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ABSTRACT Tight junctions (TJs) are structures indispensable to epithelial cells and are re-
sponsible for regulation of paracellular diffusion and maintenance of cellular polarity. Al-
though many interactions between TJ constituents have been identified, questions remain
concerning how specific functions of TJs are established and regulated. Here we investigated
the roles of Ral GTPases and their common effector exocyst complex in the formation of na-
scent TJs. Unexpectedly, RNA interference-mediated suppression of RalA or RalB caused
opposing changes in TJ development. RalA reduction increased paracellular permeability and
decreased incorporation of components into TJs, whereas RalB reduction decreased paracel-
lular permeability and increased incorporation of components into TJs. Activities of both Ral
GTPases were mediated through the exocyst. Finally, we show that TJ-mediated separation
of apical-basal membrane domains is established prior to equilibration of barrier function
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and that it is unaffected by Ral knockdown or specific composition of TJs.

INTRODUCTION

Tight junctions (TJs) are key structures responsible for the ability of
epithelial cells to serve as barriers between lumenal and interstitial
tissue compartments. Located at the apex of lateral membranes,
TJs have both barrier and “fence” functions. The barrier function
describes a selectively permeable filter that regulates paracellular
diffusion of ions and solutes based on charge and size, respectively
(Diamond, 1977). Barrier function is tightly regulated by a specific
set of TJ proteins, the claudins (Tsukita et al., 2008). TJs also serve
as a molecular “fence” in that they separate apical and basolateral
membrane domains, thereby preventing diffusion of integral mem-
brane proteins and outer leaflet lipids from one membrane domain
to the other (Diamond, 1977). This function is also regulated, and
yet early studies suggested that these two TJ functions are indepen-
dent (Mandel et al., 1993; Takakuwa et al., 2000). Despite significant
progress made in identifying protein complexes that specify spa-
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tiotemporal aspects of TJ development (St. Johnston and Ahringer,
2010) and in dissecting interactions between them, mechanisms un-
derlying development of barrier function and formation of apical-
basal distinction of these structures are only partially understood.
Once sites at which TJs will form are established, cells assemble
junctions by transporting TJ components to these locations and
modulate abundance of these proteins via exocytosis and endocy-
tosis (Yu and Turner, 2008). Excellent candidates responsible for
these regulatory functions are Ral GTPases and the exocyst. RalA
and RalB comprise the Ral subfamily of the larger Ras superfamily of
GTPases and are activated downstream of Ras by specific guanine
nucleotide exchange factors (GEFs) such as RalGDS family members
(van Dam and Robinson, 2006). Once activated, RalA and RalB bind
effectors, known examples of which include the exocyst complex,
filamin, RalBP1, and ZONAB (van Dam and Robinson, 2006). The
exocyst, an evolutionarily conserved heterooctameric protein com-
plex, localizes to sites of membrane remodeling and contains two
Ral-binding effectors, Sec5 and Exo84 (Moskalenko et al., 2003;
Yeaman et al., 2004). The exocyst is known to be required for aniso-
tropic growth of membrane areas such as bud tips of vegetatively
growing yeast (TerBush et al., 1996), growth cones of neurons (Vega
and Hsu, 2001), and the lateral membranes (Grindstaff et al., 1998)
and developing apical domains (Blankenship et al., 2007; Bryant
etal., 2010) of epithelial cells. We hypothesize that Ral engagement
of the exocyst (Moskalenko et al., 2002) provides context-specific
allosteric regulation of the complex. For example, Ral engagement
of the exocyst primes it for a role in cell migration by recruiting
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FIGURE 1: RalA and RalB knockdown is specific. (A) Knockdown efficiency and rescue, as determined by
immunoblotting for RalA, RalB, and B-tubulin (loading control). Cell lysates were generated after selection for cells
stably expressing shCtrl, shRalA, or shRalB and a hairpin-resistant (hr) RalA or RalB (harboring silent point mutations in
the short hairpin targeting sequence) in respective knockdown cells. (B) Immunofluorescence labeling of endogenous
RalA and RalB in subconfluent MDCK II, shCtrl, shRalA, and shRalB cells. Localization of endogenous RalA and RalB at
the plasma membrane was unaffected in shCtrl cells, but each protein was specifically lost from this site in shRalA or

shRalB cell lines, respectively. Bar, 20 um.

paxillin (Spiczka and Yeaman, 2008). Ral-exocyst binding also in-
duces recruitment of Par3 in neuronal cells and of Tank-binding ki-
nase 1 in transformed cells during the innate immune response
(Chien et al., 2006; Lalli, 2009).

