organization/com-
partmentalization of raft-associated
proteins (GPI-anchored or trans-
membrane) at the plasma mem-
brane of polarized MDCK cells. As
apical transmembrane raft-associ-

ated protein, we considered the human LAT (linker for activa-
tion of T cells), which is the integral membrane adaptor protein
linker for T cells activation. We found that two apical trans-
membrane raft-associated proteins (30) (Fig. 3A), LAT-WT-
GFP and LAT-TMD-GFP (deleted of its cytoplasmic domain),
had a significantly higher apparent diffusion coefficient than
P75-GFP our model transmembrane non-raft-associated pro-
tein (p � 0.0005 and p � 0.0001, respectively) (Fig. 3B). This
supports the hypothesis that the local environment provided by
rafts confers a higher lateral mobility to proteins compared
with proteins excluded from these lipidic domains (Fig. 2A). To

FIGURE 2. Cholesterol plays a major role in the organization of proteins in apical and basolateral
domains of polarized MDCK cells. A, apparent diffusion coefficients (D) of the four studied proteins at steady
state (colored bars) and upon depletion of cholesterol synthesis by treatment with mevinolin (white bars).
B, confocal pictures of filipin staining at apical pole (panels a and b) and basolateral pole (panels c and d) of
polarized MDCK cells in control conditions (panels a and c) and upon loading of cholesterol (panels b and d). Bar,
10 �m. C, quantification of the filipin staining in polarized MDCK cells loaded with cholesterol. Intensity fluo-
rescence is expressed as percentage of control cells. The experiments were performed three independent
times, and the error bars are the mean � S.D. D, apparent diffusion coefficient (D) of proteins of interest at
steady state (colored bars) and upon addition of cholesterol (white bars). Fitted data are shown from at least
three independent experiments (for A and D) with n � 15. The error bars are the means � S.D. *, p � 0.0001; **,
p � 0.005.
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define the putative role of the actin cytoskeleton in organizing
raft microdomains, we perturbed the integrity of the actin
meshwork by using latrunculinA, which alters the actin-mono-
mer subunit surface and prevents polymerization (38). By stain-
ing F-actin with phalloidin-rhodamine in polarized MDCK
cells grown on filters, we found that a treatment of 60 min with
latrunculin A drastically affects the actin cytoskeleton (com-
pare panels a and e or panels b and f of Fig. 3C) and the cell
integrity. In contrast, after 5min of latrunculinA treatment, the
overall integrity of the actin meshwork was preserved (Fig. 3C,

panels c and d). However, when we performed the FRAP anal-
yses at this time, both apical raft- and non-raft-associated
transmembrane proteins possessing a cytoplasmic domain
(P75-GFP and LAT-WT-GFP) displayed a statistical significant
increase in their apparent diffusion coefficients (Fig. 3B). On
the contrary LAT-TMD-GFP is unaffected by latrunculin treat-
ment. Interestingly, at steady state, LAT-TMD-GFP displays a
much higher apparent diffusion coefficient than LAT-WT-
GFP (p � 0.0001) (Fig. 3B), indicating that the cytoplasmic
domain is necessary for mediating the restriction of LAT.
Altogether, these results support the hypothesis that restric-

tion of the apparent diffusion coefficient of transmembrane
proteins derives from the interaction of their cytoplasmic
domains with the actin meshwork independent from raft asso-
ciation. Interestingly, in contrast to apical proteins, basolateral
proteins were unaffected by the mild latrunculin treatment
(Fig. 3B).
Involvement of Cholesterol and Actin in the Compartmental-

