
T
H

E
J

O
U

R
N

A
L

O
F

C
E

L
L

B
IO

L
O

G
Y

JCB: ARTICLE

© The Rockefeller University Press  $15.00
The Journal of Cell Biology, Vol. 178, No. 2, July 16, 2007 323–335
http://www.jcb.org/cgi/doi/10.1083/jcb.200705094

JCB 323

Introduction
The asymmetric distribution of membrane proteins in different 

cell surface domains is a feature common to many types of 

polarized cells, including epithelia, neurons, and immune cells 

(Yamada and Nelson, 2007). In epithelial cells, membrane pro-

teins are segregated into functionally and structurally different 

apical and basolateral membrane domains. Considerable evi-

dence has accumulated that the Golgi complex (Rodriguez-

Boulan and Musch, 2005) and the recycling endosome (Ang 

et al., 2004) regulate sorting of apical and basolateral membrane 

proteins into separate vesicles in the exocytic and endocytic 

 (recycling) pathways. However, less is known about mecha-

nisms that specify post-Golgi vesicle delivery and fusion with 

the correct membrane domain.

In fully polarized cells, the delivery of basolateral mem-

brane proteins from the TGN and recycling endosomes to the 

plasma membrane may be regulated at several steps, including 

long-range vesicle delivery and membrane tethering and fusion. 

Vesicles travel from the region of the TGN to the plasma 

membrane along microtubules (Wacker et al., 1997). Upon ar-

rival at the plasma membrane, vesicles are thought to interact 

with the exocyst (Sec6/8 complex; Guo and Novick, 2004) 

which is a multiprotein complex that may tether vesicles to the 

membrane before their fusion by a complex of vesicle-soluble 

N-ethylmaleimide–sensitive factor attachment protein receptors 

(v-SNAREs) and target (t)-SNAREs (Chen and Scheller, 2001; 

Brunger, 2005). In fully polarized MDCK cells, the exocyst is 

localized to the apex of the lateral membrane, and addition of 

function-blocking Sec8 antibodies inhibited basolateral, but 

not apical, vesicle delivery to the plasma membrane (Grindstaff 

et al., 1998b). In these cells, the t-SNARE syntaxin 4 is also 

localized to the basolateral plasma membrane (Li et al., 2002), 

and inhibition of t-SNARE function using botulinum neuro-

toxins blocked basolateral vesicle delivery (Ikonen et al., 1995). 

It has been suggested that the exocyst and t-SNAREs compose 
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a vesicle “targeting patch” that specifi es basolateral vesicle de-

livery to sites of cell–cell adhesion (Drubin and Nelson, 1996), 

but this hypothesis has never been directly tested.

Cell adhesion to other cells and the extracellular matrix is 

important in the generation of epithelial cell surface polarity. In 

nonpolarized fi broblasts (Yoshimori et al., 1996) and single 

MDCK cells grown in suspension culture in the absence of cell 

contacts (Wang et al., 1990), apical and basolateral membrane 

proteins are intermixed on the cell surface, though they are 

sorted from each other in the exocytic pathway. Upon cadherin-

mediated cell–cell adhesion in fi broblasts (McNeill et al., 1990) 

and suspension-grown MDCK cells (Wang et al., 1990), baso-

lateral membrane proteins are restricted to cell–cell contacts, 

whereas apical proteins accumulate on the unbounded mem-

brane facing the growth medium. Cell–cell adhesion is also 

critical for the correct orientation of asymmetric cell divisions 

in the stem cells and maintenance of the stem cell–niche inter-

face (Song et al., 2002; Lechler and Fuchs, 2005; Siegrist and Doe, 

2006). Adhesion to the extracellular matrix also plays a role in 

cell polarization, as laminin is required for correct apical pole 

orientation in three-dimensional epithelial cysts (O’Brien et al., 

2001) and induces β-casein secretion from single mammary 

epithelial cells (Streuli et al., 1991). Although these studies are 

suggestive of a role for extracellular contacts in the orientation 

of different membrane domains in fully polarized cells, a link 

between these spatial cues and localized vesicle delivery, and 

the mechanisms involved have not been investigated directly.

We have taken a direct approach to these problems by 

examining the distributions of aquaporins (AQP) during initial 

cell–cell adhesion in MDCK cells. AQPs are a structurally 

homologous family of channel proteins that facilitate the move-

ment of water, glycerol, and urea across different membrane 

domains in polarized epithelia. AQP3 has an N-terminal baso-

lateral sorting signal (Rai et al., 2006) and localizes to the baso-

lateral membrane in multiple epithelial tissues (Frigeri et al., 

1995), whereas AQP5 has a C-terminal signal for targeting to or 

retention in the apical membrane (Wellner et al., 2005) and lo-

calizes to the apical membrane of secretory tissues (He et al., 

1997; Nejsum et al., 2002) . We show that post-Golgi vesicles 

containing AQP3, but not AQP5, are targeted directly to the site 

of initial E-cadherin–mediated cell–cell contacts. Components 

of a putative lateral targeting patch localize rapidly and in-

dependently of each other to sites of cell–cell adhesion, where 

they function as a holocomplex that specifi es basolateral vesicle 

delivery to cell–cell contacts. These results have broad implica-

tions for how cell polarity may be initiated by extrinsic spatial 

cues in a wide variety of differentiated and stem cells.

Results
Basolateral AQP3 accumulates with 
E-cadherin precisely at the site of initial 
cell–cell adhesion
Protein distributions during cell–cell adhesion were exam ined 

by high resolution time-lapse imaging in MDCK cells cotrans-

fected with tandem-dimer red fl uorescent protein (tdRFP)–tagged 

E-cadherin and either EGFP-tagged AQP3 or EGFP-tagged AQP5. 

EGFP-tagged forms of E-cadherin (Adams et al., 1998), AQP3, 

and AQP5 (Zelenina et al., 2003; Fig. 1 A) localize correctly. 

Note that the expression of tagged forms of E-cadherin did not 

increase overall levels of E-cadherin in cells because of a decrease 

in the level of endogenous E- cadherin commensurate with the 

level of ectopic E-cadherin (Adams et al., 1998).

E-cadherin rapidly accumulated at sites of initial cell–cell 

adhesion and spread laterally as the surface area of the contact 

increased (Fig. 1, B and C; Video 1, right; and Video 2, right, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200705094/DC1), 

as reported previously (Adams et al., 1998). Shortly after the 

accumulation of E-cadherin was detected at the cell–cell con-

tact, increased levels of AQP3 were detected at the same loca-

tions (Fig. 1 B; and Video 1, left). Thereafter, the accumulation 

of AQP3 was strikingly coincident with that of E-cadherin at 

all times during cell–cell adhesion. During fi nal compaction of 

the cell–cell contact, the brightest regions of AQP3 were super-

imposed onto plaques of E-cadherin that coalesced at the edges of 

the cell–cell contact. Although some AQP5 (Fig. 1 C; and Video 2, 

left) was detected at the cell–cell contact with E-cadherin (Fig. 