Although some research indicates that binding of different Ral
GTPases to the exocyst triggers distinct functions, other studies
have shown that both RalA and RalB engage the exocyst to perform
related functions. As an example of evidence for distinct functions,
constitutively active RalA, but not RalB, accelerated basolateral traf-
ficking of E-cadherin, presumably through the exocyst (Shipitsin and
Feig, 2004); this led to the suggestion that RalA interacts with a fac-
tor on recycling endosomes necessary for basolateral trafficking but
that RalB does not. In another study, RNA interference-mediated
reduction of RalB expression but not of RalA expression reduced
exocyst-dependent membrane trafficking to the leading edge of
migrating fibroblasts (Rosse et al., 2006). In contrast to these results,
a growing number of studies have shown that RalA-exocyst and
RalB—exocyst complexes collaborate to promote complicated cel-
lular events, such as tumor-cell invasion (Spiczka and Yeaman, 2008)
and cytokinesis (Cascone et al., 2008). Coordinated actions of these
complexes are likely also required for development of epithelial
polarity. Indeed, indiscriminate loss of Ral function interferes with
delivery of several basolateral proteins (vesicular stomatitis virus gly-
coprotein, epidermal growth factor receptor, gp58; Moskalenko
etal., 2002). Of note, formation of apical-basal membrane domains
and TJ barrier functions is expected to be associated with significant
trafficking to and recycling from developing junctions. Given the
well-described involvement of Ral and the exocyst in basolateral
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trafficking, we hypothesize that Ral-exocyst interactions are also re-
quired for development of these functions.

Here we show that RalA, RalB, and the exocyst are necessary for
normal formation of TJs. Each has a different role in this process,
however, as knockdown individually has opposite effects on devel-
opment of transepithelial resistance (TER) and incorporation of com-
ponents into TJs but not development of distinct apical-basal mem-
brane domains. Furthermore, Ral GTPase activation is differentially
regulated following induction of intercellular adhesion. Finally, we
show that the functions of RalA and RalB in TJ formation are medi-
ated through interactions with the exocyst.

RESULTS

RalA and RalB have opposing roles in the development

of barrier function but not polarity during TJ assembly
Transducing cells with lentiviruses coding short hairpin RNAs (shRNAs)
specific to RalA or RalB (short hairpin RalA [shRalA] and short hairpin
RalA [shRalB] cells, respectively) reduced RalA or RalB expression in
Madin-Darby canine kidney strain Il (MDCK II) cells. In cell lines sta-
bly expressing these shRNAs, knockdown efficiency was ~70% for
RalA and >95% for RalB (Figure 1A). A control cell line was also trans-
duced with a Lentivirus containing a nonspecific shRNA into MDCK
Il cells (short hairpin nonspecific control [shCtrl] cells). Specificities of
RalA and RalB depletion were determined by immunoblotting and
immunofluorescence labeling of endogenous proteins; both RalA
and RalB localized to the plasma membrane in subconfluent MDCK
Il cells, and this localization was unaffected in shCtrl cells (Figure 1B).
In shRalA cells, membrane-associated RalA labeling was completely
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FIGURE 2: RalA is activated, and RalB is inactivated, following initiation of E-cadherin—-mediated
cell-cell adhesion. (A, C) Immunoblots of RalA and RalB show activation and inactivation,
respectively, of each GTPase following induction of cell-cell adhesion. Serum-starved MDCK ||
cells stably expressing myc-tagged RalA or RalB were subjected to a Ca?* switch using serum-
free LCM and HCM. GTP pulldowns were performed at the indicated times, and immunoblotting
for RalA or RalB was performed with total and pulldown samples. Closed arrows denote ectopic,
myc-tagged Ral, and open arrows denote endogenous Ral. (B, D) Quantification of A and C was
performed using a phosphorimager screen and ImageQuant software. Immunoblots and

quantitations are representative of three independent experiments.

lost, whereas RalB localization was unaffected. In contrast, mem-
brane-associated RalB labeling was lost in shRalB cells, but RalA lo-
calization was not altered (Figure 1B). MDCK Il cells exhibited not
only plasma membrane labeling, but also a diffuse cytosolic and/or
nuclear labeling for both RalA and RalB; however, this labeling was
nonspecific, as neither signal was reduced in knockdown cell lines.
Hairpin-resistant (hr) variants of RalA and RalB were used to rescue
knockdown in respective cell lines (hrRalA and hrRalB, respectively),
and expression levels and localizations were determined to be simi-
lar to those of endogenous proteins in shCtrl cells (Figure 1).

