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Introduction
The plasma membrane of polarized epithelial cells is divided by 
tight junctions into apical and basolateral domains, which dis-
play different protein and lipid compositions that are required 
for a range of specialized functions. This asymmetric distribu-
tion is achieved by continuous sorting of newly synthesized 
components and their regulated internalization (Mellman, 1996; 
Matter, 2000). Evidence derived from biochemical and live 
 imaging studies have shown that apical and basolateral mem-
branes segregate into different vesicles upon exit from the TGN 
(Griffi ths and Simons, 1986; Wandinger-Ness et al., 1990; Keller 
et al., 2001; Kreitzer et al., 2003), supporting the hypothesis that 
the TGN is the major sorting station during exocytosis of newly 
synthesized proteins. More recent work has shown that protein 
sorting could also occur in recycling endosomes (REs) after 
their exit from the TGN (Folsch et al., 2003; Ang et al., 2004), 
similar to what happens in yeast (Luo and Chang, 2000).

Intracellular sorting of newly synthesized proteins at the 
TGN or in REs is based upon recognition by the sorting 
 machinery of specifi c apical and basolateral sorting signals 
(Mostov et al., 2000) that mediate their incorporation into  apical 
and basolateral sorting vesicles (Wandinger-Ness et al., 1990; 
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Keller et al., 2001; Rodriguez-Boulan et al., 2005). As a result 
of these events, proteins can be transported to the surface after 
either a direct or an indirect (transcytotic) route that fi rst passes 
through the opposite membrane domain. Utilization of the 
 direct or indirect pathways seems to be both cell and protein 
specifi c (Rodriguez-Boulan et al., 2005). For example, in liver 
cells, the majority of proteins follow an indirect pathway, 
whereas in Caco-2 intestinal cells, both pathways are used, and 
the choice is likely to be protein specifi c. In MDCK (kidney) 
and FRT (Fischer rat thyroid) cells, the direct pathway is more 
commonly used, whereas the transcytotic pathway seems to be 
more specifi c for basolateral proteins and transmembrane 
 receptors (Mostov et al., 1986; Sarnataro et al., 2000), where 
specifi c signals for this route have been found (Casanova et al., 
1990; Apodaca and Mostov, 1993; Song et al., 1994). In these 
cells, apical proteins mainly use a direct pathway (Rodriguez-
Boulan et al., 2005), and the indirect pathway has been shown 
mainly during the establishment of the polarized epithelium 
(Zurzolo et al., 1992; Rodriguez-Boulan et al., 2005).

Basolateral sorting is mediated by discrete domains in the 
cytosolic protein tail frequently containing tyrosine or dileucine 
motifs (Bonifacino and Traub, 2003), which are recognized by 
the clathrin adaptor complex (Folsch et al., 1999; Sugimoto 
et al., 2002). However, the situation is more complicated for apical 
proteins because lumen-localized domains, transmembrane 
 domains, and membrane-binding features have all been shown 
to be important for apical sorting (Scheiffele et al., 1995, 1997; 
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The polarity of epithelial cells is dependent on their 
ability to target proteins and lipids in a directional 
fashion. The trans-Golgi network, the endosomal 

compartment, and the plasma membrane act as sorting 
stations for proteins and lipids. The site of intracellular 
sorting and pathways used for the apical delivery of 
glycosylphosphatidylinositol (GPI)-anchored proteins 
(GPI-APs) are largely unclear. Using biochemical assays 
and confocal and video microscopy in living cells, we 
show that newly synthesized GPI-APs are directly deliv-

ered to the apical surface of fully polarized Madin–Darby 
canine kidney cells. Impairment of basolateral membrane 
fusion by treatment with tannic acid does not affect 
the  direct apical delivery of GPI-APs, but it does affect the 
 organization of tight junctions and the integrity of the 
monolayer. Our data clearly demonstrate that GPI-APs 
are directly sorted to the apical surface without passing 
through the basolateral membrane. They also reinforce 
the hypothesis that apical sorting of GPI-APs occurs intra-
cellularly before arrival at the plasma membrane.
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Chuang and Sung, 1998; Sun et al., 1998; Lipardi et al., 2000). 
A case in point are the glycosylphosphatidylinositol (GPI)-
 anchored proteins (GPI-APs) that have been shown to be 
 directly targeted to the apical domain after lateral segregation 
from basolateral cargo in the TGN (Keller et al., 2001) because 
of their incorporation into sphingolipid- and cholesterol-rich 
microdomains (rafts), which were assayed by their insolubility 
in cold detergents (Brown and Rose, 1992; Simons and Ikonen, 
1997). However, it was recently demonstrated that association 
with detergent-resistant microdomains is not suffi cient to deter-
mine apical sorting of GPI-APs but that stabilization into rafts, 
promoted by their oligomerization (which most likely leads to 
the coalescence of more rafts), is required (Paladino et al., 
2004). It was also found that oligomerization of GPI-APs  begins 
in the medial Golgi and is concomitant with association in 
 detergent-resistant microdomains. Therefore, this data suggest 
that sorting of apical GPI-APs occurs during passage through 
the Golgi apparatus, presumably at the TGN and before reaching 
the plasma membrane. This hypothesis has been supported by 
several biochemical experiments showing that after their segre-
gation at the TGN, GPI-APs are directly delivered from the 
Golgi to the apical plasma membrane (Arreaza and Brown, 
1995; Lipardi et al., 2000).

The aforementioned model has been challenged re-
cently by Polishchuk et al. (2004), who, by using state of the 
art technologies for imaging in living cells, have shown that 
a GPI-linked protein (GFP-GPI) was apically targeted after  
a transcytotic route, thus suggesting that apical sorting of 
GPI-APs occurs after membrane delivery. However, the exper-
iments showing either direct or indirect sorting of GPI-APs in 
living cells have been performed in conditions that were not 
fully polarized because of the diffi culty of imaging polarized 
cells growing on a fi lter in three dimensions and in transiently 
transfected cells where biochemical experiments are diffi cult to 
perform. Therefore, to understand the routing and sorting site 
of GPI-APs, we directly followed the sorting and traffi cking of 
three different GPI-APs to the apical surface of stably trans-
fected clones of MDCK cells by using both biochemical and 
live imaging approaches in fully polarized cells. We demon-
strate that all proteins are directly delivered to the apical surface 
and that the impairment of basolateral fusion/endocytosis does 
not affect apical transport, thus suggesting that sorting occurs 
intracellularly before reaching the plasma membrane.