ization of Apical and Basolateral Raft- andNon-raft-associated
Proteins at the Level of the Golgi Apparatus—Secreted proteins
travel through the Golgi apparatus where they are packed in
distinct vesicles before being delivered to the cell surface (32,
39). To investigate whether raft- and non-raft-associated pro-
teins were presorted at the level of the Golgi, we analyzed their
behavior in this organelle by FRAP. These experiments were
done at 37 °C and at steady state without performing any tem-
perature block to enrich proteins in the Golgi to reproduce
physiological conditions as close as possible. Although we
bleached through all the samples in the selected Golgi area,
we monitored the fluorescence recovery in a single confocal
plane where we could detect the fluorescence from the Golgi
marker furin (not shown) (40, 41). We found that in the Golgi,
GFP-PrP (raft-associated, basolateral) presents a much higher
apparent diffusion coefficient compared with GFP-PIT (baso-
lateral, transmembrane, non-raft-associated). Interestingly, its
apparent diffusion coefficient is also higher compared with the
two apical proteins, GFP-FR and P75-GFP, independently of
their raft association (Fig. 4A). This is consistent with the fact
that raft-associated GFP-PrP is monomeric, whereas GFP-FR
forms high molecular complexes (17, 42). Furthermore we
observed that upon cholesterol depletion only apical proteins
display a statistically significant increase in their apparent dif-
fusion coefficients. On the contrary, basolateral proteins (both
raft and non-raft-associated) were unaffected by mevinolin
treatment (Fig. 4A). The high sensitivity of apical proteins to
depletion of cholesterol, independent of their raft association,
suggests that they occupy a different environment from the
basolateral proteins in the Golgi apparatus (Fig. 4A). To further
examine the cholesterol dependence of proteins in the Golgi,
we loaded cells with cholesterol and analyzed the apparent dif-
fusion coefficients of our model proteins in the Golgi. Interest-
ingly, the addition of cholesterol induced a significant increase
of the apparent diffusion coefficient of the apical raft-associated
GPI-AP (GFP-FR) (Fig. 4B). In contrast, upon loading of cho-
lesterol the apparent diffusion coefficient of GFP-PrP (basolat-
eral GPI-APs raft-associated protein) decreased significantly
and became similar to the apparent diffusion coefficient of an
apically sorted GPI-AP raft-associated proteins (Fig. 4B). This

FIGURE 3. Involvement of the actin cytoskeleton in the organization of
apical pole of polarized MDCK cells. A, two apical transmembrane raft-as-
sociated proteins fused to the GFP, LAT-WT-GFP, and LAT-TMD-GFP (deleted
of the cytoplasmic domain) were considered for this FRAP analysis. B, appar-
ent diffusion coefficients of the studied proteins at steady state (colored bars)
and after 5 min of latrunculin A treatment (white bars) within the first 20 min
after removal of the drug because its effect is reversible (35). The experiments
were performed at least three independent times, n � 15. *, p � 0.0001; **,
p � 0.001. C, apical (panels a, c, and e) and basolateral (panels b, d, and f)
confocal images of actin immunostained with phalloidin-rhodamine in polar-
ized MDCK cells at steady state (panels a and b) or upon 5 min (panels c and d)
or 60 min (panels e and f) treatment with latrunculin A. Bar, 10 �m.
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is consistent with the observation that upon cholesterol addi-
tion GFP-PrP is able to oligomerize and is apically sorted (Fig.
4C).3 Interestingly, the addition of cholesterol does not have
any effect on non-raft-associated proteins (neither apical, P75-
GFP, nor basolateral, GFP-PIT) (data not shown and Fig. 4C).
These data indicate that the protein must already be in a raft
environment to be sensitive to the action of cholesterol addi-

tion and therefore that raft- and non-raft-associated proteins
are in a different environment in the Golgi apparatus.
To further characterize the compartment of apical and baso-

lateral proteins in the Golgi apparatus, we decided to analyze
the involvement of the actin cytoskeleton on the organization
of raft- and non-raft-associated proteins at the level of Golgi
membranes (Fig. 5A).We found that both apical proteins, inde-
pendent of their raft association, display a significant increase
in their apparent diffusion coefficients upon the addition of
latrunculin A (5 min) (Fig. 5A). These results contrast with
those reported very recently by Lazaro-Dieguez et al. (43) in
nonpolarized cells. These authors performed inverse FRAP in
COS-1 cells at the level of theGolgi complex and considered the
behavior of the same raft- and non-raft-associated apical pro-
teins that we analyzed here in polarized MDCK cells (43). In

FIGURE 4. Diffusional mobilities of raft- and non-raft-associated proteins
at the level of the Golgi compartment in polarized MDCK cells. A, appar-
ent diffusion coefficients of our studied proteins at steady state (colored bars)
and upon depletion of cholesterol by inhibition of HMG-CoA reductase (white
bars). B, apparent diffusion coefficients of our studied proteins at steady state
(colored bars) and upon loading of cholesterol (white bars). These experiments
have been performed at least three independent times, n � 15. The error bars
are the means � S.D. with *, p � 0.0001. C, analysis by velocity gradient of
oligomerization status of basolaterally sorted proteins (GFP-PrP and GFP-PIT)
at steady state or upon loading of cholesterol.

