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Abstract

Here, we combined classical biochemistry with novel biophysical approaches to study with high

spatial and temporal resolution the organization of GPI-anchored proteins (GPI-APs) at the plasma

membrane of polarized epithelial cells. We show that in polarized MDCK cells, following sorting

in the Golgi, each GPI-AP reaches the apical surface in homo-clusters. Golgi-derived homo-

clusters are required for their subsequent plasma membrane organization into cholesterol-

dependent hetero-clusters. By contrast, in non-polarized MDCK cells GPI-APs are delivered to the

surface as monomers in an unpolarized manner and are not able to form hetero-clusters. We

further demonstrate that this GPI-AP organization is regulated by the content of cholesterol in the

Golgi apparatus and is required to maintain the functional state of the protein at the apical

membrane. Thus, different from fibroblasts, in polarized epithelial cells a selective cholesterol-

dependent sorting mechanism in the Golgi regulates both the organization and the function of

GPI-APs at the apical surface.
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Introduction

In fibroblasts GPI-APs are organized into a mixture of monomers and of cholesterol

dependent clusters (20–40% of total GPI-APs) composed of 3 to 4 GPI-APs of different

species1. The mechanisms regulating the formation of these GPI-AP assemblies appear to

rely both on the lipid environment, the actin cytoskeleton and the protein itself2-5. The

organization of membrane domains is affected by the oligomeric state of proteins6-10, and

dimers and oligomers of membrane proteins have been regarded recently as specific

domains because they participate to the creation/exclusion of the different sub-

compartments4,10 as exemplified in the case of receptor activation6,9,10. Thus one important

question is the physiological significance of GPI-APs spatial organization in membranes and

whether and how it regulates specific GPI-AP function. This has a particular relevance in

polarized epithelial cells where GPI-APs are preferentially sorted to the apical domain of the

plasma membrane. Of interest, clustering in the Golgi is a mechanism required for assuring

the apical sorting of GPI-APs11,12. The fact that GPIAPs arrive in oligomeric clusters at the

apical membrane of polarized cells13, while they are delivered as monomers to the plasma

membrane of fibroblasts and non-polarized cells can have major consequences for the

formation and hierarchical organization of membrane domains and consequently can affect

both the dynamics and the functional state of GPI-APs in polarized vs non-polarized cells.

We found that at the apical membrane of polarized MDCK cells GPI-APs are organized in

small clusters of single GPI-AP species (referred to as homo-clusters), which are

independent of cholesterol. These complexes, but not monomeric GPI-APs, coalesced into

larger cholesterol-dependent clusters formed by multiple GPI-APs species (named hetero-

clusters). Biochemical and live microscopy data demonstrated that the pre-organization in

homo-clusters occurring in the Golgi of polarized epithelial cells is required for hetero-

cluster formation at the plasma membrane and regulates the functional state of the protein at

the cell surface.

Results

Apical GPI-APs are organized in homo- and hetero-clusters

At the plasma membrane of fibroblasts 20-40% of GPI-APs are organized in cholesterol-

dependent nanoclusters containing different species1. To understand whether this was the

case in polarized epithelial cells we produced MDCK clones stably transfected with PLAP

(Placental Alkaline Phosphatase) and GFP-FR (Folate Receptor)1,11. The relative

organization of these model apical GPIAPs (which associated to DRMs and formed HMW

complexes; Supplementary Fig. 1a-c) was biochemically assayed by addition to the cell

surface of the impermeable cross-linking agent, BS3 [Bis(sulfosuccinimidyl)suberate]14

(Supplementary Fig. 1d-f) followed by a co-immunoprecipitation assay. In agreement with

previous findings14 both GFP-FR and PLAP were in HMW complexes (here referred to as

homo-clusters) on the apical surface of MDCK cells (Supplementary Fig. 1d-f). Inaddition

they could be specifically co-immunoprecipitated in hetero-clusters (Supplementary Fig.
2a,b), which excluded GP114, a transmembrane apical protein, (Supplementary Fig. 2c).

To understand whether homo- and hetero-clusters formation depended on cholesterol we

repeated the cross-linking experiments applying the same pharmacological conditions used
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to perturb the clustered organization of GPI-APs in CHO cells1,2. Addition of saponin did

not alter the cross-linking of homo-clusters, as shown by the presence of the HMW bands

corresponding to the cross-linked proteins (Supplementary Fig. 1e,f). On the contrary,

upon cholesterol depletion homo-clusters were no longer cross-linkable in hetero-clusters

(Supplementary Fig. 2a). Importantly, homo-clusters of GFP-FR and PLAP were

insensitive to harsh cholesterol depletion conditions (Supplementary Fig. 3a,b), ruling out

different threshold sensitivities of homo- and hetero-clusters.

Although confocal microscopy does not provide the spatial resolution to discriminate single

GPI-APs clusters we could quantify the effect of saponin on GFP-FR and PLAP co-

localization (Supplementary Fig. 3c). Saponin drastically reduced the co-presence between

GFP-FR and PLAP resulting in the increase of exclusion areas (50-55%, p< 0.00001) and in

a decrease of co-localization (Supplementary Fig. 3d), supporting hetero-clusters

dependency of cholesterol.

Apical GPI-AP homo-clusters are cholesterol independent

The above data suggested that differently from fibroblasts1,15 at the apical membrane of

polarized cells cholesterol does not influence GPI-AP homo-cluster organization, but

regulates the formation of hetero-clusters. To assess the spatio-temporal organization of

GPI-APs in live polarized cells we established different biophysical techniques with high

spatio-temporal resolution.

In order to visualize single homo-clusters of GFP-FR we used Number and Brightness

(N&B) analysis, which provides a pixel resolution map of molecular numbers and

aggregation state of fluorescent proteins in living cells16 (see Methods). The aggregation

state (or brightness) of fluctuating particles in a specific pixel is given by the variance of

their intensity in a pixel/time, which means that larger particles (e.g., dimers, trimers, etc.)

would result in higher intensity variance (brightness). Consequently the ratio between

Brightness and Intensity (B/I) provides a very good approximation and a high spatial and

temporal resolution16 of the number of molecules in a fluctuating particle in living cells (see

Methods)16. We observed that the particle brightness, expressed as average B value, of

GFPFR (1.25) was higher than the B values corresponding to the monomeric forms of the

cytosolic (mGFP, 1.08) and membrane-linked (mGFP-FR, 1.07) GFP (Fig. 1a), indicating

that it was in an aggregated state at the apical surface of living MDCK cells. Because

photobleaching could influence the brightness of these molecules, we measured the

bleaching rate of mGFP-FR and GFP-FR, which were comparable (7-18%; Supplementary
Fig. 4a), suggesting that the difference in B was specific.Furthermore, the B map showed

that B values were independent of the fluorescence intensity values (Fig. 1b), ruling out the

possibility that large B is a consequence of the relatively high local density (compare maps

of B and I and scattergram in Supplementary Fig. 4b). The experimental B values ranging

from 0.9 to 1.8 indicated heterogeneity in the aggregation state of GFP-FR. Using the K-

means function of Matlab software we partitioned the observed B values in groups (with 0.5

intervals), of which we measured the occurrence (% of cells in each group) (Fig. 1c; see