Results
Newly synthesized GPI-APs are directly 
targeted to the apical surface in fully 
polarized monolayers
The mechanism of sorting and the route that GPI-APs follow to 
reach the apical membrane are still debated. We have recently 
shown that both raft association and protein oligomerization 
are required for apical sorting of GPI-APs. These two events 
 occur concomitantly in the Golgi apparatus, suggesting that the 
 sorting of GPI-APs occurs in the Golgi (Paladino et al., 2004). 
In direct contrast to these data, a recent study using live imaging 
techniques showed that a chimeric GPI protein (GFP-GPI) is 

apically targeted by a transcytotic pathway in MDCK cells 
 (Polishchuk et al., 2004).

We decided to directly investigate the pathway and the 
sorting site of GPI-APs by using both biochemical and imaging 
approaches and three different GPI model proteins stably trans-
fected in MDCK cells: GFP-GPI, encoded by the same cDNA 
used in the live study of Polishchuk et al. (2004); placental alka-
line phosphatase (PLAP), a native GPI-AP; and neurotrophin 
receptor (NTR)–PLAP, in which the ectodomain of p75NTR is 
fused to the GPI attachment signal of PLAP (Monlauzeur et al., 
1998; Lipardi et al., 2000). To analyze the pathway followed by 
the newly synthesized GPI-APs, we performed a biotin-targeting 
assay (Zurzolo et al., 1992). Fully polarized MDCK cells grown 
on fi lters for 4 d were pulse labeled with [35S]methionine for 
15 min and chased for the indicated times (Fig. 1 A). At each chase 
time, biotin was added to the apical or basolateral surface to 
catch the arrival of the protein at the plasma membrane. After 
15 min of chase, GFP-GPI was detected on the  apical surface, 
and it progressively accumulated on this domain, whereas very 
low amounts also accumulated with similar  kinetics on the 
 basolateral plasma membrane (Fig. 1 A). These results suggest 
that GFP-GPI follows a direct route to reach the apical surface 
and that small amounts of the protein are  missorted to the baso-
lateral domain.

To rule out the possibility that this behavior was  specifi c 
for GFP-GPI, we performed the same experiment  using PLAP. 
Newly synthesized PLAP was initially detected on the  apical 
surface after 60 min of chase and accumulated there for up to 
2 h (Fig. 1 A). A small amount of the protein was missorted 
to the basolateral domain at all chase times, as was found for 
GFP-GPI, indicating that PLAP also  followed a direct api-
cal route. Similar results were obtained with NTR-PLAP in 
4-d-old monolayers (Fig. S1 A, available at http://www.jcb.
org/cgi/content/full/jcb.200507116/DC1).

It was previously shown that during the establishment of 
a polarized monolayer in fi lter culture, apical proteins that are 
normally sorted via a direct route can use the transcytotic path-
way (Zurzolo et al., 1992). Because of this, we repeated the 
same targeting assay in MDCK cells grown on fi lter for just 
1.5 d (Fig. 1 B). Also in these conditions, we found that both 
GFP-GPI and PLAP were directly targeted to the apical surface, 
although a higher amount of both proteins was missorted to 
the basolateral surface in comparison with the fully polarized 
4-d-old cultures. Interestingly, in one case, we found that a small 
amount of GFP-GPI accumulated on the basolateral surface be-
fore reaching the apical membrane (Fig. S1 B), which is a clas-
sic behavior for a transcytotic protein. Thus, to establish the 
infl uence of time in culture for the initial establishment of the 
apical delivery of GFP-GPI, we repeated the targeting assays 
after 1, 2.5, and 4 d in culture. By quantifying different experi-
ments, we could show that the basolateral delivery of GFP-GPI 
observed after 1 d of culture progressively disappeared over 
several days (Fig. 1 C) and that the apical polarity of GFP-GPI 
increased from 50% on the fi rst day to 80% on the fourth day of 
culture (Fig. 1 C). These results confi rmed our previous fi ndings 
that an indirect route could be used during the establishment 
of a polarized monolayer to salvage missorted proteins and 
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reestablish the correct polarity (Zurzolo et al., 1992). This 
 behavior appears to be protein specifi c (Rodriguez-Boulan 
et al., 2005) because it was observed for GFP-GPI and NTR-
PLAP (Fig. S1, A and B) but never for PLAP.

GFP-GPI accumulated in the Golgi is also 
targeted directly to the apical surface
The biotin-targeting assay analyzes only newly synthesized 
proteins. Because it has been shown that GPI-APs can recycle 
intracellularly through the Golgi apparatus (Nichols et al., 
2001), it is possible that the newly synthesized and recycled 
proteins follow different pathways and that their sorting sites 
are, therefore, different. To analyze exclusively the targeting 
of GPI-APs from the Golgi apparatus, we set up a cold target-
ing assay using a Golgi temperature block combined with 
 protease digestion.

To eliminate the protein already present on the plasma 
membrane, 25 μg/ml trypsin was added for 1 h to the apical and 
basolateral sides of fi lter-grown MDCK cells expressing GFP-
GPI. This treatment was able to remove almost all GFP-GPI 
present at steady state on the surface (Fig. S2, A and B; available 
at http://www.jcb.org/cgi/content/full/jcb.200507116/DC1). 
Conversely, by confocal microscopy, we did not detect any GFP 
signal on the surface to which the enzyme was added (Fig. S2 A). 
By Western blotting, we found the protein only in the media of 
trypsin-treated cells (Fig. S2 B), thus indicating that trypsin 
does not pass trough the monolayer but digests only the proteins 
present on the side exposed to it (Fig. S2, A and B).

After clearing the surface by trypsin treatment, fully 
polarized monolayers were subjected to a temperature block 
by incubation at 19.5°C in the presence of cycloheximide to 
accumulate the protein in the Golgi and to eliminate newly 