1 C; and Video 2, right) at the beginning of the time-lapse imag-

ing, it rapidly disappeared, and as the cell–cell contact spread, 

AQP5 remained diffusely distributed over the entire surface 

and did not accumulate at the cell–cell contact. Quantitation 

confi rmed that AQP3, but not AQP5, accumulated at cell–cell 

contacts (Fig. 1 D). Collectively, these results demonstrate that 

a basolateral protein AQP3, but not a homologous apical protein 

AQP5, precisely coaccumulated with E-cadherin during the very 

earliest stages of cell–cell adhesion.

Although both AQP3 and AQP5 are normally expressed 

in polarized epithelial cells, we tested whether the difference 

in localization of ectopic AQP3 and AQP5 to nascent cell–cell 

contacts was the same as that of endogenous basolateral and 

apical membrane proteins in MDCK cells. We plated cells at 

low density, fi xed them after 1 h when initial cell–cell contacts 

had formed, and stained for two endogenous membrane proteins: 

the basolateral membrane protein NaK-ATPase and the api-

cal membrane protein gp135 (podocalyxin; Fig. 1, E and F). 

NaK-ATPase (Fig. 1 E), like AQP3 (Fig. 1 B; and Video 1, left), 

accumulated precisely with E-cadherin at the cell–cell contact. 

On the other hand, gp135 (Fig. 1 F), like AQP5 (Fig. 1 C; and 

Video 2, left), did not accumulate at cell–cell contacts and was 

diffusely distributed over the cell surface. Hence, both exoge-

nously expressed basolateral AQP3 (Fig. 1 B; and Video 1, 

left) and endogenously expressed NaK-ATPase (Fig. 1 E) co-

accumulated with E-cadherin at cell–cell contacts, whereas 

apical AQP5 (Fig. 1 C; and Video 2, left) and gp135 (Fig. 1 F) 

did not.

Newly synthesized AQP3 is targeted 
directly to the site of E-cadherin–mediated 
cell–cell adhesion
Protein accumulation at nascent cell–cell contacts is dependent 

on the balance between delivery from intracellular compart-

ments and lateral diffusion in the plasma membrane. We initially 

designed experiments to directly observe delivery of newly synthe-

sized AQP3 from the Golgi (Fig. 2 A; and Video 3, left, available 

 on July 16, 2007 
w

w
w

.jcb.org
D

ow
nloaded from

 

http://www.jcb.org


REGULATED PROTEIN DELIVERY TO NEW CELL–CELL CONTACTS • NEJSUM AND NELSON 325

at http://www.jcb.org/cgi/content/full/jcb.200705094/DC1). 

We created a stable cell line expressing AQP3 tagged with 

photoactivated GFP (AQP3-PAGFP), which allowed us to 

activate a small intracellular pool of AQP3-PAGFP in the 

Golgi and follow its fate by time-lapse imaging in a blank 

background; note that the signal from the EGFP-tagged pro-

tein is too bright at cell–cell contacts to allow visualization of 

increased accumulation after release of protein from the Golgi. 

Figure 1. AQP3 and AQP5 distributions upon initial cell–cell adhesion. (A) Polarized MDCK cells grown on fi lters stably expressing AQP3-EGFP and 
AQP5-EGFP (green) and immunostained for ZO-1 (red). AQP3-EGFP localizes to the basolateral membrane, and AQP5-EGFP localizes to the apical 
membrane. Bar, 10 μm. (B and C) Representative examples of frames from time-lapse imaging of initial cell–cell adhesion of cells expressing tdRFP-
labeled E-cadherin and either EGFP-labeled AQP3 (B) or EGFP-labeled AQP5 (C). Images were captured every minute. E-cadherin–tdRFP accumulates at 
cell–cell contacts, and AQP3-EGFP coaccumulates with E-cadherin–tdRFP. Some AQP5-EGFP is at the contact at the beginning of cell–cell adhesion, but 
it disappears from the contact and does not coaccumulate with E-cadherin–tdRFP. Asterisks indicate a single cells. Numbers indicate the time (in minutes) 
after the start of the time-lapse movie. Bars, 10 μm. (D). Quantitation of AQP3 and AQP5 accumulation at cell–cell contacts. Data points are averages 
of three independent experiments, and the error bars represent the SEM. Time (in minutes) is depicted on the x axis. (E) E-cadherin–tdRFP–expressing 
cells forming contacts and immunostained for NaK-ATPase and gp135. The basolateral NaK-ATPase colocalized with E-cadherin at all stages of contact 
formation. Apical gp135 does not localize to cell–cell contacts. Bar, 5 μm. See Videos 1 and 2, available at http://www.jcb.org/cgi/content/full/jcb
.200705094/DC1. 
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To synchronize cell surface delivery of protein, AQP3-PAGFP 

was accumulated in the Golgi by a 19°C block and released 

by shifting to 37°C. Although photoactivation of AQP3-PAGFP 

at the Golgi could activate AQP3-PAGFP in other membrane 

compartments localized close to the Golgi (e.g., endosomes), 

it has been shown that the 19°C block causes the accumulation 

of newly synthesized protein in the TGN (Pfeiffer et al., 1985). 

A spot of AQP3-PAGFP over the Golgi was laser activated and 

Figure 2. AQP3, not AQP5, is delivered from the Golgi to cell–cell contacts. (A and B) Representative example of release from a 19°C block of Golgi-
accumulated AQP3-PAGFP (A; see Fig. 7 A) and AQP5-PAGFP (B) in pairs of adhering cells. AQP3-PAGFP rapidly accumulates at cell–cell contacts after 
photo activation in the Golgi (A), whereas AQP5-PAGFP does not (B). Arrowheads in A point to the edge of AQP3-PAGFP accumulation, arrows point 
to the edge of cell–cell contacts, and numbers indicate the time (in minutes) after activation. The fl uorescence intensity scale is pseudocolored. Bars, 5 μm. (C and D) 
Quantitation over time of a small spot of AQP3-PAGFP and AQP5-PAGFP fl uorescence at the cell–cell contact proximal to the Golgi (blue, fl uorescence 
intensity at cell–cell contacts; red, fl uorescence intensity at the plasma membrane as equidistant from the Golgi as the spot measured at the cell–cell contact). 
Data points are averages of fi ve independent experiments, and the error bars represent the SEM. The dashed boxes (top) indicate the insets shown (bottom). 
Quantitation shows that AQP3-PAGFP (C) accumulates at cell–cell contact, whereas AQP5-PAGFP (D) does not. Numbers indicate the time (in minutes) after 
activation. (E) Quantitation of the increase in AQP3-PAGFP fl uorescence at cell–cell contacts relative to fl uorescence loss of AQP3-PAGFP from the Golgi 
after release from a 19°C block. Quantitation shows that 2 min after release, 15% of the loss of AQP3-PAGFP fl uorescence from the Golgi accumulates 
at cell–cell contact. Data points are averages of fi ve independent experiments, and the error bars represent the SEM. Time (in minutes) is depicted on the 
x axis. See Video 3, available at http://www.jcb.org/cgi/content/full/jcb.200705094/DC1. 
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followed by time-lapse imaging for a short period (<10 min) 