Methods). Furthermore, to determine the correspondence between the experimental B

values and the aggregation state of GFP-FR (one, two, three, four, etc. molecules) we
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constructed a standard curve by plotting the experimental B values obtained for monomer,

dimer and trimer of soluble mGFP against the number of units/molecule(Supplementary
Fig. 4c). Statistical analysis revealed that the difference between the B values for

monomeric, dimeric and trimeric GFP were significant (monomer vs dimer p<0.00003;

dimer vs trimer p<0.0006; Supplementary Fig. 4d) and B increased linearly with the

number of molecules (Supplementary Fig. 4c). Furthermore the perfect overlap with a

curve obtained with the experimental B values of another model GPI-AP in which one or

two mGFP moieties were linked in tandem to the GPI anchor of the uPAR (Supplementary
Fig. 4c), indicated that the B values of a soluble and a membrane-linked GFP of defined

molecular mass are in the same range (see Methods).

Because the B values for each molecular species (e.g., monomer to trimer) were distributed

along a Gaussian curve (Supplementary Fig. 4e), we could ascribe the range of B values

corresponding, respectively, to monomer (1.05-1.14), dimer (1.15-1.24), and trimer

(1.25-1.29) (Supplementary Fig. 4f). Hence, by interpolating the experimental B values of

GFP-FR on the standard curve (Supplementary Fig. 4g) we could extrapolate the range of

B values corresponding to tetramer (1.30-1.39), pentamer (1.40-1.44) and hexamer

(1.45-1.54) (Fig. 1d).

Overall this analysis revealed that besides monomers and dimers and a few large aggregates,

about 30-35% of GFP-FR has a B value within the range of 1.25 to 1.39, corresponding to

an organization in aggregates containing three-four molecules (Fig. 1d). As a control for the

specificity and accuracy of these calculations we measured the brightness of p75-GFP, a

well characterized apical transmembrane protein, which is known to dimerize in the

presence of growth factors or serum17,18. Consistently more than 80% of p75-GFP showed

B values ranging from 1 to 1.24 (corresponding to monomers and dimers; Supplementary
Fig. 4h,i).

Of interest, differently from CHO cells1, the aggregation state of GFP-FR was not affected

by the co-expression of another GPI-AP (mCherry-PLAP) indicating that in polarized

MDCK cells GPI-AP homo-clusters were independent from each other (Fig. 1a-d). These

results were obtained using several clones expressing different levels of mCherry-PLAP

suggesting that the GFP-FR clusters are self autonomous and are independent of the number

of molecules of another GPI-AP. Furthermore, upon saponin (Fig. 2a,b and
Supplementary Fig. 5a,b) or mevinolin (Supplementary Fig. 5c-e) treatments there was

no change in the average brightness of GFP-FR nor in the distribution in the specific classes

of B values (Fig. 2a,b). As saponin and mevinolin used before to deplete cholesterol from

the cells1,2,19,20 should not alter other lipid biosynthesis nor organization21,22, these data

demonstrated that cholesterol depletion does not affect the aggregation state of GFP-FR and

supported our hypothesis that apical GPI-APs homo-clusters in living MDCK cells are

independent of cholesterol.

Apical GPI-AP hetero-cluster organization is cholesterol dependent

Next, to study the hetero-cluster organization of GPI-APs in living cells we set up a time

domain Fluorescence Lifetime Imaging Microscopy (FLIM) approach23,24, which measures
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the fluorescence decays (by mean lifetime) of the donor in the absence or presence of a

putative acceptor. A decrease of the lifetime of the donor in the presence of an acceptor

reveals fluorescence energy transfer (FRET) between the two molecules, indicating close

proximity (maximum FRET distance 10 nm). In control cells expressing GFP-FR (donor)

alone the mean GFP-FR lifetime was 2.47 ns ± 0.069 (n= 152 cells) and it was significantly

decreased to 2.34 ns ± 0.09 (n= 64 cells) in cells co-expressing mCherry-PLAP (as

acceptor), revealing FRET occurrence between the two apical GPI-APs (Fig. 2c,d). In

contrast the mean GFP-FR lifetime did not change (2.48 ns ± 0.08; n= 40) in cells co-

expressing as acceptor mCherry-p75 (an apical transmembrane protein; Fig. 2c,d). This

demonstrated that at the apical membrane of polarized MDCK cells two GPI-APs were in

close proximity and suggested that they were organized in hetero-clusters, which excluded

other apical proteins. To quantitatively interpret these data we determined the quantity of

interacting donor (%) using the minimal fraction donor value (mfD) that reflects the

proportion of donor proteins engaged in FRET23,24 (see Methods). This was independent of

the amount of the proteins expressed at the plasma membrane (as shown by using cells

expressing the two proteins at different levels, Supplementary Fig. 6b,c) and therefore

independent of both donor and acceptor fluorescence intensities (Supplementary Fig. 6d,e).

Upon cholesterol depletion (saponin or mevilonin) the hetero-FRET between GFP-FR and

mCherry-PLAP was lost (Fig. 2c,d) supporting the biochemical findings (Supplementary
Fig. 2a) that in polarized MDCK cells GPI-APs hetero-clusters were cholesterol-dependent.

Only cholesterol-dependent GPI-AP clusters exist in CHO cells

Although independent from the molecular concentration as in fibroblasts1,15, the apical

organization of GPI-APs in MDCK cells appeared to be different from CHO cells, where

20-40% of GPI-APs are found in cholesterol-dependent nanoclusters containing different

GPI-AP species (3 to 4 molecules)1,2. To understand whether this was due to the different

approaches used or was dependent on the cell type, we investigated the aggregation state of

GFP-FR in CHO cells applying N&B (Supplementary Fig. 7a-d). The average B value in

CHO was 1.36 corresponding to an aggregated state of GFP-FR, and the class analysis

showed that about 50% of GFP-FR had a B value ranging from 1.25 to 1.44 supporting the

existence of clusters of 3 to 4 or 5 molecules (Supplementary Fig. 7a-d). However, in

contrast to MDCK cells, upon treatment with saponin there was a reduction of the total B

value (compare Supplementary Fig. 7a with Fig. 2a) and a shift in the distribution of the

different classes of clusters towards monomers and dimers, indicating cluster dissociation

(Supplementary Fig. 7c,d). This was consistent with the nanocluster organization

previously reported in CHO cells by using anisotropy1,15 and showed that the organization

of GPI-APs is different between fibroblasts and polarized epithelial cells, independently of

the methodology used. Furthermore, brightness measurements suggested that GFP-FR

clusters in CHO cells are affected by the presence of another GPI-AP (Supplementary Fig.
7a) confirming that different GPI-APs species inhabit the same nanocluster1. Consistently in

CHO cells expressing GFP-FR and mCherry-PLAP we could detect hetero-FRET between

the two GPI-APs, which was loss upon cholesterol depletion (Supplementary Fig. 7e,f).
However in a larger population of CHO cells compared to MDCK cells (30% vs 13%) the

GFP-FR interacting fraction was less than 20% (Supplementary Fig. 6f,g). This low
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quantity of interacting donor (%) in CHO cells is consistent with the nanocluster

organization of GPI-APs previously described in CHO cells where energy transfer occurs

between 3 to 4 molecules within the same cluster1. On the other hand the fact that in a large

proportion of cells (87%) the quantity of GFP-FR in interaction is more than 20%

(Supplementary Fig. 6f) supports the occurrence of FRET between hetero-clusters in

polarized MDCK.