Because TJ development is promoted by E-cadherin-mediated
cell-cell adhesion (Gumbiner and Simons, 1986), we sought to de-
termine whether RalA or RalB becomes activated in response to
establishment of cell-cell contacts. A glutathione S-transferase
(GST)-Ex084 Ral-binding domain (RBD) fusion protein was used to
precipitate RalASTP at various time points after inducing cell—cell ad-
hesion. Levels of RalAST increased steadily following initiation of
cell-cell adhesion (Figure 2, A and B); within 2 h of Ca?* addition,
RalASTP |evels were increased threefold to fourfold higher than base-
line (Figure 2B).

RalBS™ was precipitated from cells using a GST-Sec5 RBD fusion
protein. In contrast to increased RalAS™ levels, we observed a sub-
stantial decrease in the amount of RalB®™ following induction of
cell-cell adhesion (Figure 2, C and D). The amount of RalBC™ fell to
<50% of baseline levels within 0.5 h of cellcell contact initiation and
remained reduced for at least 2 h. That RalA was activated and RalB
was inactivated in response to E-cadherin-mediated adhesion
suggests that the two GTPases are regulated independently during
TJ formation.
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A common technique for monitoring
the formation of functional TJs is to mea-
sure the TER of cell monolayers after induc-
ing synchronous cell-cell adhesion by rais-
ing extracellular calcium (Ca?*) levels (Ca?*
switch; Gumbiner and Simons, 1986;
Gonzalez-Mariscal et al., 1990). Following a
Ca? switch, MDCK |l cells displayed a
characteristic TER overshoot, with TER sub-
sequently returning to baseline levels
(Figure 3A; Cereijido et al., 1978; Griepp
et al., 1983). In shRalA cells this overshoot
was completely suppressed, with TER
slowly increasing to steady-state levels.
Conversely, in shRalB cells the TER over-
shoot was greatly exaggerated but re-
turned to steady-state levels comparable
to those in control and shRalA cells (Figure
3A). The TER profiles of shRalA and shRalB
cells were restored to normal by expression
of hrRalA or hrRalB, confirming that these
effects on TJ formation were specific to Ral
GTPases (Figure 3B).

To further investigate the integrity of
newly forming TJs in Ral-knockdown cells,
diffusion of 3H-inulin was used to analyze
passage of large, noncharged solutes across
the monolayer by way of the pore pathway.
3H-Inulin was added to apical medium of
control and knockdown cells 9 h following a
Ca2* switch. Samples were removed from
both chambers and quantified to determine
diffusion rates of 3H-inulin across develop-
ing monolayers. As expected, there was substantial diffusion across
blank Transwell filters; however, there were no statistical differences
between the amount of *H-inulin that diffused across developing
TJs in shCtrl and either Ral-knockdown cell line (Figure 3C). Taken
together, these data suggest that RalA and RalB are uninvolved with
generation of the large solute barrier but are specifically involved
with formation of the charge selective barrier function of the TJ.