Figure 1. Newly synthesized GPI-APs are 
 directly targeted to the apical surface. MDCK 
cells stably expressing GFP-GPI or PLAP grown 
on fi lters for 4 (A) or 1.5 d (B) were pulsed for 
15 min with [35S]methionine and chased for 
the indicated times. At the end of each chase 
time, cells were labeled with LC-biotin and 
added to the apical (Ap) or basolateral (Bl) 
surface, respectively. Cell lysates were immuno-
precipitated with specifi c antibodies. The 
 biotinylated proteins were recovered from 
the immunoprecipitates by reprecipitation with 
streptavidin beads. After running on SDS-
PAGE, samples were analyzed by phospho-
rimager. One tenth of immunoprecipitates 
(totals) was kept before streptavidin precipi-
tation and shown in the bottom panels. 
The monomer form of GFP-GPI (28 kD) and 
the slower mobility band (43 kD), a partially 
denaturated GFP dimer that was previously 
described (Inouye and Tsuji, 1994; Paladino 
et al., 2004), are indicated. Fluorograms of 
four different experiments were quantifi ed, 
and the results were expressed as a percent-
age of the amount at the time of maximal sur-
face expression. For GFP-GPI, the quantifi cation 
is referred to as the upper and lower bands 
 together. (C) MDCK cells stably expressing 
GFP-GPI grown on fi lters for 1, 2.5, and 4 d 
were pulsed for 15 min with [35S]methionine, 
chased for 30, 60, and 90 min, and processed 
as in A and B. Results from four different exper-
iments were plotted as percent apical and 
 basolateral surface expression. Error bars 
 represent SD.
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synthesized proteins. Cells were then warmed at 37°C for the 
different indicated times in the presence of cycloheximide, 
and the arrival of proteins at the cell surface was assayed 
both by confocal microscopy (Fig. 2 A) and by domain-
 selective biotinylation at different chase times (Fig. 2 B). 
For microscopy, cells were fi xed and imaged by collecting 
z axis stacks to visualize all of the protein inside the cells. 
Xz  reconstructions are shown for different times in Fig. 2 A. 
At time = 0, GFP-GPI was present almost exclusively in the 
Golgi apparatus, as was previously demonstrated (Keller 
et al., 2001; Paladino et al., 2004; Polishchuk et al., 2004). 
The ring sometimes observed at the top of the cells at time = 0 
in the xy section (also see Figs. 5 and 7) represents the edge of 
the apical surface, possibly as a result of incomplete trypsin 
digestion. During the chase times, GFP-GPI progressively 
accumulated on the apical surface, as clearly shown both in 
xz microscopy sections and in xy sections collected from the 
top of the cells as well as by quantifi cation of the fl uorescent 
signal in selected regions from a single z plane at different 
heights through the cell (Fig. 2 A). Consistent with the 
 confocal data, we found by surface biotinylation that after 
15 min at 37°C, GFP-GPI began to arrive at the apical 
surface and accumulated there for up to 60 min (Fig. 2 B). 
Thus, both these approaches confi rmed that GFP-GPI previ-
ously accumulated in the Golgi is directly targeted to the 
 apical surface.

Exposure of the basolateral membrane 
to tannic acid or trypsin does not affect 
the apical arrival of GFP-GPI
To rule out the possibility that we were missing a fast passage 
of proteins through the basolateral surface, we used two 
 approaches. In one, we added trypsin to the basolateral surface 
to remove any protein that was passing through the basolateral 
domain, and, in the other, we inhibited basolateral traffi c using 
tannic acid as previously described (Polishchuk et al., 2004).

In the fi rst approach, to detect proteins passing through 
the basolateral surface, we adapted an assay that was used 
 before to demonstrate transcytosis of the polymeric Ig receptor 
in MDCK cells (Casanova et al., 1990). We added 25 μg/ml 
trypsin to the basolateral medium during the chase time course 
at 37°C after the temperature block so that the molecules pass-
ing through the basolateral surface would be proteolysed and 
should not be recovered at the apical surface. To the contrary, 
molecules directly delivered to the apical surface would not be 
 exposed to trypsin and would be detected normally. In the pres-
ence of trypsin, GFP-GPI was still apically delivered to the 
same extent as in untreated cells (Fig. 3), and only the portion 
of protein that was missorted to the basolateral surface was 
 recovered in the basolateral media as a faster migrating, par-
tially digested form (Fig. 3). It is to be expected that the β barrel 
of GFP will be more resistant to enzymatic activity, whereas the 
loops outside the barrel would be digested. On the other hand, 

Figure 2. GFP-GPI is directly delivered from 
the Golgi to the apical surface. MDCK cells 
 stably expressing GFP-GPI grown on fi lter for 4 d 
were incubated with trypsin to eliminate all 
proteins at the surface and were subjected to 
a temperature block to accumulate proteins 
in the TGN (see Materials and methods). 
Cells were then warmed at 37°C for the indi-
cated times in culture medium containing cyclo-
heximide. After each time point, cells were 
fi xed and treated for confocal microscopy 
where  serial confocal sections were collected 
from the top to the bottom of the cell monolayer 
(A). The dashed lines show the positions from 
where the xz sections were taken. Mean fl uo-
rescence intensities at the Golgi, apical, and 
 basolateral domains were measured at the 
 different chase times and expressed as per-
centages of total fl uorescence (A, bottom; see 
Materials and methods). Alternatively, cells 
were biotinylated from the apical (Ap) or baso-
lateral (Bl) side. After lysis, GFP-GPI was immuno-
precipitated with an antibody against GFP and 
revealed by using HRP-streptavidin (B). Gels from 
three different experiments were quantifi ed, 
and the results were expressed as percentages 
of the amount at the time of maximal surface 
expression. The amount of protein still present 
at the apical or basolateral surface at time = 0 
was subtracted from all chase times. Error bars 
represent SD. Bars, 10 μm.
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the GFP-GPI that was detected in the apical media after 60 min 
of chase time both in control and in treated cells likely repre-
sents the proportion of protein that is normally shedded 
from the cell surface, and it runs on the gel at its expected 
 molecular weight. These experiments further confi rm that 
GFP-GPI does not need to travel through the basolateral surface 
before reaching the apical plasma membrane.

As an alternative to trypsin, we used tannic acid, a cell-
impermeable fi xative that cross-links cell surface carbohydrate 
groups and does not diffuse across tight junctions (Newman 
et al., 1996; Polishchuk et al., 2004). When added selectively to 
the different domains of the plasma membrane of fi lter-grown 
cells, tannic acid would be expected to inhibit plasma mem-
brane fusion and internalization only in the specifi c domain to 
which it was added. To check whether the tannic acid impairs 
internalization in MDCK cells, we followed transferrin endo-
cytosis (Fig. S3, available at http://www.jcb.org/cgi/content/
full/jcb.200507116/DC1). In control cells, transferrin was ex-
clusively localized in intracellular spots, whereas in cells treated 
with tannic acid, it was blocked at the cell surface after 30 min 
of internalization (Fig. S3, top). We also show that tannic acid 
does not affect binding but only affects the internalization of 
transferrin by allowing fi rst its binding for 5 min at 37°C and 
then the internalization for 30 min in the presence or absence of 
basolateral tannic acid (Fig. S3, bottom). Also in this case, in 
the presence of tannic acid, transferrin was exclusively found at 
the basolateral membrane. Furthermore, these results showed 
that a pretreatment with tannic acid for 30 min impairs plasma 
membrane internalization at least for the next 30 min. Thus, it 
appeared to be a convenient tool to analyze whether a protein 
follows a transcytotic pathway via the basolateral surface 

 because this process requires the protein to fi rst be endocytosed 
(Polishchuk et al., 2004).