FIGURE 5. Contribution of the actin cytoskeleton in the organization of
membranes in the Golgi complex in polarized and nonpolarized MDCK
cells. A, apparent diffusion coefficients of our studied proteins at steady state
(white boxes) and upon 5 min latruncuclin A treatment (colored bars) in Golgi
membranes of polarized MDCK cells. B, apparent diffusion coefficients of api-
cal raft-associated protein (GFP-FR) and non-raft-associated protein (P75-
GFP) at steady state (colored bars) and upon 5 min (white bars) treatment with
latrunculin A in Golgi membranes in polarized and nonpolarized MDCK cells.
The experiments were performed at least three independent times, n � 15. *,
p � 0.0001; **, p � 0.05.
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this study the exit of P75-GFP from the Golgi was inhibited
after treatment of COS-1 cells with latrunculin, whereas the
exit of GFP-FR was unaffected by the same treatment; thus, the
authors concluded that only non-raft-associated proteins were
dependent on the actin cytoskeleton in the Golgi apparatus.
The difference between these reported data and ours could be
the result of the difference inGolgi organization between polar-
ized and nonpolarized cells. Importantly, the Golgi apparatus
appears to have a different morphology in polarized and non-
polarized MDCK cells (data not shown). To verify this hypoth-
esis we analyzed the FRAP behavior of apical proteins (raft- and
non-raft-associated) upon perturbation of the actin cytoskele-
ton in MDCK cells grown on coverslips under nonpolarized
conditions.We found that in nonpolarizedMDCK cells latrun-
culin A decreases the apparent diffusion coefficient of P75-GFP
in the Golgi membranes, whereas the raft-associated protein,
GFP-FR, is unaffected (Fig. 5B). Thus, our results in nonpolar-
ized MDCK cells are consistent with the data reported in
COS-1 cells on the same model proteins (43), suggesting that
there is a different membrane organization in the Golgi appa-
ratus between nonpolarized and polarized cells. Interestingly,
in contrast to the behavior of apical proteins, both populations
of basolateral proteins (raft- and non-raft-associated) are unaf-
fected by latrunculin addition.

DISCUSSION

Previously FRAP analysis has been used to study the involve-
ment of rafts in the segregation and organization of proteins at
the plasma membrane of nonpolarized cells (33) and at the
apical plasma membrane of polarized MDCK cells grown in
fully polarized conditions (30). Here we wanted to study the
role of (i) cholesterol as a major raft component and of (ii) the
actin cytoskeleton in themembrane organization and compart-
mentalization of apical and basolateral raft- and non-raft-asso-
ciated proteins at the level of the apical and basolateral plasma
membrane domains and at the level of the Golgi apparatus in
polarized MDCK cells. Indeed both protein trafficking and
Golgi membranes appear to be very different between nonpo-
larized and polarized cells (23, 32), highlighting the importance
of analyzingmembrane environments in fully polarized epithe-
lial cells. Additionally, for the first time we investigated the
putative role of cholesterol and the actin meshwork in protein
organization both at the apical and basolateral domains and
also at the level of theGolgi complex in correlationwith protein
sorting. To accomplish these studies, we set up a confocal FRAP
analysis of MDCK cells grown on filters under polarized condi-
tions (23). We found that both apical and basolateral raft-asso-
ciated proteins display higher apparent diffusion coefficients
compared with non-raft-associated proteins, supporting a role
for rafts in protein organization both at the apical and basolat-
eral domains of polarized cells. To sustain this hypothesis, we
then analyzed the role of cholesterol by either depleting or
increasing themembrane cholesterol content. Interestingly, we
found that treatment with M�CD induced a significant
decrease in the apparent diffusion coefficient of both raft- and
non-raft-associated proteins (supplemental Fig. S3). These
results are in agreement with the finding that methyl-�-cyclo-
dextrin has other effects, unrelated to cholesterol depletion,