GPI-APs hetero-clusters derive from pre-existing homo-clusters

To understand the mechanisms of hetero-clusters organization in polarized MDCK cells we

used distinct biochemical approaches. To assess whether GFP-FR and PLAP hetero-clusters

were derived from monomers or oligomers cross-linking we performed co-

immunoprecipitation assays, after protein purification on velocity gradients. We observed

that PLAP and GFP-FR co-immunoprecipitated only in fraction 9, which contained HMW

complexes, and not in the fractions containing the monomers (Supplementary Fig. 8a).

Consistently, DTT (Dithiothreitol) treatment to reduce GFP-FR in monomeric or partially

denaturated dimeric forms11 (band at 43 kDa, Supplementary Fig. 8b) impaired its co-

immunoprecipitation with PLAP (Supplementary Fig. 8b). These combined experiments

demonstrated that only homo-HMW complexes and not GPI-AP monomers could be cross-

linked in hetero-clusters and suggested that hetero-clusters were derived from pre-existing

homo-clusters.

Golgi homo-clustering regulates apical GPI-AP organization

We hypothesized that in polarized cells apical GPI-AP homo-clusters derive directly from

the Golgi apparatus where they form in order to be apically sorted11. If homo-clusters are

required for hetero-cluster formation it follows that in polarized epithelial cells the

mechanism of GPI-AP apical sorting would determine their spatial organization at the

plasma membrane.

If this hypothesis is correct, GPI-APs, delivered to the surface in their monomeric form25 in

nonpolarized MDCK cells, should not be organized in homo/hetero-clusters. In order to test

this, we analyzed the organization of the newly arrived proteins at the plasma membrane of

polarized and nonpolarized MDCK cells. Cells were subjected to a trypsin treatment to

remove resident proteins from the plasma membrane25 and to a temperature shift at 19.5°C

to block protein exit from the Golgi. Following release of the block for 30 min at 37°C, we

then measured the N&B of the proteins newly arrived at the surface (Fig. 3a,b).

Interestingly the average B values (1.29) of newly arrived GFP-FR molecules at the plasma

membrane of polarized epithelial cells were higher compared to the average B values of

GFP-FR recorded in non-polarized cells (1.15). This showed that in polarized cells newly

synthesized GFP-FR molecules reach the apical surface in clusters, while in non-polarized

conditions they are delivered as monomers/dimers (Fig. 3a,b). Importantly B values

measured at steady state, in non-polarized cells indicated that GFP-FR remained in the form

of monomers and dimers (Fig. 3a,b and Supplementary Fig. 9a,b). Consistently, no hetero-

FRET was measured between GFP-FR and mCherry-PLAP (Fig. 3c,d). This indicates that

monomeric/dimeric GPI-APs at the plasma membrane of non-polarized MDCK cells are not

able to form hetero-clusters.
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These data suggested that the different GPI-APs organization at the cell surface of polarized

vs nonpolarized MDCK cells (e.g., homo- and hetero-clusters vs monomers/dimers)

depended directly on the mechanism of Golgi sorting, which requires protein

oligomerization11,26. To directly verify this hypothesis we analyzed biochemically the

oligomerization state of GFP-FR in the Golgi of polarized and non-polarized MDCK cells.

Strikingly, in the Golgi of polarized MDCK cells GFP-FR is in oligomers (30%) while it is

almost exclusively monomeric in non-polarized MDCK cells (Fig. 4a) as well as in

fibroblasts (Supplementary Fig. 7g).

Cholesterol addition induces GPI-AP re-organization

Because in polarized MDCK cells cholesterol is a key regulator of the Golgi homo-

clustering of apical GPI-APs11,26,27 we asked whether differences in the cellular content of

cholesterol between polarized and non-polarized cells could explain the different

organization of GPI-APs at the cell surface. To address this we analyzed the B of GFP-FR in

non-polarized MDCK cells following exogenous addition of cholesterol (Fig. 4b,c and

Supplementary Fig. 9c,d). In these conditions we observed an increase in the average B

value of GFP-FR (Fig. 4b) and a shift in the class analysis of the B values from monomer

towards higher-order aggregates (Fig. 4c) compared to control cells. Importantly, this was

specific for GPI-APs because cholesterol addition did not change the brightness of a control

transmembrane protein (p75-GFP; Supplementary Fig. 9e-g). Furthermore, in the presence

of mCherryPLAP we recorded a decrease in the lifetime of GFP-FR showing hetero-FRET

between the two molecules and supporting the occurrence of hetero-clusters between the

two GPI-APs at the cell surface of non-polarized MDCK cells (Fig. 4d,e) upon cholesterol

addition.

These data indicated that addition of cholesterol was sufficient to induce a whole re-

organization of GPI-APs at the cell surface of non-polarized MDCK cells. However they did

not show whether this was occurring at the cell surface of non-polarized MDCK cells (by

coalescence of monomers, as previously shown in CHO cells) or was the consequence of the

re-organization of GPI-APs in the Golgi complex (e.g., inducing homo-clustering, like in

polarized condition). In order to discriminate between these two possibilities, we performed

N&B (Fig. 5a and Supplementary 9h-j) and FLIM (Fig. 5b and Supplementary 9k)

analysis considering the pool of GFP-FR proteins exclusively at the cell surface of non-

polarized MDCK cells either in control conditions or upon cholesterol addition. Cells were

pre-treated with cycloheximide for two hours (time sufficient to empty the Golgi of GFP-

FR) and then incubated with exogenous cholesterol (40 min) still in the presence of

cycloheximide in order to exclude from the analysis newly synthesized proteins.