To analyze the effect of tannic acid on GFP-GPI traffi cking, 
we repeated the same cold targeting assay as described in Fig. 2. 
After the trypsin treatment, cells grown for 4 d on fi lters were 
incubated at 19.5°C in the presence of cycloheximide for 2 h to 
accumulate the protein in the Golgi. During the last 30 min at 
19.5°C, 0.5% tannic acid was added to the basolateral medium 
to block basolateral fusion. After washing to remove tannic 
acid, the monolayers were then incubated at 37°C in the  presence 
of cycloheximide for the different indicated times to  follow the 
arrival of the protein at the surface (Fig. 4, A and B). We found 
both by confocal microscopy (Fig. 4 A) and by  surface biotinyl-
ation (Fig. 4 B) that in the presence of tannic acid, GFP-GPI 
still reached the apical surface directly with similar kinetics to 
the untreated cells (Fig. 2, A and B). However, by confocal 
 microscopy, it appears that in tannic acid–treated cells, traffi cking 
of the protein is slightly slower, and the newly  arrived protein 
appears to fuse or accumulates mainly at the edge of the apical 
surface above the tight junctions. Unexpectedly, a small portion 
of GFP-GPI was detected on the bottom confocal  sections or by 
biotinylation of the basolateral surface. This  basolateral signal 
could result either from the fusion of some GFP-GPI–containing 
carriers with the basolateral surface or from diffusion of the 
protein from the apical domain, therefore implying either an 
 incomplete effect of tannic acid in blocking basolateral fusion 
or an effect of tannic acid on the integrity of the tight junctions. 
Nonetheless, both the tannic acid and the trypsin experiments 
showed that GFP-GPI does not need to reach the basolateral 
surface to be apically sorted but is  directly targeted to the 
apical membrane. 

Figure 3. GFP-GPI still reaches the apical surface in the presence of trypsin in the basolateral medium. MDCK cells stably expressing GFP-GPI grown on 
fi lter for 4 d were incubated with trypsin, subjected to a temperature block in the TGN (see Materials and methods), and chased at 37°C for the indicated 
times (in minutes) in the presence or absence of 25 μg/ml trypsin in the basolateral media. After each chase time, cells were selectively biotinylated from 
the apical (Ap) or basolateral (Bl) surface. After immunoprecipitation with an antibody against GFP, samples were run on SDS-PAGE and revealed using 
HRP-streptavidin. Apical and basolateral media for control and treated cells were recovered at all chase times, proteins were TCA precipitated, run on 
SDS-PAGE, and revealed by Western blotting using GFP antibody. The asterisk indicates the trypsin partially digested form of GFP-GPI.



JCB • VOLUME 172 • NUMBER 7 • 2006 1028

Long-term incubation with tannic acid 
 alters the integrity of fully polarized 
monolayers and causes the 
mislocalization of GFP-GPI
We reasoned that if the low level of basolateral missorting 
 observed in the aforementioned experiments was caused by an 
initial effect of tannic acid on the integrity of the monolayer, it 
should increase with the time of the treatment. Therefore, we 
incubated cells grown on fi lter for 4 d with basolateral tannic 
acid during the last 10 min of the temperature block and during 
all chase times at 37°C as shown previously by Polishchuk et al. 
(2004). The cells were then fi xed and imaged by confocal 
 microscopy or subjected to surface biotinylation (Fig. 5). Also 
in this case, at time = 0, GFP-GPI is present in the Golgi 
 apparatus. However, after 30 min of chase, it is present both on 
the apical and on the basolateral surface and continues to be 
completely mislocalized after 60 min (Fig. 5 A). These results 
were confi rmed by the surface biotinylation assay that showed 
a   complete mislocalization of the protein (Fig. 5 B). These data 
suggest that a long treatment with tannic acid leads to mono-
layer depolarization.

To address whether tannic acid could alter the integrity 
of the cell monolayer, we evaluated the functional state of tight 
junctions during tannic acid treatment by different methods 
(Matter and Balda, 2003). First, we investigated the morp hology 
of the tight junctions by staining them with an antibody against 
PATJ (Pals1-associated tight junction protein), a  component of 

tight junctions (Lemmers et al., 2002; Shin et al., 2005). To ver-
ify that the basolateral domain maintains its physical integrity, 
we labeled the cells with an antibody against Na,K-ATPase 
(Fig. 6 A). In control cells, PATJ staining results in a chicken 
wire–like pattern (typical of tight junction markers) that was 
detected exclusively in one z plane (at 2.5 μm from the 
out-of-focus top signal) where the signal for the Na,K-ATPase 
was almost completely out of focus. On the other hand, a  distinct 
signal for Na,K-ATPase was detectable starting at 6.5 μm from 
the top out-of-focus signal all along the lateral membrane 
 (Gottardi and Caplan, 1993; Zurzolo and Rodriguez-Boulan, 1993). 
In contrast, in cells treated with tannic acid, the PATJ signal was 
found also in the bottom planes at the same level where the 
Na,K-ATPase–derived signal was in focus. This effect was more 
evident after 60 min of treatment. These results indicated that 
tight junctions were impaired by tannic acid treatment. To then 
check the integrity of the monolayers, we measured both the 
passage of electric current and the fl ux of a tracer across mono-
layers, which are the two most commonly used methods to analyze 
the integrity of tight junctions (Matter and Balda, 2003).

Transepithelial resistance (TER) of fully polarized mono-
layers was measured before and after basolateral incubation 
with tannic acid for 30–60 min. Although in control cells TER 
is stable during the time course of the measurements, in 
treated cells, it decreased progressively (Fig. 6 B). After 
60 min of tannic acid treatment, the TER decreased to the value 
of empty fi lters.