such as global inhibition of the lateral mobility of plasmamem-
brane proteins, irrespective of their putative association with
lipid ordered domains (34, 44). However, when we lowered the
cellular content of cholesterol by inhibiting its synthesis, we
found an effect only on raft-associated proteins (Fig. 2A). Thus,
our results support the existence of a cholesterol-dependent
organization of proteins at the apical and basolateral plasma
membrane of polarized cells. Interestingly, following choles-
terol depletion, the apparent diffusion coefficient of basolateral
GFP-PrP decreased with a higher statistical significance of
compared with apical GFP-FR (Fig. 2A). These results could be
interpreted in two ways: either mevinolin treatment was biased
toward the cholesterol reduction from the basolateral mem-
brane as opposed to the apical membrane, or the overall cho-
lesterol content is higher in the basolateral membrane com-
paredwith that of the apicalmembrane. This latter possibility is
supported both by filipin staining (Fig. 2B) and by a previous
report showing that there is three timesmore cholesterol efflux
from the basolateral than from the apical membrane in polar-
ized MDCK cells (45). To fully investigate the requirement for
cholesterol in the organization of apical and basolateral pro-
teins in the plasma membrane, we performed the converse of
these experiments and loaded cells with cholesterol (Fig. 2, B
andC). FRAP analysis under these conditions revealed that only
P75-GFP, the apical non-raft-associated protein, increased its
apparent diffusion coefficient (Fig. 2D). These results reinforce
the idea that cholesterol fluidifies membranes and confers
higher diffusional properties to proteins (46). This also sup-
ports the hypothesis that the overall cholesterol content of the
basolateral pole of the cell is higher than that of the apical pole,
thus explaining the absence of effect observed for the non-raft-
associated protein basolaterally expressed (GFP-PIT) upon
cholesterol addition. Interestingly, the addition of cholesterol
was not sufficient to change the partitioning of the protein from
non DRMs to DRMs (supplemental Fig. S4), indicating that the
proteins need to have an intrinsic ability to partition with
DRMs and that changes in the cholesterol content of the plasma
membrane will not alter this property. Besides cholesterol, the
actin cytoskeleton has also been shown to play a role in the
organization of plasma membrane proteins in fibroblasts. In
particular the picket fence model proposed by the Kusumi lab-
oratory (7–9, 11, 22) suggests that transmembrane proteins,
independent of their raft association, would bind to the actin
meshwork, creating small compartments into which proteins
diffuse according to their local environments. By using a short
treatment with latrunculin A, we demonstrated that in polar-
ized cells, apical transmembrane proteins presented a higher
diffusional property when the actin cytoskeletonwas perturbed
independent of their raft association (Fig. 3B). Therefore, these
data indicate that apical transmembrane proteins are able to
bind to the actin cytoskeleton and might play a “picket” role at
the apical domain of polarized MDCK cells. Similar to fibro-
blasts, this role is independent of their association with rafts. In
contrast, all basolateral proteins (independent of their raft asso-
ciation or the presence of a transmembrane domain) were
insensitive to latrunculin treatment (Fig. 3B). Although in these
conditions we did not reveal a role for the actin cytoskeleton in
the organization of basolateral proteins in the plasma mem-
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brane, we cannot rule out a different organization (and there-
fore different latrunculin sensitivity) of the basolateral cytoskel-
eton. Similarly, at the apical pole, the GPI-AP GFP-FR did not
show any modification of its apparent diffusion coefficient
upon latrunculin A treatment (Fig. 3B). Although these obser-
vations are in agreement with the fluorescence correlation
spectroscopy studies showing no effect of latrunculin treat-
ment on GPI-AP in COS-7 cells (35), we cannot exclude a dif-
ferent sensitivity to the perturbation of the actin cytoskeleton
between apical transmembrane and GPI-AP proteins.
Next we analyzed the apparent diffusion coefficients of our

different apical and basolateral proteins at the level of theGolgi.
We found that at steady state, the basolateral GPI-AP (GFP-
PrP) presented a much higher apparent diffusion coefficient