Interestingly, in these conditions no homo-clusters (Fig. 5a) or hetero-clusters (Fig. 5b)

were detected indicating that cholesterol addition did not affect the organization of pre-

existing GPI-APs at the plasma membrane. On the other hand, analysis of the pool of

proteins present in the Golgi (by velocity purification on sucrose gradients upon temperature

block) revealed that cholesterol addition induced homo-clustering of GFP-FR molecules

present in the Golgi, as suggested by the shift towards the heavier fractions of the gradients

compared to control conditions (Fig. 5c). Overall these data indicate that cholesterol

addition was sufficient to induce homo-clustering of GPI-APs in the Golgi and that this was
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required and sufficient to promote their organization into homo- and hetero-clusters at the

plasma membrane of non-polarized MDCK cells. If this is the case it follows that the

amount of cholesterol in the Golgi of polarized vs nonpolarized cells should be different,

and tightly regulated. Consistently, measurement of the cholesterol content by using cellular

fractionation28 revealed that the Golgi of polarized MDCK cells contains double the

amounts of cholesterol compared to the Golgi of non-polarized MDCK cells (Fig. 5d).

Golgi sorting regulates GPI-APs activity at plasma membrane

By linking the sorting of GPI-APs in the Golgi to their organization at the plasma membrane

this mechanism does not allow the missorted proteins (in non-polarized cells) to accomplish

the same organization they would have in polarized conditions. Therefore the question arises

as to whether this has a functional relevance in regulating proteins activity at the plasma

membrane. Thus, we measured the catalytic activity of native PLAP in polarized versus non-

polarized MDCK cells. We found that PLAP exhibited an activity three folds higher in

polarized MDCK compared to non-polarized MDCK cells (Fig. 5e). Importantly, after

addition of cholesterol in non-polarized MDCK cells there was a statistically significant

increase (of about two folds) in PLAP activity (Fig. 5e).

Overall these data showed that the cholesterol-dependent mechanism of GPI-AP sorting in

the Golgi of polarized cells regulates the organization and modulates the protein function (in

the specific case, the enzymatic activity of PLAP) at the plasma membrane (Fig. 6).

Discussion

GPI-APs homo- and hetero-clusters apical organization

Membrane organization of GPI-APs is crucial for regulating their cellular fates and

biological functions7,29. This is particularly relevant in the case of polarized epithelial cells

where a selective localization of these proteins at the apical membrane has been

reported30,31. In polarized MDCK cells GPI-APs cluster in HMW complexes at the level of

the Golgi in order to be apically sorted11,12, while they are in monomers and dimers in non-

polarized conditions and in fibroblasts. We postulated that the arrival at the plasma

membrane of clustered GPI-APs11,13 would affect their plasma membrane organization and

consequently their function. The cholesterol-dependent clustered organization of GPIAPs

has been reported previously in non-polarized cells1,2,32, however only scarce data are

available in polarized conditions14,33 where the analysis is more complex. Here we used

N&B and FLIM techniques to analyse the relative organization of two GPI-APs in their

native states in living cells with high spatial-temporal resolution.

Our data showed that at the apical surface of polarized MDCK cells 20-35% of GFP-FR was

organized in cholesterol independent homo-clusters containing 3 to 5 molecules of single

species of GPI-AP, and hetero-clusters with two or more different species of GPI-APs,

which were sensitive to cholesterol depletion (Fig. 6). GPI-APs hetero-clustering was

independent on the protein concentration, thus supporting a model of molecular clustering

driven by an active mechanism, as previously suggested in fibroblasts1,4,15,34. The apparent

discrepancy with TOCCSL data describing only homo-dimers5 might be due to differences
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in the technique. Because TOCCSL measures only the brightness of molecules diffusing in a

bleached area it plausible that monomers and dimers diffuse faster than oligomers35 and

thereby would be predominantly detected.

Homo-clusters are a prerequisite for hetero-cluster formation

Hetero-clusters could be formed by the coalescence of homo-clusters or by the collision of

monomeric GPI-APs. Our FLIM and biochemical data (Fig. 3 and Supplementary Fig. 8)

concurred to show that in polarized MDCK cells hetero-clusters derive from coalescence at

the plasma membrane of homo-clusters and not from monomeric GPI-APs. This is

fundamentally different from the nanocluster described in CHO cells1 that does not require

pre-homo-clustering (Supplementary Fig. 7g). Importantly, we demonstrated that in

epithelial cells GPI-AP apical organization is directly linked to the mechanism of their

apical sorting, which requires oligomerization in the Golgi and is dependent on

cholesterol11. Consistently we found that the cholesterol levels in the Golgi of polarized

cells are higher compared to non-polarized MDCK cells (Fig. 5d).

The fact that GPI-APs are organized in size-defined assemblies (homo-clusters of 3-5

molecules) is likely due to the co-occurrence of protein-protein and protein-lipid

interactions1,9,10. Indeed based on protein-protein interactions, proteins tend to form infinite

linear assemblies (except for the case of circular oligomers36), while in the case of GPI-AP

oligomerization both a favourable lipid environment and a specific protein ectodomain are

necessary for the process11, 26.

Interestingly a recent study shows that the basic unit required for the supramolecular

organization of GPI-APs at the plasma membrane is the dimer, whose formation is

dependent on protein-protein interactions and stabilized by interaction with raft-lipids4.

Consistent with this hypothesis, we had previously shown that a double point mutation in the

GFP sequence (S49/71) that prevents GFP dimerization also impairs oligomerization in the

Golgi and the consequent apical sorting of the protein11. Taken together these data indicate

that also in the Golgi of epithelial cells the capacity of dimerization is required for the

construction of cholesterol-dependent higher order molecular organization of GPI-APs26,27.

Organization of GPI-APs into clusters controls their function

Overall, our data demonstrate that the mechanism of GPI-AP organization at the plasma

membrane is different between epithelial and non-epithelial cells. The question therefore

arises as to whether it has any physiological significance. GPI-AP clustering (and its

partitioning into specific membrane domains) is a way to regulate their functional

state4,6,7,10. Differently from fibroblasts in polarized epithelia GPIAPs are selectively

delivered to the apical membrane where they perform specialized functions that should not

be allowed at the basolateral membrane. Thus while in fibroblasts GPI-AP function needs to

be controlled locally at the surface, in epithelial cells it may be important to switch off these

functions in case of polarity loss (e.g., cancer, development, infection, etc...) and protein

missorting to the basolateral side. The data presented here on the enzymatic activity of

PLAP (Fig. 5e) indicate that in polarized epithelial cells, the cluster organization of GPI-

APs is achieved only after proper sorting in the Golgi. Thus coupling of the plasma
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membrane organization to their Golgi sorting allows fine-tuning of GPI-AP activity by

maintaining the protein in a sub-optimal state at the plasma membrane until cells reach a

fully polarized phenotype.