It is unknown whether the TJ develops barrier and “fence” func-
tions simultaneously, although previous work established that these
functions are differentially regulated (Mandel et al., 1993; Takakuwa
et al., 2000). To determine whether Ral GTPases are important dur-
ing development of distinct apical and basal domains at the time
when maximal differences in electrical barrier function are observed,
we directly assayed for presence of the “fence” function 10 h after a
Ca?* switch. BODIPY-FL-Cs sphingomyelin was used to label the
outer leaflet of the apical plasma membrane of shCtrl, shRalA, and
shRalB cells. Cells were fixed and imaged either immediately (Figure
4A) or following a 1-h incubation on ice (Figure 4B). Surprisingly, the
fluorescent lipid was restricted to the apical plasma membrane in all
cell types, indicating that apical and basal membrane domains were
separated by TJs at this time point. To confirm that the lipid can dif-
fuse along all exterior plasma membranes in absence of TJs, each
cell line was maintained in low-calcium medium (LCM) prior to label-
ing and imaging (Figure 4C). To quantify differences in fluorescent
lipid that may have diffused through TJs of shCtrl, shRalA, and
shRalB cells, lipid was back-extracted from apical or basolateral
membranes of monolayers incubated in absence or presence of
extracellular Ca2?*. This analysis showed that the amounts of lipid
back-extracted from basolateral and apical membranes of cells
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FIGURE 3: RalA and RalB knockdown differentially affect barrier
function during TJ formation. (A) RalA knockdown caused loss of
the TER overshoot, whereas RalB knockdown drastically
exaggerated the overshoot. MDCK I, shRalA and shRalB cells
were seeded at confluent densities on Transwell filters in low-Ca?*
medium for 3 h before high-Ca?* medium was added (Ca?*
switch), and the TER was measured every hour for 30 h and at 6-h
intervals thereafter. TER measurement every hour caused frequent
changes in media temperature, which caused increased TER
values and slowed kinetics of TJ formation. Thus TER of
subsequent Ca?*-switch experiments was measured starting

6-10 h following addition of HCM. (B) Expression of hrRalA or
hrRalB in respective knockdown cell lines rescued knockdown TER
phenotypes. A Ca?* switch was performed with the indicated cell
lines, as described in A. TER was measured every hour starting 6 h
after HCM addition. (C) Ral knockdown has no effect on the ability
of 3H-inulin to pass across the pores of developing TJs. A Ca?*
switch was performed on 12-mm Transwell filters with indicated
cell lines, and 3H-inulin was applied to apical chambers of filters.
Medium from basal chambers was removed, and the amount of
3H-inulin present was quantified using a scintillation counter. Error
bars, SD of the mean of triplicate readings from three
independent filters.
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maintained in LCM were nearly identical in all cell types, indicating
a lack of TJs (Figure 4E). Similar amounts of fluorescent lipid were
also back-extracted from monolayers of shCtrl, shRalA, and shRalB
cell lines in the presence of extracellular Ca?* (Figure 4D). This fluo-
rescence labeling and quantification-based analysis demonstrates
that TJ separation of apical and basal membrane domains is
achieved before the period at which TJ electrical barrier function
most significantly differs between control and Ral knockdown cells
and that neither RalA nor RalB contributes to this function.

RalA and RalB distinctly alter TJ composition

To further elucidate the mechanisms underlying the roles of RalA
and RalB in development of barrier function, we performed immu-
nofluorescence labeling studies, assessing whether knockdown of
each GTPase affected protein incorporation into newly forming TJs.
This analysis was performed in cells 10 h after cell-cell adhesion was
induced, the time at which differences in barrier function were great-
est between knockdown and control cell lines (Figure 2). Compared
to TJs of MDCK Il and shCtrl cells, those of shRalA cells contained
considerably less ZO-1, whereas considerably more ZO-1 was incor-
porated into TJs of shRalB cells (Figure 5, A and B). Similarly, the
levels of claudin4 (Figure 5, C and D), claudin1, and claudin7 (Sup-
plemental Figure S1, A and B) were significantly decreased in TJs of
shRalA cells and increased in those of shRalB cells compared with
TJs of MDCK I and shCtrl cells. TJ incorporation of occludin was
unaffected in shRalB cells but significantly decreased in shRalA cells
(Supplemental Figure S1, C and F). Of interest, the fluorescence in-
tensity of claudin2 in shRalB cells did not show the same distribution
as other TJ proteins in these cells; it was decreased in TJs to a
greater extent than in shRalA cells (Figure 5, E and F). These results
are consistent with a model in which RalA is necessary for delivery of
components to newly forming TJs, whereas RalB is necessary for
endocytosis of these same components, and that certain proteins
(e.g., claudin2) have more complex levels of regulation.