in pairs of cells forming cell–cell contacts (Fig. 2 A; Video 3, 

left; and see Fig. 7 A). The intensity of the activated pool of 

AQP3-PAGFP decreased rapidly around the Golgi, and after 

a short delay (<1 min), there was a concomitant increase in 

AQP3-PAGFP at the cell– cell contact; note that AQP3-PAGFP 

initially accumulated at the membrane immediately adjacent to 

the activated spot in the Golgi and then more distally during 

later times. We quantifi ed the fl uorescent intensities of equal 

areas of AQP3-PAGFP at the cell–cell contact (Fig. 2 C, blue) 

and at the noncontacting plasma membrane (Fig. 2 C, red) that 

were equidistant from the initial photoactivated spot. The inten-

sity of AQP3-PAGFP fl uorescence increased in the cytosol (not 

depicted) and at the site of cell–cell adhesion (Fig. 2 C, blue) 

but not at the noncontacting plasma membrane (Fig. 2 C, red); 

this is consistent with direct delivery of AQP3-PAGFP from the 

Golgi to the site of initial cell–cell contact. In contrast to AQP3-

PAGFP, we found that AQP5-PAGFP activated in the Golgi did 

not accumulate at the site of cell–cell adhesion (Fig. 2, B and D; 

and Video 3, right).

Individual post-Golgi carriers could be observed leaving the 

initial region of AQP3-PAGFP activation in the direction of the 

site of initial cell–cell contact and traveled all the way to the con-

tact, where they disappeared (Fig. 3; Video 4; and Video 5, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200705094/DC1). 

These vesicles were observed by either epifl uorescence micros-

copy (Fig. 3 A and Video 4) or total internal refl ection fl uores-

cent (TIRF) microscopy (Fig. 3 B and Video 5). Because the 

volume of cytoplasm in thin lamellipodia forming cell–cell con-

tacts is low, it is likely that the disappearance of these vesicles 

is a consequence of their fusion with the plasma membrane 

rather than their diffusion out of the focal plane. These post-

Golgi carriers traveled in linear paths, with several pauses and 

changes of direction (Fig. 3, A and B; Video 4; and Video 5), at 

speeds averaging 0.2–0.3 μm/s, which correlates well with ves-

icle movements generated by the microtubule motor kinesin 

Figure 3. AQP3-PAGFP post-Golgi carriers 
traffi c to cell–cell contacts. (A and B) Post-Golgi 
carriers containing AQP3-PAGFP travel from 
the Golgi to the cell–cell contact (white line) 
after release from a 19°C block. The carriers 
(arrows) were followed by epifl uorescence (A) 
and TIRF (B) microscopy. Time-composite im-
ages show the trajectories (red dotted lines) of 
individual carriers from the Golgi to the cell–cell 
contact. Numbers indicate the time (in seconds) 
after photoactivation. Bars, 5 μm. See Videos 
4–6, available at http://www.jcb.org/cgi/
content/full/jcb.200705094/DC1.
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(Hua et al., 1997). Approximately 15% of the loss of AQP3-

PAGFP fl uorescence in the Golgi was detected at the cell–cell 

contact after 2 min (Fig. 2 E). This correlates well with mea-

surements by cell surface biotinylation that 20% of the low den-

sity lipoprotein receptor was delivered from the Golgi to the 

plasma membrane after release from a 19°C block in polarized 

MDCK cells (Grindstaff et al., 1998b). We conclude that baso-

lateral membrane AQP3, but not the equivalent apical mem-

brane AQP5, is targeted directly from the Golgi to initial sites of 

E-cadherin–mediated cell–cell adhesion.

Rapid membrane diffusion of AQP3 
at cell–cell contacts
Although the results described in the previous paragraph show 

direct delivery of AQP3 from the Golgi to cell–cell contacts, 

protein accumulation could also be affected by diffusion be-

tween the noncontacting plasma membrane and the cell–cell 

contact. To measure protein diffusion, AQP3-PAGFP was acti-

vated in a small spot within the cell–cell contact (Fig. 4, A and B; 

and Video 6, available at http://www.jcb.org/cgi/content/full/

jcb.200705094/DC1), and the fl uorescence intensity of the spot 

was measured over time. The diffusion coeffi cient of AQP3 was 

fast at initial contacts between cell pairs (t1/2 = 19 ± 8 s; Fig. 4 B; 

and Video 6, right); for comparison, we measured AQP3 dif-

fusion in confl uent monolayers that had begun to establish full 

polarity over a period of 24 h and found that AQP3 diffusion 

was slower (t1/2 = 143 ± 46 s; Fig. 4 A; and Video 6, left), indi-

cating a change in AQP3 organization in the membrane during 

development of cell polarity. To test if AQP3 was retained at the 

contact or was free to diffuse into the noncontacting plasma 

membrane, we performed fl uorescence loss in photobleaching 

(FLIP) of AQP3-EGFP at the plasma membrane adjacent to the 

contact (Fig. 4 C). In this experiment, MDCK cells stably ex-

pressing AQP3-EGFP were mixed with nonexpressing cells to 

examine protein diffusion in only one membrane of the cell pair 

at the cell–cell contact and in the presence of cyclohexamide 

to eliminate the addition of newly synthesized protein to the 

plasma membrane. The intensity of a small spot of fl uorescence 

at the contact was quantitated over time and showed that AQP3-

EGFP fl uorescence dissipated rapidly (Fig. 4 D), consistent 

with rapid diffusion within the contact and the surrounding non-

contacting plasma membrane. Collectively, these results show 

that AQP3 diffuses rapidly in the plane of the membrane and, 

hence, accumulation of AQP3 at cell–cell contacts must require 

rapid, direct, and sustained delivery of AQP3 from the Golgi.