Figure 4. Tannic acid does not affect the 
 apical targeting of GFP-GPI. MDCK cells stably 
expressing GFP-GPI grown on fi lter were 
 incubated with trypsin and subjected to a 
 temperature block in the TGN (see Materials 
and methods). Tannic acid was added to the 
basolateral medium 30 min before release 
from the 20°C block. Cells were then warmed 
at 37°C for the indicated times in the absence 
of tannic acid in culture medium containing 
 cycloheximide. After each time point, cells 
were fi xed and quenched. Serial confocal 
 sections were collected from the top to the 
 bottom of cell monolayers (A). The dashed 
lines show the  positions from where the xz 
 sections were taken. Mean fl uorescence intensi-
ties at the Golgi, apical (Ap), and basolateral 
(Bl) domains were measured as in Fig. 2. 
 Alternatively,  surface proteins were biotinylated 
from the apical or basolateral side, immuno-
precipitated with GFP antibody, and revealed 
by  using HRP-streptavidin (B). Results from 
three different experiments were plotted as the 
 percentage of the amount at the time of maximal 
surface  expression. The value at the apical or 
baso lateral surface at time = 0 was  subtracted 
from all chase times. Error bars  represent SD. 
Bars, 10 μm.
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Finally, we performed a permeability assay using 
[14C]inulin as previously described (Apodaca et al., 1995). 
Cells grown on fi lter for 4 d were treated with tannic acid on the 
 basolateral side for 30 or 60 min. At the same time, [14C]inulin 
(1 μCi per fi lter) was added to the apical medium. Subsequently, 
apical and basolateral media were recovered, and C14 was 
 quantifi ed. The extent of inulin passage was quantifi ed by divid-
ing the amount of [14C]inulin found in the basal chamber by 
the total [14C]inulin added to each sample. We found that in the 
 control cell monolayer, only 0.25 ± 0.01% and 0.49 ± 0.03% 
of apically added [14C]inulin for 30 or 60 min, respectively, 
was found in the basal well, whereas in the cells treated for the 

same length of time with basolateral tannic acid, 1.2 ± 0.01% 
and 3.75 ± 0.09% was collected after 30 and 60 min, respectively 
(Fig. 6 C). These results clearly show that the permeability of 
the cell monolayer is strongly altered by tannic acid treatment 
in a time-dependent manner (fi vefold more after 30 min and 
eightfold more after 60 min). Thus, the nonpolarized targeting 
results shown in Fig. 5 (A and B) are explained by the fact that 
after long tannic acid treatment, although the intracellular sort-
ing might still occur, the polarity is lost because tight junctions 
are impaired and the monolayer permeability is altered, thus 
 allowing both apical/basolateral protein diffusion and passage 
of the biotin between the apical and basolateral compartments.

Monitoring of GFP-GPI apical targeting 
in living, fully polarized fi lter-grown cells
Although the aforementioned confocal and biochemical experi-
ments clearly showed a direct apical arrival of GFP-GPI, they 
represent images taken at specifi c times of chase corresponding 
to times used in the biochemical assays. The most direct method 
to analyze the targeting pathway of GPI-APs would be to follow 
the route of GFP-GPI all the way from the Golgi to the surface 
in living cells using an imaging approach. This has never been 
possible before in fully polarized cells grown on fi lters because 
of the limits of the imaging systems for acquisition along the 
z axis, so all the dynamic studies on protein sorting to date have 
been performed in cells grown on coverslips in semipolarized 
conditions (Jacob and Naim, 2001; Keller et al., 2001; Jacob 
et al., 2003; Polishchuk et al., 2004). We used a confocal imaging 
system based on spinning disc technology that has the advantage 
of being faster and causes less photobleaching in comparison 
with laser scanning–based confocal methods. This system has 
been previously used to follow apical and basolateral cargos 
for short times in cells grown to confl uency on coverslips 
(Kreitzer et al., 2003), whereas we have used it to monitor the 
arrival of GFP-GPI from the Golgi to the plasma membrane in 
live cells grown on fi lters in fully polarized conditions (Fig. 7). 
After incubation at 19.5°C, cells grown on fi lters were warmed 
at 37°C on the microscope stage, and images were taken every 
3 min for a total of 60 min (Fig. 7 A). For each time point, an 
average of 20 z planes were collected to detect the signal from 
the whole cell volume. In Fig. 7 A, selected frames of the time 
lapse show a gradual brightening only of the apical surface as a 
result of GFP-GPI arrival both in control and tannic acid–treated 
cells. However, from the side view images (Fig. 7 A, bottom), 
it is possible to note an extension of the fl uorescent signal 
 toward the lateral side of the cells in the presence of tannic acid. 
Videos 1 and 2 (for control and treated cells, respectively; avail-
able at http://www.jcb.org/cgi/content/full/jcb.200507116/DC1) 
obtained after volume rendering clearly showed that the fl uores-
cent signal of GFP-GPI, which is present at the beginning of the 
experiment at the TGN, gradually brightened the apical surface, 
whereas no transient brightening was observed at the basolateral 
surface (as indicated by rotation of the entire cell monolayer). 
Furthermore, Videos 3 and 4 (for control and treated cells, 
 respectively) mounted with a rotation of 45° with respect to the 
z axis showed clearly that the signal reached the apical surface 
progressively, which was well defi ned by its typical dome  aspect. 

Figure 5. Long tannic acid treatment leads to the depolarization of  
GFP-GPI. MDCK cells stably expressing GFP-GPI grown on fi lter were incu-
bated with trypsin and subjected to a temperature block in the TGN. Tannic 
acid was added to the basolateral medium 10 min before release from the 
20°C block. Cells were warmed at 37°C for the indicated times in culture 
medium containing cycloheximide in the presence of tannic acid. After 
each time point, cells were fi xed, quenched, and analyzed by confocal 
 microscopy. Mean fl uorescence intensities at the Golgi, apical (Ap), and 
basolateral (Bl) domains were measured as in Fig. 2. Alternatively, surface 
proteins were biotinylated from the apical or the basolateral side, immuno-
precipitated with GFP antibody, and revealed by using HRP-streptavidin 
(B). Results from three different experiments were plotted as percentages 
of the amount at the time of maximal surface expression. The value at the 
 apical or basolateral surface at time = 0 was subtracted from all chase 
times. Error bars represent SD. Bars, 10 μm.
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Finally, by observing the cells from the top (Videos 5 and 
6 for control and treated cells, respectively), the progressive 
 accumulation over time of GFP-GPI exclusively on the top 
of the cell was particularly evident. A better resolution was 
 obtained by collecting three-dimensional stacks every 60 s, 
thereby reducing the possibility of missing a rapid passage 
through the basolateral surface (Fig. 7 B and Videos 7 and 8). 
Furthermore, to avoid both the light absorption and the back-
ground from the fi lter, we seeded cells on fi lters upside down. 
In these growing conditions, GP114 and Na,K-ATPase, which 
are endogenous apical and basolateral markers, respectively, are 
correctly localized as shown by immunofl uorescence (Fig. S4 A), 
indicating that cells were well polarized.