The discovery of this novel mechanism of regulation of plasma membrane organization of

GPI-APs will allow addressing other open questions within a new perspective. For example,

what is the possible identity of the cholesterol-sensitive hetero-clusters? We could speculate

that the cholesterol-dependent hetero-clusters fulfill the biological and functional definition

of cholesterol-dependent microdomains9. Besides working as signalling platforms6,9,37,

organization of GPI-APs in nanoclusters is necessary for their targeting into the endocytic

GEEC (GPI-AP enriched endosomal compartment) pathway38,39. Furthermore nanoclusters

may be induced to form large-scale lipid domains that can enter cells via tubular

invaginations and form CLICs38-40. Based on this evidence the presence of hetero-clusters

compared to monomers/dimers could define specific internalization pathways in polarized

vs nonpolarized cells. Thus it will be interesting to study the dynamics and the pathways of

GPI-AP internalization in polarized versus non-polarized MDCK cells and to understand

whether and how induced clustering would affect them.

Finally our data also highlight the existence of various mechanisms that control clustering

between different cell types. The specific difference between epithelial cells and CHO cells

could be due to the fact that these cells originate from different embryonic layers. We can

speculate that fibroblasts such as CHO cells lack the selective molecular machineries that

have been generated in response to the external cues directing the polarization process in

epithelial cells41,42. Thus one needs to consider physiological context when addressing basic

cellular mechanisms.

Online methods

Cell culture, transfections and antibodies

MDCK cells were grown in DMEM (Sigma-Aldrich) containing 5% FBS. MDCK cells were

cotransfected with sequences encoding for GFP-FR and PLAP or with mCherry-PLAP or

mCherry-p75 (the latter two were cloned by PCR in pcDNA3.1 vector carrying hygromicin

resistance). In selected experiments we used MDCK cells stably transfected with p75-GFP

(kind gift of Dr. A. Le Bivic, IBDML, Marseille, France) or with mGFP-FR (cloned by PCR

in PJB20 vector carrying neomicin resistance). Monomeric GFP (mGFP) was derived by

site-directed mutagenesis replacing the hydrophobic amino acids (in the external part of the

β-barrel) with positively charged amino acids43. One, two or three mGFP in tandem were

engineered and cloned by PCR in pcDNA3.1 vector. CHO cells stably expressing GFP-FR

(kind gift of Dr. S. Mayor, NCBS Bangalore, India) were grown in HAM's F12 medium

containing 10% FBS and were transiently co-transfected with mCherry-PLAP.

The cDNAs encoding for mGFP-GPI (uPAR) and mGFP-mGFP-GPI (uPAR), in which one

or two mGFP, respectively, are fused to the GPI attachment signal of uPAR44, were a kind

gift of Dr. N. Sidenius (IFOM, Milan, Italy) and were transiently transfected in MDCK cells.
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We used the following antibodies: polyclonal and mouse monoclonal anti-PLAP (Rockland

and Sigma-Aldrich, respectively), polyclonal anti-GFP (Clontech).

Velocity gradients

Cells, grown to confluence in 100 mm dishes, were lysed in 20 mM Tris, pH 7.4, 100 mM

NaCl, 1% TX-100 (with or without 0.4% SDS). Lysates were scraped from dishes, sheared

through a 26-g needle and layered on top of a discontinuous sucrose gradient (30-5%) in the

same buffer containing 0.1% TX-100. After centrifugation at 45,000 rpm for 16 h in a

Beckman SW50 ultracentrifuge, fractions of 500 μl were harvested from the top of the

gradient.

Cross-linking

BS3 (Pierce; 0.5 mM) was added to the cells grown on dishes for different incubation times

depending on the experiment and quenched for 15 min with 20 mM Tris pH 7.5.

Cell fractionation

MDCK cells were homogenized by 10 strokes in an Isobiotec cell homogenizer with a

tungsten carbide ball in 500 μl of 20 mM HEPES/KOH, pH 7.3 and 120 mM sucrose28. A

post-nuclear supernatant was obtained by centrifugation at 600 g for 5 min and was loaded

on the top of a discontinuous sucrose gradient (45-15%) made up in the same buffer. After

centrifugation at 45,000 rpm for 1 h in a Beckman SW50 ultracentrifuge, 14 fractions of 350

μl were collected from the top of the tube.

Temperature block

To achieve an almost complete protein block in the TGN, we used cells were incubated at

19.5°C for 2 hrs in CO2 independent medium (F12 Coon's modified medium without

NaHCO3 and with 0.2% BSA and 20 mM Hepes, pH 7.4)25. In the last hour at 19.5°C, they

were treated with 150 μg/ml cycloheximide.

Modification of cholesterol content

To deplete cellular cholesterol content we used two specific compounds: saponin, which

sequesters cholesterol in situ to form multimeric globular deposits in the membranes45 or

mevinolin, which inhibits the production of mevalonate (an intermediate of the metabolic

pathway leading to cholesterol synthesis)19. Cells were incubated 30 min on ice with

saponin (0.2%) in CO2 independent medium1 or 48 hrs with mevinolin (5 μM) in DMEM

supplemented with delipidated serum11.

Loading the cells with cholesterol (10 mM) was carried out using cholesterol-saturated β-

cyclodextrin (Sigma-Aldrich), which was added to CO2 independent medium at 37°C for 40

min. To determine the rate of cholesterol depletion or addition we measured cholesterol

cellular levels by a colorimetric assay (Calbiochem).
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Alkaline Phosphatase assays

Alkaline Phosphatase activity was measured by a colorimetric assay (abcam) used according

the manufacturer's instructions. Briefly, cells were washed in PBS containing CaCl2 and

MgCl2, homogenized in the assay buffer and centrifuged at 13,000 g for 3 minutes to

remove insoluble material. Samples were mixed with pNPP as substrate into 96-well plate

and at the end of reaction (60 minutes) O.D. was measured at 405 nm. A standard curve was

obtained measuring the O.D. generated by the conversion of defined nmol of pNPP in the

colored pNP.

N&B experiments

Number & Molecular Brightness method is a technique based on moment-analysis for the

measurements of the average number of molecules and brightness in each pixel in

fluorescence microscopy images16. From the average intensity (first moment) in each pixel

and the variance of the intensity distribution (second moment), the number and brightness

(aggregation) of fluctuating particles is determined, thereby providing the state of

aggregation of molecules in living cells with high spatial and temporal resolution16,44.