We sought to confirm these results by biochemically analyzing
and quantifying the solubility of TJ-associated claudins in Ral-knock-
down cells. The results of these experiments were consistent with
those of immunofluorescence analysis. Specifically, in shRalA cells,
the amounts of insoluble claudin1, 2, and 4 were significantly de-
creased relative to those in MDCK Il cells (Supplemental Figure S2,
A, E, and I). The amount of insoluble claudin3 was only modestly
reduced, however, and that of claudin7 was not affected (Supple-
mental Figure S2, C and G). RalB knockdown caused the opposite
effect of RalA knockdown; all claudins, with the exception of clau-
din2, became more insoluble when RalB expression was suppressed,
suggesting increased amounts of components in the TJs of these
cells. Specifically, incorporation of claudin1, 4, and 7 in TJs of shRalB
cells was considerably increased (Supplemental Figure S2, A, E, and
G) and that of claudin3 was slightly increased (Supplemental Figure
S2C). Substantially less claudin2 was insoluble in shRalB cells than in
control and shRalA cells (Supplemental Figure S2I). Taken together,
these biochemical analyses of TJ component incorporation and im-
munofluorescence studies indicate that RalA and RalB directly alter
TJ composition, likely by exocytosis and endocytosis.

Because the amounts of TJ components incorporated into junc-
tions changed as a result of Ral GTPase knockdown, we postulated
that the stability of these proteins might be affected. In the case of
shRalA cells, we expected to observe a general decrease in stability
of TJ components because overall incorporation into junctions was
decreased. Conversely, in cells lacking RalB we anticipated compo-
nents of TJs to be more stable. To assess the stability of TJ resident
proteins, we treated cells with cyclohexamide for various lengths of
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FIGURE 4: Formation of distinct apical-basal membrane domains is established prior to
equilibration of TJ barrier function and is independent of both RalA and RalB. (A-C) The “fence”
function is present in shCtrl, shRalA, and shRalB cells but not in cells without TJs. (A) A Ca?*
switch was performed on each cell type, and after 10 h, samples were labeled with BODIPY-
FL-Cs sphingomyelin and imaged immediately. (B) Samples were processed as in A, but were
washed and incubated on ice for 60 min before imaging. (C) Samples were labeled before the
switch to HCM and immediately processed for imaging. Bars, 10 pm. (D, E) Samples treated as
in B and C, respectively, were incubated for 1 h in buffer containing defatted BSA after labeling.
Fluorescent signals in apical and basolateral samples were quantified. Error bars, SD of the

mean of triplicate readings of three independent filters.

time before processing for immunoblotting and analysis (Supple-
mental Figure S3). Although the stability of certain TJ proteins was
only slightly affected in shRalA cells (Supplemental Figure S3, C and
D), that of others (e.g., claudin1, occludin, and ZO-1) was much
lower than in MDCK Il and shRalB cells (Supplemental Figure S3, A,
E, and G). In contrast, the stability of several other TJ components
(claudin, claudin4, occludin, and ZO-1) was much higher in shRalB
cells than in MDCK Il and/or shRalA cells (Supplemental Figure S3).
These results confirm that RalA and RalB differentially regulate ei-
ther the delivery of proteins to or their incorporation into TJs during
development of epithelial polarity.

RalB regulates TJ assembly via endocytosis

Observed differences in TER profiles could theoretically result from
altered trafficking of TJ components to and from plasma membrane
sites of cell-cell contacts. Alternatively, lateral diffusion of compo-
nents within the TJ could be involved, as transient chelation of extra-
cellular Ca?* is known to rapidly compromise TJ barrier function with-
out promoting internalization of TJ components (Cereijido et al.,
1978; Siliciano and Goodenough, 1988). Furthermore, this disruption
has been observed to result from cytoskeleton remodeling in re-
sponse to acute Ca?* depletion (lvanov et al., 2004). Given that RalA
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and RalB are known to be involved with cy-
toskeleton remodeling in some contexts
(Lalli and Hall, 2005), we sought to exclude
the possibility that these GTPases were act-
ing in this manner. Within 10 min of acute
Ca?* depletion, TER of control and Ral knock-
down cells was drastically reduced, but it re-
turned to baseline levels 3—4 h after physio-
logic levels of extracellular Ca?* were
restored (Figure 6A). ZO-1 distribution at the
TJ was not affected during Ca?* chelation
and restoration, confirming that neither en-
docytosis nor exocytosis of TJ components
was involved in these transient changes in
electrical barrier function (Figure 6B). There-
fore, despite having contrasting effects on
barrier function during TJ development, Ral
GTPases do not appear to regulate TJ bar-
rier function via cytoskeleton remodeling.
RalA and RalB are thus likely required for the
trafficking of components to and from the
plasma membrane during TJ formation.