To monitor the arrival of GFP-GPI at the surface, we 
had to take images every 1 or 3 min for up to 60 min at low 
 magn ifi cation, which did not allow the direct visualization of 

post Golgi carriers. To visualize the traffi cking of GFP-GPI– 
 containing carriers in cells grown on fi lters, we imaged the cells 
every 2–3 s for short time intervals (3–5 min) at high magnifi cation. 
A range of 4–6 μm in depth of the cell from the bottom to the 
top of the Golgi apparatus was collected every 2–3 s. The time 
lapses showed GFP-GPI–containing membranes budding from 
the Golgi complex as tubular processes and post-Golgi inter-
mediates moving toward the surface (Video 9, available 
at http://www.jcb.org/cgi/content/full/jcb.200507116/DC1).
These three-dimensional images were comparable in reso-
lution with the ones taken before in single plane in nonpolarized 
cells (Keller et al., 2001; Polishchuk et al., 2004).

To determine the site of segregation of apical and basol-
ateral cargos, we transiently cotransfected the CFP and YFP 
 variants of GFP-GPI and GFP-PIT (a fusion construct between 
the transmembrane and cytosolic domains of the low density 

Figure 6. Long tannic acid treatment alters the tight junctions and affects the integrity of the monolayer. Tannic acid was added to MDCK cells grown on 
fi lters for 30 or 60 min at 37°C. (A) Cells were then fi xed and stained with specifi c antibodies against PATJ (green) and Na,K-ATPase (red) in permeabilized 
conditions. Serial confocal sections were collected from the top to the bottom of cell monolayers. (B) After culturing MDCK cells on fi lter for 4 d, media were 
replaced, and transepithelial resistance (TER) was measured periodically over 90 min in the absence (control) or presence of tannic acid added to the 
basolateral side. (C) [14C]inulin was added to the apical medium of MDCK cells grown on fi lter, whereas tannic acid was added (or not; control) to the 
 basolateral medium for the indicated times at 37°C. The permeability of the monolayers was subsequently assessed by quantitating the percentage 
of apical [14C]inulin found in the basal well. The data are means ± SD (error bars) of three experiments. Bar, 10 μm.
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 lipoprotein receptor and GFP, which is basolaterally localized as 
shown in Fig. S4 B), respectively. As previously described (Keller 
et al., 2001; Kreitzer et al., 2003; Polishchuk et al., 2004), we 
also found that GFP-GPI is partially segregated from a basolat-
eral protein (YFP-PIT) in the TGN (Fig. S4 C, top) and that these 
proteins appear to be in distinct carriers after 10 min of release of 
the block (Fig. S4 C, bottom). Thus, our data  demonstrate that in 
fully polarized monolayers, the apical delivery of GPI-APs occurs 
via a direct pathway, and it supports the  notion that their sorting 
occurs intracellularly before arrival at the plasma membrane.

Discussion
Several studies have shown that apical and basolateral proteins 
segregate into different vesicles upon exit from the TGN 
 (Wandinger-Ness et al., 1990; Keller et al., 2001; Kreitzer et al., 
2003). GPI-APs are delivered to the apical membrane via a raft-
 mediated mechanism (Arreaza and Brown, 1995; Lipardi et al., 
2000) and have been thought to be sorted in the TGN (Mayor 
and Riezman, 2004). Imaging studies in living cells have shown 
that GPI-APs segregate from basolateral proteins in separate 
carriers in the TGN, and, from there, they reach the apical 
 surface directly (Keller et al., 2001).

Notwithstanding, a recent study based on imaging in  living 
cells of one GPI protein (GFP-GPI) has proposed a mechanism 
whereby GPI-APs may use a transcytotic route to the  apical 
 surface of MDCK cells and, therefore, that their sorting occurs 
 after arrival to the basolateral plasma membrane (Polishchuk 
et al., 2004). These data are in direct contrast with our model 
of the mechanism of GPI-AP sorting, which is based on segre-
gation and stabilization of GPI-APs in rafts at the level of the 
Golgi apparatus. We believe that these two events would lead to 
the budding of an apical carrier that excludes basolateral pro-
teins (Paladino et al., 2004). Because Polishchuk et al. (2004) 
also observed a physical segregation of the apical and basolat-
eral cargo in the TGN, the question arises as to why this segre-
gation would occur in regions of the Golgi membrane if the 
proteins are transported in the same carrier to the basolateral 
surface where sorting would then occur.

We directly investigated the pathway followed by three 
different GPI-APs to the apical surface in MDCK cells both by 
biochemical and imaging approaches in fully polarized cells 
that were grown on fi lters for 4 d. By using pulse-chase experi-
ments combined with selective surface biotinylation, we found 
that newly synthesized proteins, PLAP, GFP-GPI, and NTR-
PLAP progressively reach the apical plasma membrane without 

Figure 7. GFP-GPI is directly delivered to the 
apical surface in living MDCK cells both in the 
presence and absence of tannic acid. MDCK 
cells stably expressing GFP-GPI were treated 
as in Figs. 2 and 4. After the temperature  
block, cells were shifted at 37°C on the 
 mi croscope and imaged live every 3 min for 
60 min (A) or every 1 min for 15 min (B; also 
see Videos 1–8, available at http://www.jcb.
org/cgi/content/full/jcb.200507116/DC1).
Some frames of the time lapses three-
 dimensionally reconstructed with different 
 orientations (A [top] and B, view from the 
 apical side; A [bottom], view from the lateral 
side) are shown. Bars, 10 μm.
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passing through the basolateral surface (Figs. 1 and S1 A). 
 Indeed, we never observed accumulation on the basolateral 
 surface before the apical appearance of these proteins. 
We  obtained the same results when we examined GFP-GPI 
transport to the surface that previously accumulated in the TGN 
after a temperature block (Figs. 2 and 7). Furthermore, by using 
a spinning disc confocal-based instrument, we could analyze 
the arrival of GFP-GPI from the Golgi to the surface in living 
cells grown on fi lters (Fig. 7 and Videos 1–9). This was not 
 previously possible because of the thickness of polarized mono-
layers and the speed and sensitivity of commercially available 
imaging systems. The results obtained by the biochemical and 
imaging methods concordantly demonstrate that both newly 
synthesized and recycled GPI-APs are directly delivered from 
the TGN to the apical surface, suggesting that they are sorted 
intracellularly. These results were confi rmed by the fact that 
neither basolateral cleavage by trypsin (Fig. 3) nor addition to 
the basolateral domain of tannic acid (Fig. 4), which inhibits 
basolateral transferrin endocytosis (Fig. S3), affect the apical 
delivery of GFP-GPI. This demonstrates that we did not miss 
any rapid or transient passage through the basolateral surface 
that could have been undetectable in the less sensitive 
 biotinylation-based targeting assays.