Components of the lateral targeting patch 
localize to nascent cell–cell contacts
We tested whether components of the putative lateral targe t-

ing patch, consisting of the exocyst and SNARE complexes, 

Figure 4. AQP3-PAGFP diffusion at cell–cell contacts. (A and B) Diffusion of AQP3-PAGFP activated at cell–cell contacts in 24-h monolayers (A) or initial 
cell pairs (B). Diffusion is very rapid at cell–cell contacts of a cell pair (t1/2 = 19 ± 8 s; B) compared with 24-h monolayers of cells (t1/2 = 143 ± 46 s; A). 
The fl uorescence intensity scale is pseudocolored, and the time is shown (in minutes). Data points are averages of eight independent experiments, and error 
bars represent the SEM. Bars, 5 μm. (C) FLIP experiment. Continuous photobleaching (open circles) of the plasma membrane adjacent to the cell–cell con-
tact in a pair of cells of which one cell is expressing AQP3-EGFP and the other is a nonexpressing cell. AQP3-EGFP rapidly diffuses out of the contact. 
Arrows point to the edge of the cell–cell contact. Time is shown (in minutes). The fl uorescence intensity scale is pseudocolored. Bar, 10 μm. (D) Quantitation 
over time of a small spot of AQP3-EGFP at the cell–cell contact adjacent to the site of continuous photobleaching (FLIP) after background subtraction. Data 
points are averages of three independent experiments, and the error bars represent the SEM. Time (in minutes) is depicted on the x axis. 
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colocalized to initial cell–cell contacts and functioned there in 

the delivery of AQP3 from the Golgi to those contacts. In single 

MDCK cells, Sec6 and Sec8, two core components of the exo-

cyst (TerBush et al., 1996), localized in the cytosol with the 

cortical actin bundle (Fig. 5 A). Upon initiation of cell–cell 

adhesion, Sec6 and Sec8 (not depicted) localized to the plasma 

membrane at sites of initial cell–cell adhesion, although some 

intracellular staining remained (Fig. 5 B). In compacted con-

tacts between cells, Sec6 and Sec8 (not depicted) localized 

along the length of the cell–cell contact and at higher concentra-

tions at the edges of the contact (Fig. 5 C), similar to the dis-

tribution of E-cadherin (Fig. 5 D). The basolateral SNARE 

syntaxin 4 localized to the lateral plasma membrane in polar-

ized cells (Low et al., 1996) and in clusters at the plasma mem-

brane in single cells. Syntaxin 4 also localized to initial cell–cell 

contacts (Fig. 5 D), and its distribution appeared to coincide 

with the distributions of E-cadherin (Fig. 5 D) and the exocyst 

(compare with Fig. 5, B and C). Thus, two components of the 

lateral targeting patch are recruited rapidly to the plasma mem-

brane at cell–cell contacts after initiation of cell–cell adhesion.

We tested whether recruitment of components of the lateral 

targeting patch and microtubules were interdependent by exam-

ining their distribution after disruption or inhibition of each of the 

components. We initially tested whether localization of the exo-

cyst and syntaxin 4 was microtubule dependent. MDCK cells sta-

bly expressing E-cadherin–tdRFP were plated in media containing 

5 μM Ca2+ to inhibit cell–cell adhesion. Nocodazole was added to 

depolymerize microtubules (Fig. 6, A and B; and Fig. S1 A, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200705094/DC1), 

and 1.8 mM Ca2+ was added to the media to initiate the formation 

of cell–cell contacts (Fig. 6, A and B; and Fig. S1 A). The disrup-

tion of microtubules did not impair the formation of cell–cell 

contacts as visualized by the distribution of E-cadherin (Fig. 6, 

A and B; and Fig. S1 A), nor the accumulation of Sec8 (Fig. 6 A) 

or syntaxin 4 (Fig. 6 B) at cell–cell contacts.

We next tested whether accumulation of the exocyst and 

SNARE complexes at forming cell–cell contacts was inter-

dependent. The SNARE complex was disrupted in single cells 

by injecting tetanus toxin, which cleaves VAMP2 and VAMP3/

cellubrevin (Fields et al., 2007), and protein distributions were 

examined after the addition of 1.8 mM Ca2+ to initiate cell–cell 

contact formation. Tetanus toxin did not disrupt contact forma-

tion, as visualized by E-cadherin localization at cell–cell contacts 

(Fig. 6, C and D; and Fig. S1 B), nor the accumulation of Sec8 

(Fig. 6 C) or syntaxin 4 (Fig. 6 D) to the forming contact. Injec-

tion of function-blocking Sec8 antibodies, which caused Sec8 to 

relocalize from the cell–cell contact to the cytoplasm (Fig. S1 

and Fig. S2, available at http://www.jcb.org/cgi/content/full/jcb

.200705094/DC1), did not inhibit either E-cadherin–mediated 

cell–cell contact formation (Fig. 6 E and Fig. S1 C) or syntaxin 4 

accumulation at cell–cell contacts (Fig. 6 E). Because both the 

Sec8 and syntaxin 4 antibodies are mouse monoclonals, we could 

not directly discriminate between the distributions of the two 

proteins by immunofl uorescence microscopy in this experiment. 

However, the plasma membrane staining in Fig. 6 E is most 

likely syntaxin 4 staining, as microinjection of Sec8 antibodies 

Figure 5. The exocyst and Syntaxin 4 localize to 
initial cell–cell contacts. (A–C) Alexa Fluor 546–
phalloidin stain of actin and immunostain of Sec6 
in a single cell (A), and at early (B) and compacted 
(C) contact between a pair of cells. Sec6 is local-
ized to the cortical actin bundle in single cells, but 
as cells make early contacts, Sec6 begins to local-
ize to the initial cell–cell contacts (B) and accumu-
lates at cell–cell contacts in compacted cells (C). 
(D) MDCK cells stably expressing E-cadherin–tdRFP 
stained with syntaxin 4 antibodies showing that 
syntaxin 4 colocalized with E-cadherin at cell–cell 
contacts. Bar, 10 μm.
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caused all of the plasma membrane Sec8 to be redistributed into 

the cytoplasm (Fig. S1 C and Fig. S2). Thus, we conclude that 

the components of the lateral targeting patch (the exocyst and 

syntaxin 4) accumulate independently of each other and of micro-

tubules at forming cell–cell contacts.