Microscopy and image analysis—50 frame time-series were acquired with a Zeiss

LSM 510 META equipped with a plan apo 63× oil-immersion (NA 1.4) objective lens by

using the following settings: 488 nm Argon laser, 0.05 mW of output power, 505-550 nm

emission, gain less or equal to 900, offset 0.1, digital gain 1. Scanning parameters were:

512×512 frame window, 25.61 μs/pixel dwell time, no average, zoom 6×, ROI (x, y)

256×64, pinhole corresponding to 1 μm optical slice. Images were collected with resolutions

of 70 nm/pixel. All measurements were performed in cells displaying comparable levels of

fluorescence intensity. Data from each cell were analyzed by SimFCS software (Globals

Software, East Villa Grove, IL 61956, USA) following a described procedure16. Correction

was applied for taking into account the analog detection of fluorescence by the

photomultiplier tubes of the confocal microscope in order to express the molecular

brightness (ε) in terms of photons/s/molecule46. Briefly, the correction parameters S (the

conversion factor between one photon detected and the number of digital levels produced by

the electronics), offset and sigma0 were determined, for each experiment, plotting the

measured average intensity (<I>) vs average variance (<Var>) of 50 frame time-series

acquired using same settings as above except 4 different values of laser transmission

percentages and filters and beam splitters configured to get reflection images, in order to

detect the defined amount of light originating directly from the laser. The obtained plots

were linearly interpolated and the equation of straight line (R ≥ 0.99) was used to extract the

parameters S and offset based on the following equation: <Var> = S * <I> + q (parameter

related to readout noise). The parameter sigma0 was estimated from time-series acquired

with laser off, as the half maximum width of the histogram peak of the dark-counts. Its value

was constantly lower than 0.1, and consequently was approximated to zero in all the

calculations.

By calibrating the percentage of laser power versus the fluorescence intensity we have

identified, in our microscope system, the linear range and we chose the minimum intensity

to obtain a good signal/noise ratio with low photobleaching and photoxicity. We always
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verified that the laser power is constant and found that the value of the correction parameter

S is relatively constant over the different experiments. As we previously described46, using a

laser-scanning microscope we found that a minimum of 10–20 frames is necessary to

determine the brightness of particles. Because a larger the number of frames could increase

the resolving power of the method, we determined that 50 frames provide the optimal time

resolution to determine protein aggregation in the conditions of our experiments without

increasing the risk of cell movements.

In analog system brightness was calculated pixel by pixel from the following equation B=

V(x,y)/(S*Ix,y) and the relationship with molecular brightness is described by the following

equation: B/S= ε+1. Here we indicate with the term brightness the ratio B/S. Hence, the

measured brightness (B/S) is > 1 from the pixels with mobile components, while B/S= 1

from the pixels with immobile features.

While possible blinking of GFP has no effect on the brightness as previously described16,

photobleaching correction (photobleaching rate measured from the experimental data) has

been included in the algorithms used to analyze N&B data16. Specifically we used a high-

pass filter to the intensity as a function of time of each pixel, which we experimentally

verified to be able to remove slowly varying signals. After removal of the trend, we added a

constant equal to the average intensity at that pixel. Therefore, the variance of the

“immobile” part is unaffected by bleaching after correction and we can recover the variance

of the mobile part16.

The presence of membrane ruffles, microvilli or other membrane protusions do not influence

the brightness of molecules as previously demonstrated47. Furthermore, in order to account

for the possible influence of microvilli on the GFP-FR distribution we measured B in

membrane areas with various amounts of microvilli. In all experiments a detrend function

(the same used for bleaching correction) was applied to image stacks before determining the

B in order to avoid that slow changes of the intensity due to the cell movement or

protrusion/retraction events could interfere with our measurements16, 46. Finally all

acquisitions where we monitored aberrant movements (e.g., microvilli movement or

fluctuations of the apical membrane) were discarded.

Data Analysis—We implemented a method to analyze the experimental data by using a

mathematical analysis that allows to partition observations in groups (clusters of

observations)52. Specifically, by Matlab software (The Mathworks Inc. Natick, MA) using

the K-means function52 we partitioned, with an interval of 0.5, the observed brightness

values upon different experimental conditions into N exclusive groups with statistical

reliability. In particular, for each experiment (number of cells > 15) we obtained the

percentage of pixels in each group (calculated as average of single cell values from an

experiment) and its occurrence, defined as percentage of cells falling in each group.

In order to determine the correspondence of the B values to the aggregation state of GFP-FR

(two, three, four molecules, etc.) we determined a standard curve plotting the experimental

B values for monomeric, dimeric, trimeric GFP vs number of units per aggregate (see

Supplementary Fig. 4c) by expressing the different GFP chimeric proteins both in MDCK
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and HeLa cells. We found that B is directly proportional to the number of GFP subunits

(correlation degree 0.99). Thus we can extrapolate the values of B corresponding to

tetramer, pentamer etc with high accuracy. Furthermore, because the B values

experimentally obtained for monomeric, dimeric, trimeric GFP are statistically different

(Supplementary Fig. 4d) and are distributed along a Gaussian curve (Supplementary Fig.
4e) we could ascribe the range of B values corresponding, respectively, to monomer

(1.05-1.14), dimer (1.15-1.24), and trimer (1.25-1.29) (Supplementary Fig. 4f) and

extrapolate from the standard curve the range of B values associated with tetramer

(1.30-1.39), pentamer (1.40-1.44), hexamer (1.45-1.54). Hence, on the basis of the

percentage of pixels falling in each range we could estimate the amount of GFP-FR present

as monomer, dimer, trimer...etc.

The accurateness of the standard curve made with soluble GFP is guaranteed by the fact that

the brightness of soluble and membrane proteins is comparable because the maximum

possible difference between 2D and 3D depends on the value of the gamma factor (0.5 for a

plane intersecting the PSF and 0.36 for 3D)16,47, which multiplies the measurement of the

variance from which the brightness is derived. As a consequence of the fact that the

membrane is not perfectly flat and not exactly in the focus of the laser beam (random

position of the membrane in the focus is equivalent of molecules randomly distributed in

3D), the difference between 2D and 3D tends to be cancelled out as we experimentally

tested47. Consistently, we found that the B values for the soluble (mGFP) and two different

membrane-linked (mGFP-FR; mGFP-GPI uPAR) forms of monomeric GFP are absolutely

comparable (see Supplementary Fig. 4d) and a standard curve made with membrane-linked

forms (mGFP-GPI uPAR, mGFP-mGFP-GPI uPAR) overlaps perfectly with the curve from

soluble GFP (see Supplementary Fig. 4c).

FLIM experiments

The FRET-FLIM system was previously described23. Briefly, the FRET-FLIM apparatus

combines multifocal multiphoton excitation (TriMscope, LaVisionBiotec, Bielefeld,

Germany) connected to an inverted microscope (IX 71, Olympus, Tokyo, Japan) and a fast-

gated CCD camera (Picostar, LaVisionBiotec, Bielefeld, Germany). A mode-locked Ti:Sa

laser at 950 nm for the excitation of GFP (Spectra Physics, France) is split into 2 to 64

beams by utilizing a 50/50 beam splitter and mirrors. A line of foci is then created at the

focal plane, which can be scanned across the sample. A filter wheel of spectral filters

(535AF45 for GFP) is used to select the fluorescence imaged onto a fast-gated light

intensifier connected to a CCD camera. The gate of the intensifier (adjusted at 2 ns) is

triggered by an electronic signal coming from the laser and a programmable delay box was

used to acquire a stack of five time-correlated images of the 10 ns fluorescence decay

window. The acquisition time of the CCD camera was adjusted considering the fluorescence

signal level (between 3 to 5 s). All instrumentation is controlled by Imspector software

developed by LaVision Biotec. Regions of interest (ROIs) of 140×140 pixel (4-6 cells) were

acquired.