The discrepancy between the results of Polishchuk et al. 
(2004) and our own most likely lies in the cell culture condi-
tions and in the different methods used. The Polishchuk et al. 
(2004) experiments were performed in MDCK cells grown on 
 fi lters for only 2–3 d, when the cells are not, in fact, fully polarized. 
When we performed our experiments in similar nonpolarized 
 conditions, we found that both GFP-GPI and PLAP were 
 missorted to the basolateral surface (Fig. 1 B) and that this 
 missorting decreased with the time the cells were in culture 
(Fig. 1 C). Interestingly, in one experiment after 1.5 d in culture, 
we  observed a transient peak of GFP-GPI at the basolateral 
 surface before it was apically delivered (Fig. S1 B), which might 
 suggest that it uses a transcytotic pathway in semipolarized 
 conditions. However, as previously demonstrated, the transitory 
use of the transcytotic pathway appears to be a protein-specifi c 
feature (Zurzolo et al., 1992), and, in this specifi c case, it was 
observed only for GFP-GPI and for NTR-PLAP (Fig. S1 A) but 
not for PLAP. In addition, we demonstrate that 30 min of tannic 
acid is suffi cient to block transferrin internalization, but it does 
not  impair the direct apical delivery of GFP-GPI from the TGN 
in fully polarized cells (Fig. 4). However, when we used the 
same conditions as Polishchuk et al. (2004), who treated the 
cells with tannic acid for a longer time period (45–60 min treat-
ment), we found that GFP-GPI becomes progressively depolarized 
(Fig. 5). Indeed, a prolonged treatment with tannic acid causes 
a redistribution of tight junction proteins and alters the integrity 
of the monolayer (Fig. 6), thus permitting protein diffusion 
from one domain to the other. Strangely enough, Polishchuk 
et al. (2004) did not report a basolateral GFP-GPI signal but 
 described only accumulation in intracellular compartments. 
In some cells, we also observed some intracellular patches 
 below the plasma membrane, as they described (Fig. 5, bottom; 
60 min), but never saw an impairment of apical delivery (Figs. 
4 and 7 and Videos 1–8). This difference could derive from the 

fact that they used transiently expressing cells, whereas we have 
used stable clones. It is well known that transiently transfected 
cells overexpress proteins, and overexpression is known to saturate 
the sorting mechanisms and to lead to missorting or the use of 
different pathways not used by the cells in normal conditions 
(Marmorstein et al., 2000).

Because, in our hands, apical surface delivery of GFP-GPI 
occurs rapidly (apical GFP-GPI was detected as early as 15 min 
after warming cells at 37°C after temperature block; Figs. 2 and 7), 
it is unlikely that the transcytotic route determines its steady-
state distribution. In hepatocyte 5′ nucleotidase, a GPI protein 
following a transcytotic route to the apical surface requires 3.5 h 
to reach steady-state apical distribution, and this rate of trans-
cytosis is much slower than that observed for transmembrane 
proteins (Schell et al., 1992). GPI-APs are slowly endocytosed 
from both sides (Lisanti et al., 1990; Keller et al., 1992), and 
they also recycle back to the surface three- to fourfold slower 
than other recycling membrane components (Chatterjee et al., 
2001; Mayor and Riezman, 2004). Furthermore, Polishchuk et al. 
(2004) also found that YFP-GPI needs 2 h to be transcytosed 
from the basolateral side. Therefore, this discrepancy in the 
 timing of kinetics of the arrival to the surface and the trans-
cytotic process is inconsistent with the fact that the basolateral 
fraction of GPI-APs is a precursor to the apical pool. We directly 
ruled out this possibility by measuring the amount of missorted 
basolateral  GFP-GPI that was internalized from the basolateral 
membrane in 1.5-d-old monolayers. In these conditions, a small 
portion (�6–8%) of GFP-GPI appeared inside the cells after 
30 min of internalization at 37°C (Fig. S5, available at http://
www.jcb.org/cgi/content/full/jcb.200507116/DC1), suggesting a 
slow internalization rate inconsistent with the use of a transcytotic 
pathway. However, in agreement with previous data (Zurzolo 
et al. 1992), this experiment also showed that some of the protein 
that missorted to the basolateral membrane in cells that were not 
fully polarized can reach the apical surface via a transcytotic 
pathway, as we observed the appearance of GFP-GPI at the  apical 
surface 60 and 120 min after internalization (Fig. S5).

Our data also support the model that sorting of GPI-AP 
occurs intracellularly. We have recently proposed that GPI-AP 
oligomerization or clustering in high molecular weight com-
plexes is the prime mechanism determining the apical sorting 
of GPI-APs (Paladino et al., 2004). This is because it leads to 
the stabilization of proteins into rafts and to the coalescence of 
more rafts with the consequent formation of larger functional 
rafts, which provide the platform for the budding of an apical 
carrier. Oligomerization of GPI-APs begins in the medial Golgi 
and is concomitant with raft association (Paladino et al., 2004), 
therefore supporting the hypothesis that apical GPI-AP sorting 
occurs at the TGN. In this study, we show that segregation 
 between GFP-GPI and a basolateral marker (GFP-PIT) occurs 
during the block in the TGN and that the two proteins appear 
in distinct carriers after 10 min of chase at 37°C. Nonetheless, 
we cannot exclude the possibility that GPI-APs require travel 
through some endosomal compartments before reaching the 
apical membrane. Recently, it has been found that the inactivation 
of REs affect the transport of VSV-G and of an apically  targeted 
mutant from the Golgi to the plasma membrane,  suggesting 
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a role of REs for polarized sorting in endocytic and secretory 
pathways (Ang et al., 2004).

A presurface post-Golgi compartment could act as a main 
sorting station or as a second step after sorting at the TGN. 
 Alternatively, it could be a pathway of salvage in the case of 
partial polarity or of saturation of the normal sorting machinery. 
For basolateral proteins, it has indeed been shown that the same 
sorting signals function at the level of the TGN and REs.  Further 
studies focused and optimized to visualize the traffi cking  between 
these compartments in fully polarized cells are necessary to 
 elucidate these different possibilities.

Materials and methods
Reagents and antibodies
Cell culture reagents were purchased from Invitrogen. Antibodies were 
purchased from the following companies: polyclonal anti-GFP from 
CLONTECH Laboratories, Inc.; monoclonal anti-GFP and Cy-5 transferrin 
from  Invitrogen; anti-PLAP from Rockland Biosciences; and anti–Na,
K-ATPase from Upstate Biotechnology. The antibodies against PATJ, 
GP114, and p75NTR were gifts from A. le Bivic (Faculté des Sciences 
de Luminy,  Marseille, France). Biotin and streptavidin beads were ob-
tained from Pierce Chemical Co. HRP-linked antibodies and streptavidin 
were purchased from GE Healthcare. All other reagents were purchased 
from Sigma-Aldrich.