Functional inhibition of the exocyst or 
SNAREs blocks AQP3 delivery to the site 
of initial cell–cell adhesion
We next tested whether the lateral targeting patch was func-

tional at the initial cell–cell contact by testing if disruption of 

different components interfered with delivery of AQP3 to sites 

of initial cell–cell contact. For this experiment, we chose to dis-

rupt individual components with function-blocking antibodies 

or by toxin injection so that we could then directly and immedi-

ately assay the effects of loss of function on protein traffi cking 

that had been temporarily blocked in and then released from the 

Golgi. This experimental design bypasses problems of long-

term effects on cell–cell adhesion itself, as well as the nonselec-

tive pleiotropic effects on protein traffi cking in general induced 

by knockdown of protein expression over a period of �36–48 h 

using siRNAs.

To investigate whether the exocyst plays a role in the de-

livery of AQP3 to the site of initial cell–cell adhesion, we in-

jected cells forming cell–cell contacts with function-blocking 

Sec8 antibodies (Grindstaff et al., 1998b). We then synchronized 

exocytosis in the Golgi with the 19°C block and laser-activated 

trapped AQP3-PAGFP, as described in Materials and methods. 

Immunofl uorescence of Sec8 antibody–injected cells showed 

that Sec8 was localized in the cytoplasm and not at cell–cell 

contacts (Fig. S1 C and Fig. S2). In contrast to noninjected cells 

(Fig. 7, A and E; Fig. 2 A; and Video 3, left) and cells injected 

with nonspecifi c IgG (Fig. S3, A and B; and Video 7, available 

at http://www.jcb.org/cgi/content/full/jcb.200705094/DC1), 

AQP3-PAGFP released from the Golgi in cells injected with 

Sec8 antibodies did not accumulate at sites of initial cell–cell 

contact (Fig. 7, D and E; and Video 8). Thus, inhibition of exo-

cyst function at the plasma membrane was suffi cient to block 

delivery of AQP3-PAGFP vesicles to cell–cell contacts even 

though syntaxin 4 localized to cell–cell contacts under these 

conditions (Fig. 5 E).

To test the involvement of the lateral membrane SNARE 

complex in AQP3-PAGFP vesicle fusion at sites of cell–cell 

contact, we injected cells with tetanus toxin. Results show that 

AQP3-PAGFP released from the Golgi did not accumulate at 

the cell–cell contact in cells injected with tetanus toxin (Fig. 7, 

C and E; and Video 9, available at http://www.jcb.org/cgi/

content/full/jcb.200705094/DC1). Thus, the SNARE complex 

is also essential for the fusion of newly synthesized AQP3-

PAGFP to sites of initial cell–cell contact. Collectively, these 

results demonstrate that the exocyst and t-SNAREs are rapidly 

and precisely recruited to cell–cell contacts, and that both com-

plexes are required for AQP3 delivery and accumulation at ini-

tial sites of E-cadherin–mediated cell–cell adhesion.

Transport of AQP3 to the site of initial cell 
adhesion is microtubule dependent
Vesicles travel from the region of the Golgi via microtubules to 

the plasma membrane (Wacker et al., 1997) and to sites of estab-

lished cell–cell contacts (Shaw et al., 2007). Although micro-

tubules undergo a complex reorganization as epithelial cells 

polarize (Bacallao et al., 1989; Grindstaff et al., 1998a), micro-

tubules in nonpolarized epithelial cells are initially organized in an 

Figure 6. Assembly of the lateral targeting patch at cell–cell contacts. 
Single MDCK cells stably expressing E-cadherin–tdRFP were seeded in media 
containing 5 μM Ca2+ to inhibit cell–cell contact formation and were either 
incubated with nocodazole to depolymerize microtubules or were injected 
with tetanus toxin or function-blocking Sec8 antibodies. 1.8 mM Ca2+ was 
added to induce cell–cell contact formation, and cells were processed for 
immunofl uorescence microscopy. (A and B) Cells were treated with noco-
dazole and immunostained for Sec8 (A) and syntaxin 4 (B). (C and D) Cells 
injected with tetanus toxin and immunostained for syntaxin 4 (C) and Sec8 (D). 
(E) Cells injected with Sec8 antibodies and immunostained for syntaxin 4. 
Cells indicated by asterisks were injected with tetanus toxin (C and D) 
or function-blocking Sec8 antibodies (E); note that pairs of injected cells 
were examined. (A–E) E-cadherin localized to cell–cell contacts after cal-
cium readdition, and none of the treatments disrupted Sec8 or syntaxin 4 
accumulation at cell–cell contacts. Bar, 10 μm.
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array similar to that in fi broblasts, in which they extend radially 

from the centrosome toward the periphery, where they impinge 

on initial E-cadherin–mediated contacts between cells (Ligon 

et al., 2001; Stehbens et al., 2006). We tested whether micro-

tubules are important in the delivery of newly synthesized AQP3 

from the Golgi to sites of initial cell–cell contact. AQP3-PAGFP 

Figure 7. Delivery of Golgi-accumulated AQP3-PAGFP to cell–cell contacts is blocked in the presence of nocodazole, Sec8 antibodies, or tetanus toxin. 
(A–D) Representative examples of AQP3-PAGFP released from a 19°C block in the Golgi (control; A), in pairs of adhering cells treated with nocodazole 
(B), or microinjected with tetanus toxin (C) or Sec8 function-blocking antibodies (D). AQP3-PAGFP only accumulated at cell–cell contact in the control and 
not after inhibition of any one component of the lateral targeting patch. Arrows point to the edge of contact between two single cells, and numbers indicate 
the time (in minutes) after activation. The fl uorescence intensity scale is pseudocolored. Bars, 5 μm. (E) Quantitation over time of a small spot of AQP3-
PAGFP fl uorescence at the cell–cell contact proximal to the Golgi. The dashed boxes (top) indicate the insets shown (bottom). Data points are averages of 
four to fi ve independent experiments, and the error bars represent the SEM (blue, fl uorescence intensity at cell–cell contacts; red, fl uorescence intensity at 
the plasma membrane as equidistant from the Golgi as the spot measured at the cell–cell contact). Numbers indicate the time (in minutes) after activation. 
See Videos 8–10, available at http://www.jcb.org/cgi/content/full/jcb.200705094/DC1.
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was accumulated in the Golgi at 19°C, and microtubules were 

depolymerized with nocodazole before the shift to 37°C and 

laser-activation of a small spot of AQP3-PAGFP in the Golgi in 

cells forming contacts; note that cell–cell contacts were not dis-

rupted under these conditions (Fig. 6, A and B; and Fig. S1 A). 

We measured the fl uorescence intensity of AQP3-PAGFP at the 

site of cell–cell contact and the noncontacting plasma membrane 

and did not detect an increase at either site (Fig. 7, B and E; and 

Video 10, available at http://www.jcb.org/cgi/content/full/jcb

.200705094/DC1), indicating that, in the absence of micro-

tubules, AQP3 was not transported from the Golgi region to the 

site of initial cell–cell adhesion, even though both the exocyst 

and SNARE complexes remained localized to cell–cell contacts.