Analysis of the data was done using image-J (Rasband, W.S., Image J, U. S. National

Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/). The methodology
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used in order to perform quantitative analysis was previously developed23. Briefly, the five

images coming from a time-gated stack are first smoothened by a 3×3 mask to decrease the

noise and to recover mean lifetime, <τ>, the following equation is applied:

Eq., 1

where Λti= 2i – 1 corresponds to the time delay after the laser pulse of the ith image

acquired and Ii to the pixel intensity map in the ith image.

Finally, the following equation is applied on mean lifetime images using fixed lifetime

donor values (τD, extracted from cells expressing GFP-fused protein alone) to recover mfD.

Eq., 2

mfD is a method to quantify the minimal percentage of donor engaged in FRET. Our time-

gated method is fast and data analysis of mean lifetimes is carried out by a direct calculation

without any fitting (to reduce the photon budget which increases the rate of acquisition).

Moreover with the mean lifetime, we are able to quantify the mfD without the need of

knowing the lifetime of the FRET (or the real FRET efficiency). Indeed differently from fD,

mfD is extracted directly from raw data without any fitting procedure. Importantly, in a

large case study23, 24, mfD was found not to underestimate by more than 30% the fD value

of the fraction of donor engaged in FRET (Figure 7 in23). In addition, we took into account

that a large fraction (40 to 60%) of mCherry protein is in a “dark state” that cannot be

involved in FRET process with a green donor24,48, we therefore have multiplied by 2 the

recovered mfD values and named it quantity of interacting donor (%). Thus, we can

quantitatively interpret the FLIM/FRET data.

Both in N&B and FLIM experiments MDCK and CHO cells, grown either on bottom-glass

dishes or on filters, were imaged in vivo in CO2 independent medium (150 mM NaCl, 5 mM

KCl, 1 mM, CaCl2, 1 mM MgCl2, and 20 mM Hepes, pH 7.4).

Except where indicated, we always use confluent fully polarized cells grown either on

plastic dishes or polycarbonate filters for 4 days, after which time they attain complete

polarization25. The cells grown in polarized fashion are elongated along the axial axle and it

is quite easy to focus on the apical or basal membrane by finding first the focal plane

corresponding to the filter (or to the opposite membrane plane which contains easily

identifiable microvilli) and then move up or down.

Since CHO cells are very flat we generally image the cells only at the cell periphery in order

to detect only signals coming from surface and to avoid intracellular contamination. This is

very easy for N&B experiments because cells were imaged with a large zoom. Instead, in

FLIM experiments, in which images were acquired with smaller zoom, it is not always

possible to avoid collecting intracellular fluorescence (see comparison between N&B and

FLIM images in Supplementary Fig. 6a). In these cases, in post-acquisition analysis we

always take into account only the signal coming from the cell periphery.
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Sucrose Density Gradients

Sucrose gradient analysis was performed using cells grown on 150 mm (20-25 × 106) dishes

to confluence. Cells were scraped from dishes in PBS containing CaCl2 and MgCl2,

resuspended in 1 ml of lysis buffer containing 1% TX-100, 10 mM Tris buffer, pH 7.5, 150

mM NaCl, 5 mM EDTA and sheared through a 23-g needle. The lysate was mixed with an

equal volume of 85% sucrose and run on discontinuous sucrose gradients (40–5%) at

200,000 g for 17 hrs at 4°C49. Fractions were collected starting from the top of the tube and

TCA-precipitated. Samples were revealed by western blotting using specific antibodies.

DTT assay

To change the oxidation state of proteins, cells were incubated for 5 min at 37°C with DTT

(10 mM) in normal culture medium50 and then were cross-linked with BS3 at 37°C for 10

min still in presence of DTT (5 mM). Cells were quenched for 10 min with 20 mM Tris pH

7.5 in presence of iodacetic acid (20 mM) to prevent oxidation, and then lysed.

Co-localization analysis

Fluorescence measurements were quantified by using the Matlab software (The Mathworks

Inc. Natick, MA). 10-20 cells randomly chosen for two different experiments were analyzed.

In each image, regions of interest (ROIs) were identified by applying the Otsu algorithm. A

homemade matlab application was used to find and quantify areas of the images where the

single fluorophores localized, as number of pixels. Then, co-presence (and/or exclusion) of

the region occupied by each fluorophore was expressed as percentage of the total area.

Similar data were obtained by measuring the fluorescence intensity (data not shown). The

degree of co-localization in the co-presence regions was calculated by using the Pearson

coefficient51 measured pixel by pixel and showed as correlation maps. The percentage of co-

localization was calculated from pixels whose Pearson coefficient was equal to or higher

than 0.6 (highly significant threshold; we chose this cut-off on the basis of control

experiments where fluorescence from the two fluorophores was fully co-localizing).

Statistical analysis

In all experiments we used two-tailed student test as statistical analysis.
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Figure 1. GFP-FR is in homo-clusters at the apical surface of living MDCK cells
After 4 days in culture, cells were imaged live by confocal microscopy (scanning ROIs of

256×64 pixels over time) and were analyzed for N&B (see Methods). (a) Quantification of

the brightness of GFP-FR in MDCK cells expressing GFP-FR (left) or co-expressing GFP-

FR and PLAP (right) from 5 independent experiments is plotted together with the mean B

value of mGFP (6 experiments) and mGFP-FR (4 experiments). Error bars, ± SD. *,

p<0,000001; (b) Brightness (B) and fluorescence intensity (I) maps of a representative cell

are shown in MDCK cells expressing GFP-FR alone (left panels) or co-expressing GFP-FR

and PLAP (right panels) showing that brightness and intensity are independent from each

other. Bars, 0.9 μm. (c) The percentage of pixels in groups (with a value interval of 0.5) of

observed B values of a representative experiment is shown together with their occurrence

(inset), expressed as percentage of cells falling in each group (n=30 cells). (d) Graphical

representation of the percentage of pixels falling in the different classes of B values (from

monomer to hexamer) on the basis of the calibration curve shown in Supplementary Fig. 4g.
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Values are expressed as mean of 5 independent experiments. Error bars, ± SD. Note that the

average B values derived from different area of the plasma membrane and from various

clones expressing GFP-FR at different levels did not change (see Methods).
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Figure 2. Apical GPI-AP homo- and hetero-clusters have different sensitivity to cholesterol
depletion
After 4 days in culture, polarized MDCK expressing GFP-FR were treated with saponin and

imaged in vivo for N&B (a,b) or FLIM (c,d). (a) Quantification of the brightness of GFP-

FR from 3 independent experiments is plotted. Error bars, ± SD. (b) Graphical

representation of the percentage of pixels falling in the different classes of B values (from

monomer to hexamer) on the basis of the calibration curve shown in Supplementary Fig. 4g.