Cell culture and transfections
MDCK cells were grown in DME containing 5% FBS. Stable clones  expressing 
GFP-GPI and PLAP were previously obtained (Paladino et al., 2004). In partic-
ular, the GFP-GPI construct previously used by us and others (Nichols et al., 
2001; Paladino et al., 2004; Polishchuk et al., 2004) was a gift from S. Lacey 
(Southwestern University, Georgetown, TX). The fusion was constructed in the 
eukaryotic expression vector pJB20. It has an EcoRI site at the 5′ end, a HindIII 
site at the 3′ end, and a PstI site that  separates the ecto- and anchor domain. 
TER was measured using a meter (Millicell-ERS; Millipore).

Fluorescence microscopy
Unless specifi cally indicated, MDCK cells were grown on Transwell fi lters 
for 3.5–4 d, washed with PBS containing CaCl2 and MgCl2, fi xed with 
4% PFA, and quenched with 50 mM NH4Cl. Depending on the experi-
ment, cells were permeabilized with 0.075% saponin. Primary antibod-
ies were detected with FITC or TRITC-conjugated secondary antibodies. 
Images were collected using a laser scanning confocal microscope (LSM 
510; Carl Zeiss MicroImaging, Inc.) equipped with a plan Apo 63× NA 
1.4 oil  immersion objective lens (Carl Zeiss MicroImaging, Inc.). As previ-
ously  described (Nichols et al., 2001), the quantifi cation of mean fl uo-
rescence intensities in selected regions of interest were performed using 
a laser scanning microscope (LSM 510; Carl Zeiss MicroImaging, Inc.). 
In particular, the fl uorescence intensities of areas of equal size in a single 
z plane through the cell monolayer (from a range of 1–3, 4–6, and 8–12 μm 
starting from the top of the cell for apical, Golgi, and basolateral signals, 
 respectively) were measured and corrected for background.

Time-lapse images were collected using a confocal microscopy 
 system (UltraView ERS; PerkinElmer) equipped with a microscope (Axiovert 
200; Carl Zeiss MicroImaging, Inc.). A plan Apo 63× or a 100× NA 1.4 
oil immersion objective lens was controlled by a piezoelectric z stepper. 
To image living cells, we mounted the fi lter on an optical glass in a petri dish 
containing CO2 independent medium (150 mM NaCl, 5 mM KCl, 1 mM 
CaCl2, 1 mM MgCl2, and 20 mM Hepes, pH 7.4). Cells were imaged  using 
a thermostatic chamber mounted on the microscope set at 37°C. Cells were 
imaged every 3 min for a total of 50–60 min or every 1 min for 10–15 min, 
collecting 15 or 20 z slices (confocal depth of 0.5 μm) each time. For short 
time lapses (3–5 min), cells were imaged every 2 s,  collecting four to six z 
slices (confocal depth of 1 μm) at high magnifi cation using a plan Apo 
100× NA 1.4 oil immersion objective lens and an  optovar 1.6× lens. Images 
and videos were volume rendered by Volocity software (PerkinElmer).

Targeting assays
Labeling assay. Cells grown on fi lter were starved of methionine for 
1 h and pulse  labeled for 15 min with medium containing 100 μCi/ml 
[35S]methionine (GE Healthcare) and incubated in chase medium (DME con-

taining 5% FBS and 10× methionine) for different times. At the end of each 
chase time, cells were selectively biotinylated and processed as described 
in the supplemental material (available at http://www.jcb.org/cgi/ content/
full/jcb.200507116/DC1). Lysates were immunoprecipitated with specifi c 
 antibodies, and  biotinylated antigens were then precipitated with streptavidin 
beads.  Samples were run on SDS-PAGE and analyzed by a phosphorimager. 
Quantifi cations were performed by ImageQuant (GE Healthcare).

Cold assay. Cells grown on fi lter were incubated with 25 μg/ml 
trypsin in DME without serum for 30 min twice. They were then subjected 
to temperature block as described below and warmed at 37°C for different 
times in culture medium containing 150 μg/ml cycloheximide. At the end 
of each time point, surface proteins were selectively biotinylated, immuno-
precipitated with an antibody against GFP, and run on SDS-PAGE. Biotinyl-
ated proteins were revealed by HRP-conjugated streptavidin. Quantifi cations 
were performed with Image software (National Institutes of Health).

Temperature block
To achieve an almost complete protein block in the TGN, we used a previ-
ously published protocol (Paladino et al., 2004). Filter-grown cells were 
 incubated at 19.5°C for 2 h in areal medium (F12 Coon’s modifi ed  medium 
without NaHCO3 and with 0.2% BSA and 20 mM Hepes, pH 7.4). In the 
last hour at 19.5°C, they were treated with 150 μg/ml cycloheximide.

Permeability assay
1 μCi [14C]inulin (MP Biomedicals) diluted in 500 μl DME was added 
to the apical chamber of the Transwell fi lters, and cells were incubated for 
30 or 60 min at 37°C. The amount of [14C]inulin that remained in the apical 
well, traversed the fi lter to the basal well, or remained cell associated was 
quantifi ed in a liquid scintillation counter.

Online supplemental material
Fig. S1 shows pulse chase and biotinylation targeting assays. In fully polar-
ized cells (A), NTR-PLAP is directly targeted to the apical surface, whereas 
it undergoes transcytosis in unpolarized cells. In not fully polarized cells 
(B), a portion of GFP-GPI can be indirectly sorted to the apical membrane. 
Fig. S2 shows by immunofl uorescence (A) and Western blotting (B) that 
trypsin is a suitable tool to remove GFP-GPI without impairing the integ-
rity of the cell monolayer. Fig. S3 shows that tannic acid impairs transfer-
rin internalization but does not affect surface binding. Fig. S4 A shows 
that apical and basolateral markers are correctly localized in cells grown 
on fi lters upside down, indicating that cells are well polarized. It also 
shows that YFP-PIT is basolaterally localized, and it is partially segregated 
from CFP-GPI at the TGN and is in different post-TGN carriers (B and C, 
 respectively). Fig. S5 shows that �6–8% of GFP-GPI is slowly internalized 
from the basolateral surface. Videos 1–9 show the arrival of GFP-GPI from 
the TGN to the plasma membrane. They clearly show the direct appear-
ance of GFP-GPI fl uorescence at the apical surface both in control and 
tannic acid–treated cells. All z planes were volume rendered by Volocity 
software. Online supplemental material is available at http://www.jcb.
org/cgi/content/full/jcb.200507116/DC1.
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