Discussion
The establishment of cell surface polarity is common to many 

cell types and requires the accumulation of specifi c proteins in 

spatially restricted regions of the plasma membrane that uniquely 

contribute to cell and tissue functions (Yamada and Nelson, 

2007). In transporting epithelia, the spatial segregation of pro-

teins to the apical and basolateral membrane domains is the 

basis for the formation of ion and solute gradients across the 

epithelial monolayer (Rodriguez-Boulan et al., 2005). Similarly, 

the spatial restriction of subsets of proteins to neuronal (Hazuka 

et al., 1999; Waites et al., 2005) and immunological synapses 

(Taner et al., 2004; Hong, 2005) are critical to the functions of 

these cell types. Studies have shown that cell–cell adhesion co-

incides with the development of cell surface polarity in epithelia 

(Vega-Salas et al., 1987; Wang et al., 1990) and other cell types 

(Yamada and Nelson, 2007) and is required to maintain stem 

cell–niche interactions (Song et al., 2002; Yamashita et al., 

2003) and the correct orientation of asymmetric stem cell divi-

sions (Yamashita et al., 2003; Lechler and Fuchs, 2005; Siegrist 

and Doe, 2006; Chang et al., 2007). Important problems are to 

identify how these spatial cues initiate formation of these cell 

surface domains, and the downstream machinery that regulates 

the type of protein that is delivered to and integrated into the 

membrane domain.

Polarized transporting epithelia provide a useful system to 

approach these problems, because the mechanisms involved in 

protein sorting have been well described, and cell–cell adhesion 

can be easily manipulated and imaged. Apical and basolateral 

membrane proteins appear to be constitutively sorted from each 

other in the Golgi and/or recycling endosome (Yoshimori et al., 

1996; Ang et al., 2004), whereas their distributions are inter-

mixed at the plasma membrane in nonpolarized cells (Wang 

et al., 1990; Yoshimori et al., 1996). E-cadherin–mediated cell–

cell adhesion appears to provide a spatial cue for cells to distin-

guish an unbounded (apical) from a bounded (basolateral) 

surface and to accumulate apical and basolateral membrane pro-

teins in the correct surface (Wang et al., 1990), but the mecha-

nisms linking E-cadherin to protein sorting and redistribution to 

different plasma membrane domains are unknown.

To test the role of E-cadherin–mediated cell–cell adhesion 

in protein traffi cking and cell surface distribution, we took a di-

rect approach by imaging the delivery of two highly homologous 

apical (AQP5) and basolateral (AQP3) membrane proteins 

to sites of initial cell–cell adhesion. Because apical and baso-

lateral proteins are presorted before their arrival at the cell surface 

(Rodriguez-Boulan et al., 2005), including AQPs (Wellner et al., 

2005; Rai et al., 2006), we could ask whether plasma mem-

brane sites at the earliest stages of cell–cell adhesion become 

specialized for the delivery of basolateral rather than apical vesicles 

and, if so, investigate the nature of the cellular machinery involved.

Newly synthesized AQP3 localized with 
E-cadherin at initial cell–cell contacts
E-cadherin dynamics and the formation of initial cell–cell con-

tacts are well described in MDCK cells (Adams et al., 1998; 

Ehrlich et al., 2002). When we compared the distribution of 

E-cadherin at such contacts with those of AQP3 and AQP5, we 

found that after a short delay of a few minutes the basolateral 

AQP3, but not the homologous apical AQP5, accumulated rap-

idly at cell–cell contacts in a distribution that was identical to 

that of E-cadherin.

We directly tested whether AQP3 and AQP5 were deliv-

ered directly to the site of cell–cell contact by following a pool 

of photoactivated AQP3-PAGFP and AQP5-PAGFP that had ac-

cumulated in the Golgi because of a temperature block (Pfeiffer 

et al., 1985). We observed directly that AQP3, but not AQP5, 

was rapidly delivered to the forming cell–cell contact. In addi-

tion, we detected little or no increase in AQP3-PAGFP at the 

noncontacting membrane, indicating that AQP3 was directly 

targeted to and immediately integrated into the forming cell–

cell contact. Note that we could confi rm AQP3-containing post-

Golgi carriers originating in the Golgi region that moved rapidly 

in linear pathways at speeds averaging 0.2–0.3 μm/s through 

the cytoplasm and disappeared at the forming cell–cell contact; 

it is likely that AQP3 vesicles are transported on microtubules, 

because this speed is similar to that generated by kinesin, and 

microtubules are required for AQP3 delivery. A recent study re-

ported that the gap junction protein Cx43 is also delivered along 

microtubules to established sites of E-cadherin–mediated cell–

cell contacts (Johnson et al., 2002; Shaw et al., 2007).

Establishment of a functional lateral 
targeting patch upon initial cell–cell adhesion
Because AQP3 but not AQP5 was delivered to cell–cell con-

tacts, we directly tested whether a targeting patch specifi c for 

basolateral vesicles is assembled upon E-cadherin–mediated 

cell–cell adhesion. Our data indicate that microtubules, the exo-

cyst, and t-SNAREs are essential components of this lateral tar-

geting patch. We showed that the exocyst and the t-SNARE 

syntaxin 4 colocalized with E-cadherin at early cell–cell con-

tacts, and it has been shown by others that microtubule plus 

ends extend radially into cell–cell contacts (Stehbens et al., 2006; 

Shaw et al., 2007). Functional disruption of any one of these 

components did not interfere with the establishment of cell–cell 

adhesion or the localization of other components to cell–cell 

contact. Because there is a large amount of E-cadherin on the 

cell surface before cell adhesion (Adams et al. 1998), it is there-

fore likely that initial cell–cell adhesion does not require the de-

livery of E-cadherin from intracellular compartments. However, 
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functional disruption of any one of these components blocked 

delivery of AQP3 to sites of cell–cell contact, indicating that 

they are all essential for separate stages in vesicle delivery 

(microtubules), tethering (the exocyst), and fusion (SNAREs) 

with the plasma membrane at cell–cell contacts.