Values are expressed as mean of 3 independent experiments. Error bars, ± SD. (c) Intensity

and mean fluorescence lifetime maps of GFP-FR alone or in presence of either mCherry-

PLAP or mCherry-p75 in control or cholesterol depleted cells. The lifetime scale is from 1.2

ns to 2.8 ns. Cells were imaged live by scanning ROIs of 140×140 pixels corresponding to

4-6 cells of the confluent polarized monolayer. Dark areas correspond to cells either not

expressing or out of focus (see methods and comparison between N&B and FLIM images in

Supplementary Fig. 6a). Bars, 9 μm. (d) Histograms of GFP-FR lifetime (ns) alone (blue

bars) or in combination with mCherry-PLAP (pink bars) or mCherry-p75 (green bars) in

control conditions (colored bars) or upon cholesterol depletion (pale colored bars).

Experiments were performed 3×, n>35 cells. Error bars, ± SD. *, p<0,0001.
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Figure 3. Both homo-cluster and hetero-cluster organization is dependent on the polarity status
of MDCK cells
N&B (a,b) and FLIM (c,d) analysis were performed in MDCK cells after 1 or 4 days in

culture. (a) Quantification of the brightness of different populations of GFP-FR molecules at

the cell surface for the steady state population (colored bars) and newly arrived population

(pale colored bars) from 3 independent experiments is plotted. Error bars, ± SD. *,

p<0,000001. (b) Graphical representation of the percentage of pixels falling in the different

classes of B values (from monomer to hexamer) on the basis of the calibration curve shown

in Supplementary Fig. 4g. Values are expressed as mean of 3 independent experiments.

Error bars, ± SD. *, p<0.05; **, p<0.008; ***, p<0.00005. (c) Intensity and mean

fluorescence lifetime maps of GFP-FR alone or in combination with mCherry-PLAP. The

lifetime scale is from 1.2 ns to 2.8 ns. Bars, 9 μm. (d) Histograms of GFP-FR lifetime alone

(blue bars) or in combination with mCherry-PLAP (pink bars) in polarized MDCK cells (4

days of culture, colored bars) or in non-polarized MDCK cells (1 day of culture, pale

colored bars). Experiments were performed 2×, n>15 cells. The error bars are the mean ±

SD. *, p<0,0001.
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Figure 4. Cholesterol addition is necessary and sufficient to induce homo- and hetero-cluster of
GPI-APs in non-polarized MDCK cells
(a) MDCK cells expressing GFP-FR grown for 4 days (polarized) or 1 day (non-polarized)

were treated with trypsin (to remove surface proteins) and then subjected to temperature

block (at 19.5°C in the Golgi) in order to analyze exclusively the Golgi pool of proteins.

Cell lysates were run on velocity gradient (see Methods). Fractions were collected from top

(Fraction 1) to bottom (Fraction 9), TCA-precipitated, run on SDS-PAGE and GFP-FR was

revealed by western blot. Molecular weight markers are indicated on top of the panels. (b-e)

1 day MDCK cells (control or upon cholesterol addition) were used for N&B and FLIM

analysis. (b) Quantification of the brightness of GFP-FR from 3 independent experiments is

plotted. Error bars, ± SD. *, p<0,0001. (c) Graphical representation of the percentage of

pixels falling in the different classes of B values (from monomer to hexamer; see

Supplementary Fig. 4g). Values are the mean of 3 independent experiments. Error bars, ±

SD. *, p<0.05. (d) Intensity and mean fluorescence lifetime maps of GFP-FR alone or in
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combination with mCherry-PLAP. The lifetime scale is from 1.2 ns to 2.8 ns. Bars, 9 μm. (e)

Histograms of GFP-FR lifetime alone (blue bars) or in combination with mCherry-PLAP

(pink bars) in control conditions (colored bars) or upon cholesterol addition (pale colored

bars). Experiments were performed 3×, n>15 cells. The error bars are the mean ± SD. *,

p<0,005.
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Figure 5. Cholesterol addition promotes homo-clustering of GPI-AP in the Golgi and regulates
hetero-cluster formation and GPI-AP activity at the cell surface
N&B (a) and FLIM (b) analysis were performed in 1-day MDCK cells pre-treated (2hrs)

with cycloheximide in order to consider exclusively the cell surface pool of GFP-FR, in

control conditions or upon cholesterol addition (in presence of cycloheximide). (c) 1 day

MDCK cells treated with trypsin were subjected to temperature block, and incubated or not

with cholesterol (during the last hour of temperature block) in order to analyse the GFP-FR

Golgi pool and purified on velocity gradient. Molecular weight markers are indicated on top

of the panels. (d) Cholesterol quantification after subcellular fractionation of MDCK cells.

(Left) Quantification of the distribution of ER (calnexin), plasma membrane (cadherin), and

trans-Golgi (furin) markers along the sucrose density gradient expressed as percentage of

total proteins. (Right) Cholesterol amount in the Golgi-enriched fractions (11–14 fractions)

quantified and normalized per microgram of protein in 4-days (red bar) and 1-day (blue bar)

culture cells. Experiments were performed 2×. The error bars are the mean ± SD. *,

p<0,005. (e) The alkaline phosphatase activity of PLAP in MDCK cells was measured (see
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Methods) upon different conditions: MDCK cells after 1 or 4 days in culture (left); 1-day

MDCK cells in control or upon cholesterol addition (right). In all graphs the ALP activity of

PLAP is expressed mU/ml and is normalized for total amount of protein. The error bars are

the mean ± SD. *, p< 0,004.
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Figure 6. Model of GPI-APs organization and activity in MDCK cells
(a) In polarized MDCK cells, apical GPI-APs form homo-cluster in the Golgi complex and

at the plasma membrane are organized into homo-clusters of the same GPI-AP species (red

and green aggregates), and hetero-clusters derived from homo-clusters coalescence. Upon

cholesterol depletion homo-clusters are unaffected, while the hetero-cluster organization is

lost. We postulate that because of their high affinity for cholesterol and saturated

sphingolipids, homo-clusters may generate a local enrichment of raft lipids (including

cholesterol) within a confined zone that facilitates their coalescence into hetero-clusters,

while excluding GPI-AP monomers and other apical components which have less affinity

for lipid domains. (b) In non-polarized MDCK cells GPI-APs do not cluster in the Golgi

complex and at the plasma membrane remain in the form of monomer and dimer. Upon

cholesterol addition GPI-APs cluster in the Golgi and consequently at the plasma membrane

assume the same organization found in polarized cells in homo-and hetero-cluster. Note that

clustering organization regulates the activity of PLAP, and in polarized cells this depends on

clustering/sorting in the Golgi. In this cartoon, two different GPI-APs are represented as
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monomer, although it is conceivable that dimers would be the basic unit required for

supramolecular organization of GPI-APs (see discussion).
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