compared with apical proteins independent of their mode of
anchorage and of their raft association (Fig. 4A). We also found
that upon cholesterol depletion only apical proteins both raft-
and non-raft-associated (Fig. 4A) showed a statistically signifi-
cant increase in their apparent diffusion coefficients. Thus,
these data suggest that in the Golgi apical and basolateral pro-
teins are segregated in different compartments with different
sensitivities to cholesterol (Fig. 6). Theymight also indicate that
apically sorted proteins share a common environment in Golgi
membranes. This hypothesis is supported by the studies of
Jacob and collaborators who reported that apical proteins bud
from theGolgi compartment in a common carrier prior to their
segregation into distinct vesicles carrying raft-associated and
non-raft-associated proteins respectively (39, 47–50). Our data
are also consistent with the fact that the apparent diffusion
coefficient of a protein correlates with its oligomeric state (42).
In particular, we found that upon cholesterol depletion, the
apical GPI-AP GFP-FR increases its apparent diffusion coeffi-
cient, and this is consistent with its reduced capacity to form
high molecular weight complexes under these conditions (23).
Conversely the increase of apparent diffusion coefficient of
GFP-FR upon cholesterol loading can be explained in twoways:
either the addition of cholesterol impairs the new formation of
highmolecular weight complexes, or the local membrane envi-
ronment becomesmore fluid.Most interestingly, we found that
upon loading of cholesterol GFP-PrP increases its ability to
form highmolecular weight complexes (and therefore is sorted
apically)3 and also reported here that its apparent diffusion
coefficient is reduced (Fig. 4B). These combined data can be
explained in two ways: (i) upon the addition of cholesterol a
basolateral raft-associated protein shifts to a different raft envi-
ronment within the Golgi that allows its oligomerization and
apical sorting or (ii) cholesterol per se is able to stabilize the
protein within the raft, which in turn leads to its oligomeriza-
tion and apical sorting.
Interestingly, cholesterol affects the ability of proteins to oli-

gomerize, and therefore the sorting only of GPI-APs and not of
non-raft-associated transmembrane proteins is affected (Fig. 4B).
Therefore, this strongly suggests that the specificmembrane envi-
ronment (e.g. rafts) is able to promote/inhibit protein-protein
interactionsbetweenproteinsembeddedwithin this environment.
Emblematic is the case of p75-GFP, which upon cholesterol load-
ing increases its apparent diffusion coefficient but does not
become DRM-associated and does not form oligomers.
In conclusion, our data show that at the plasmamembrane of

polarized MDCK cells in both apical and basolateral domains,
GPI-APs show a cholesterol-dependent behavior different
from apical and basolateral non-raft-associated proteins; the
actin cytoskeleton appears to play a role in the confinement/
organization of transmembrane proteins at the level of the api-
cal plasmamembrane independent of their raft association (Fig.
6A). Furthermore, we show here that apical and basolateral
proteins do not share a common environment but appear to be
already segregated in the Golgi into two different compart-
ments that display different sensitivities toward cholesterol
depletion and actin perturbation (Fig. 6B). This represents the
first comprehensive study of protein organization by confocal
FRAP at the plasma membrane and in the Golgi of fully polar-

FIGURE 6. Model of raft- and non-raft-associated proteins organization at
the level of the polarized plasma membrane (A) and of the Golgi appara-
tus (B) in polarized MDCK cells. A, raft-associated proteins (GFP-FR, GFP-
LAT-TMD, and GFP-LAT-WT) are surrounded by orange lipids, whereas non-
raft-associated P75-GFP is represented surrounded by a different membrane
environment in dark gray. At the basolateral membrane GFP-PrP raft-associ-
ated is also surrounded by a dark orange membrane environment, whereas
the non-raft-associated protein GFP-PIT is surrounded by a light gray mem-
brane environment. Raft domains appear different between the apical and
the basolateral membrane (dark orange/orange) because they have a differ-
ent sensitivity to cholesterol depletion. Non-raft domains are also distinct
(dark gray and light gray) because only the apical non-raft domain is modified
upon cholesterol loading. Only transmembrane proteins with a cytosolic
domain and independently of their raft association seem to be connected to
the actin meshwork. B, in the Golgi, apical and basolateral proteins already
appear to be in a different environment, which does not show the same sen-
sitivity to cholesterol depletion and actin rearrangement. In both of these
environments raft- and non-raft-associated proteins are found (orange/dark
orange for raft-associated proteins and gray/dark gray for non-raft-associated
proteins).
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ized MDCK cells in correlation with their respective sorting.
Our work highlights clear differences between the various
classes of proteins and between polarized and nonpolarized
cells that should be taken into account in further studies.
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