At present we do not know how AQP5 is sorted to the api-

cal plasma membrane in these cells. Studies in salivary glands 

indicate a role for lipid rafts in AQP5 delivery (Ishikawa et al., 

2005), and lipid rafts are thought to be involved in targeting pro-

teins to the apical membrane of MDCK cells (Schuck and 

Simons, 2004; Paladino et al., 2006). However, it is also possible 

that the basolateral targeting patch is selective for the type of 

vesicle that can fuse with the membrane by excluding apical 

(AQP5) but accepting basolateral (AQP3) vesicles. Indeed, 

function-blocking Sec8 antibodies inhibit basal-lateral (low 

density lipoprotein receptor; Grindstaff et al., 1998b) and AQP3 

(this study) but not apical (p75; Grindstaff et al., 1998b) protein 

delivery to the plasma membrane; in addition, we occasionally 

observed that AQP5 localized to adhesion sites at the onset of 

contact formation but then rapidly disappeared as the contact 

expanded. Thus, the segregation of apical and basolateral mem-

brane proteins may involve two independent sorting sites and 

mechanisms, one in the Golgi involving the recognition of 

intrinsic sorting signals on proteins (Rodriguez-Boulan and 

Musch, 2005) and the other at the plasma membrane involving 

vesicle recognition by the lateral targeting patch, which together 

ensure the accumulation of specifi c proteins in the correct mem-

brane domain.

Recruitment of microtubules and the exocyst to sites of cell–

cell contact may be through interactions with the E-cadherin 

complex. Microtubules interact with dynein, which is localized 

to cell–cell contacts and may bind the cadherin–catenin com-

plex (Ligon et al., 2001; Shaw et al., 2007). Components of the 

plasma membrane exocyst complex can be cross-linked in a 

complex with E-cadherin and nectin 2α (Yeaman et al., 2004), 

indicating that E-cadherin accumulation during cell–cell adhe-

sion corecruits the exocyst. However, we do not know if the 

exocyst complex at the plasma membrane is complete or com-

poses a partial complex that is completed by additional compo-

nents on basolateral vesicles (Yeaman et al., 2001; Folsch et al., 

2003). Mechanisms involved in the accumulation of t-SNARE 

complexes to the basolateral membrane domain are not under-

stood, although recent studies indicate that apical and basolateral 

t-SNAREs are in separate microdomains in the plasma mem-

brane in single cells (Low et al., 2006), and a sorting signal has 

been identifi ed on the apical syntaxin 3 (Sharma et al., 2006); 

whether basolateral t-SNAREs (syntaxin 4) are segregated and 

accumulate with E-cadherin is not known.

In addition to direct mechanisms regulating vesicle deliv-

ery to the sites of cell–cell contacts, it is thought that a complex 

of proteins including Scribble, the partitioning defective com-

plex, and lethal giant larva are involved in determining the 

apico-basal axis of polarity in epithelial cells (Roh and Margolis, 

2003; Macara, 2004) . It is possible that these protein complexes 

are recruited to cell–cell contacts and regulate the organization 

and maintenance of the boundary between apical and basolateral 

membranes at later stages of polarization.

In summary, our results provide the fi rst direct experimen-

tal evidence for a mechanistic link between E-cadherin–mediated 

cell–cell contact, directed protein sorting, and the initiation of 

membrane domain organization. E-cadherin contacts orient micro-

tubules for direct vesicle delivery from the Golgi and rapidly re-

cruit a targeting patch that selectively tethers (the exocyst) and 

fuses (t-SNARE) basolateral vesicles to the cell–cell contact and 

may exclude apical vesicles from those sites. Given that these 

components of the epithelial lateral targeting patch are widely 

expressed in diverse cell types, this mechanism may be involved 

in establishing membrane domains in other polarized cells.

Materials and methods
Constructs and stable cell lines
E-cadherin–tdRFP was generated from EGFP-tagged E-cadherin (Adams 
et al., 1998). Photoactivatable constructs were generated by subcloning 
PAGFP (a gift from J. Lippincott-Schwartz, National Institutes of Health, 
Bethesda, MD) from the N1 vector (CLONTECH Laboratories, Inc.) into 
AQP3-EGFP–N2 and AQP5-EGFP–N2 (gifts from A. Aperia, Karolinska 
Institutet, Stockholm, Sweden; Zelenina et al., 2003) using BSeRI. MDCK 
GII cells were transfected with Effectene (QIAGEN) and selected with 
G418 (Invitrogen). Cells stably expressing E-cadherin–tdRFP (a gift from S. 
Yamada, University of California, Davis, Davis, CA) were transfected with 
AQP3-EGFP and subjected to four rounds of FACS to generate cells stably 
expressing both E-cadherin–tdRFP and AQP3-EGFP. Cells stably express-
ing E-cadherin–tdRFP were transiently transfected with AQP5-EGFP to gen-
erate double-expressing cells. All constructs were stably expressed in 
MDCK GII cells without any apparent change in phenotype. Correct local-
ization was verifi ed by the imaging (see the following section) of cells 
grown on fi lters for 10 d.

Microscopy
Cells were seeded on collagen-coated coverslips and allowed to attach 
and spread for at least 1 h before imaging. Time-lapse imaging was per-
formed in phenol red–free DME media (Sigma-Aldrich) with 10% fetal bo-
vine serum (Atlas Biologicals) and 25 mM Hepes (Invitrogen) using the 
Marianas system (Intelligent Imaging Innovations) with a microscope (Axio-
vert 200M; Carl Zeiss MicroImaging, Inc.) equipped with a camera (Pho-
tometrics CoolSNAP; Roper Scientifi c), a laser system (MicroPoint FRAP; 
Photonic Instruments, Inc.), and a TIRF system (TIRF Slider; Carl Zeiss Micro-
Imaging, Inc.). An α Plan-FLUAR 1.45 oil (for TIRF) and a 100× Plan-A P O-
C H R O M A T  1.40 oil differential interference contrast (for epifl uorescence) 
objectives were used (both obtained from Carl Zeiss MicroImaging, Inc.). 
Images were analyzed using Slidebook (Intelligent Imaging Innovations) or 
ImageJ (available at http://rsb.info.nih.gov/ij) software. For initial cell 
adhesion, cells starting to form contact were imaged every minute for 5 h.

For direct delivery to the forming contact, newly synthesized pro-
teins were accumulated in the Golgi by a 19°C block for 3 h in the pres-
ence of 0.02 μg/ml cyclohexamide. Cells were warmed on the microscope 
stage to 37°C for 15 min before imaging. Imaging was performed every 
3 s for 10 min, and a maximum of six movies was obtained. After the fi rst 
frame, the movie was paused, and a region covering the Golgi was acti-
vated using the Micropoint FRAP laser system. For microtubule depolymer-
ization, 33 μM nocodazole was added for the last 30 min of the 19°C 
block, and injections were performed as described in the following section. 
A small spot at the contacting plasma membranes was quantifi ed before 
activation, just after activation, and at 2, 4, 6, 8, and 10 (9 min 57 s) min 
after the start of the time lapse. The fl uorescent signal was normalized to 
the frame before activation.

To measure the half-time of intensity recovery, AQP3-PAGFP cells were 
plated 24 h (forming monolayers) or 1 h (initial contacts) before analysis. 
Cells were imaged every 3 s for 10 min. After the fi rst frame, the time lapse 
was paused, and a small area of the contact was activated. The intensity 
profi les were analyzed for the maximum intensity recovery (percentage) and 
fi tted to a single exponential function up to 10 min after photoactivation to 
extract the half time of intensity recovery (t1/2).

To measure diffusion out of the contact, AQP3-EGFP cells were 
mixed with MDCK GII cells. Pairs of cells consisting of one expressing and 
one nonexpressing cell were analyzed. 0.02 μg/ml cyclohexamide was 
added to eliminate delivery of newly synthesized protein to the contact 
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during analysis. A spot of the plasma membrane adjacent to the contacting 
plasma membranes was continuously photobleached for 30 min. A small 
area of the contacting membranes was quantifi ed before and then every 
3 min. Values were background subtracted and normalized to the frame 
just before photobleaching.

For assessment of adhesion after treatments, single cells expressing 
E-cadherin–tdRFP were plated in low calcium media containing 5 μM Ca2+ 
to inhibit cell–cell adhesion, and different manipulations (nocodazole treat-
ment, tetanus toxin, or Sec8 antibody injection; see the following section) 
were performed on single cells; 1.8 mM Ca2+ was added back to the 
growth medium to initiate cell–cell adhesion, and the amount of E-cadherin 
at cell–cell adhesion was examined. 33 μM nocodazole was added for 
the last 30 min before calcium readdition.

Microinjection
Sec8 antibodies (equal mixture of 2E9, 2E12, 5C3, 10C2, and 17A10 
hybridoma supernatants; Yeaman et al., 2001) were concentrated 16 
times on a column (Microcon 50.000 MW; Millipore) and washed 5 times 
with microinjection buffer (10 mM Hepes, 140 mM KCl [pH 7.4]). The mix-
ture was diluted fi ve times for injection into microinjection buffer. 60 ng/μl 
tetanus toxin (needle concentration; List Biological Laboratories, Inc.), Sec8 
antibodies, and 1 mg/ml rabbit IgG (needle concentration) were micro-
injected into one cell of a duplet using a microinjection system (Eppendorf). 
0.5–1 mg/ml Texas red or FITC-labeled dextran were coinjected to identify 
injected cells. Newly synthesized protein was accumulated at the Golgi, re-
leased, and imaged as described in the previous section. After imaging, 
Sec8 antibody–injected cells were fi xed, permeabilized, and stained with 
secondary goat anti–mouse Cy5-conjugated antibody.

Immunostaining
Cells were seeded on collagen-coated coverslips for 1 h at subconfl uent 
density, fi xed in 2% paraformaldehyde, and permeabilized with Triton 
X-100. For staining of microtubules, cells were fi xed in ice-cold methanol at 
−20°C. Primary antibodies were as follows: monoclonal Sec6 (clone 9H5) 
and Sec8 (clone 8F12; Hsu et al., 1996), Syntaxin 4 (BD Biosciences), 
DM1α tubulin (Sigma-Aldrich), Gp135 3F2/D8 (a gift from G.K. Ojakian, 
State University of New York Health Science Center, Brooklyn, NY), and 
polyclonal NaK-ATPase (a3NKA; Nelson and Veshnock, 1986) and ZO1 
(Zymed Laboratories).

Fluorescence microscopy of fi xed specimens
Images were obtained using the Marianas system, except for AQP5-EGFP 
images, which were obtained with a microscope (model IX-70; Olympus). 
The AQP5-EGFP images were processed using deconvolution software 
(DeltaVision; Applied Precision) on a workstation (Silicon Graphics, Inc.).

Online supplemental material
Fig. S1 depicts E-cadherin localization in adhering cells after a change 
in media containing 5 μM Ca2+ to 1.8 mM Ca2+ in the presence of no-
codazole (A), tetanus toxin (B), or Sec8 function-blocking antibody (C). 
Fig. S2 shows a retrospective stain of Sec8 localization after Sec8 anti-
body injection. Fig. S3 depicts the distribution of Golgi-accumulated 
AQP3-PAGFP released from the Golgi after a shift in temperature from 
19°C to 37°C in the presence of rabbit IgG. Video 1 provides a time-lapse 
movie of two single cells making initial cell–cell contact. The cells are stably 
expressing AQP3-EGFP (green) and E-cadherin–tdRFP (red). Video 2 shows 
a time-lapse movie of two single cells making initial cell–cell contact. The 
cells are transiently expressing AQP5-EGFP (green) and stably expressing 
E-cadherin–tdRFP (red). Video 3 provides a time-lapse movie of cell pairs 
stably expressing AQP3-PAGFP (left) and AQP5-PAGFP (right) after release 
from a 19°C temperature block. AQP3-PAGFP and AQP5-PAGFP were 
photoactivated in the Golgi region, and images were captured every 3 s 
for 10 min. Video 4 shows a time-lapse movie of a cell pair stably express-
ing AQP3-PAGFP after release from a 19°C temperature block. AQP3-
PAGFP was photoactivated in the Golgi region, and images were captured 
every 3 s. Video 5 provides a time-lapse movie using TIRF microscopy of a 
cell pair stably expressing AQP3-PAGFP after release from a 19°C temper-
ature block. Video 6 shows a time-lapse movie of a cell pair stably express-
ing AQP3-PAGFP. Cells that had formed confl uent monolayers over a 24-h 
time period are shown on the left, and initial cell–cell contact is shown on 
the right. AQP3-PAGFP was photoactivated at a small point within the cell–
cell contact. Video 7 provides a time-lapse movie of a cell pair stably ex-
pressing AQP3-PAGFP after release from a 19°C temperature block. One 
cell was injected with rabbit IgG before a 19°C temperature block. Video 8 
shows a time-lapse movie of a cell pair stably expressing AQP3-PAGFP 
after release from a 19°C temperature block. One cell was injected with 

Sec8 antibodies before a 19°C temperature block. Video 9 provides a 
time-lapse movie of a cell pair stably expressing AQP3-PAGFP after release 
from a 19°C temperature block. One cell was injected with tetanus toxin 
before a 19°C temperature block. Video 10 shows a time-lapse movie of a 
cell pair stably expressing AQP3-PAGFP after release from a 19°C temper-
ature block. Cells were treated with nocodazole during the last 30 min of 
a 19°C temperature block. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.200705094/DC1.
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