Because reductions of RalA and RalB
cause opposite effects on TER development
(Figure 3) and RalA promotes exocytosis of
junction components (Shipitsin and Feig,
2004; Figure 6), we hypothesized that RalB
is required for endocytosis of junction pro-
teins. Because biotinylation of TJ proteins is
inefficient in MDCK cells, the internalization
efficiency of an adherens junction protein,
E-cadherin, was analyzed. Cells were bioti-
nylated 9 h following a Ca?* switch using a
cleavable form of biotin, sulfosuccinimyl
2-(biotinamido)ethyl-,3  di-thioproprionate
(NHS-SS-biotin). This form of biotin allowed
for determination of the maximum biotiny-
latable material, background following
cleavage, and amount endocytosed (Figure
7A). The amount of E-cadherin endocytosed
during a 30-min uptake phase was quantified by immunoblot in trip-
licate. Although there was no difference between the amount of
E-cadherin endocytosed in shCtrl and shRalA cells, shRalB cells in-
ternalized significantly less (p < 0.05; Figure 7B).

To investigate whether loss of RalB caused a global disruption in
endocytosis, '?°|-transferrin internalization was analyzed in control
and Ral-knockdown cell lines. %|-Transferrin was bound to surface
receptors on shCtrl, shRalA, and shRalB cells and internalized for
indicated times, and the amount of endocytosed material was quan-
tified with a scintillation counter. To determine the endocytic rate,
percentage surface transferrin was plotted, and best-fit curves were
applied using the equation S; =Sge™" +EEq(1-e~*™). No signifi-
cant differences were observed in the rate of transferrin internaliza-
tion in control or Ral-knockdown cells (Figure 7C).

To further study the role of RalB in endocytosis during TJ devel-
opment, we specifically blocked endocytosis with dynasore, a spe-
cific inhibitor of dynamin-mediated endocytic pathways. Other
studies determined that dynasore does not affect dynamin-inde-
pendent pathways (Macia et al., 2006). Immunofluorescence analy-
sis was also performed to verify that dynasore treatment effectively
inhibited endocytosis. MDCK T cells stably expressing human trans-
ferrin receptor were treated with DMSO or dynasore before labeling
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Ral knockdown directly alters TJ composition. (A, C, E) Immunofluorescence labeling of ZO-1, claudin4, and
claudin2 in TJs is dependent on RalA and RalB. MDCK I, shCtrl, shRalA, and shRalB cells were subjected to a Ca?*
switch, and samples were processed for immunofluorescence 10 h after HCM addition. For each protein examined
(ZO-1, claudin4, and claudin2), optical sections were merged into a single stacked image and inverted. Bars, 20 pm.

(B, D, F) Fluorescence intensities of TJ labeling of each protein in each cell type were traced and quantified using ImageJ
software. Images are representative of three independent experiments. Error bars, SD of five lengths of TJ. *p < 0.05.

with fluorescent human transferrin. Confocal xy- and xz-series show  cells treated with DMSO or dynasore, beginning with the readdition
that transferrin was internalized in cells treated with DMSO but not  of high-calcium medium (HCM). Although slightly lower than typi-
dynasore (Figure 7E). A Ca?* switch was performed with MDCK Il cally observed, the MDCK Il cells treated with DMSO displayed a
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processed for immunofluorescence localization of ZO-1 after 10 min of
EGTA treatment. Inset, magnification of TJ segment. Bars, 20 pm.
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characteristic TER overshoot and subsequent return to basal levels
(Figure 7D). Dynasore treatment, however, caused an extensive ex-
aggeration of the TER overshoot (Figure 7D) that closely resembled
the TER profile of shRalB cells (Figure 3). These data, combined with
the E-cadherin endocytosis results, indicate that reduced endocytic
rates in shRalB cells may be specific for junctional components.

RalA and RalB affect development of TJ barrier function

via interactions with the exocyst

We next sought to determine the effects of Ral knockdown on exo-
cyst assembly and stability. Exocyst stability in shRalA or shRalB cells
was assessed as a function of Secé and Sec8 half-life and was found
to be unaffected compared with exocyst stability in control MDCK I
cells (Supplemental Figure S4, A and B). To determine whether Ral
GTPases regulated assembly of the exocyst holocomplex, the exo-
cyst was immunoprecipitated with Sec8 antibodies following a brief
pulse labeling (Supplemental Figure S4C). Ratios of newly synthe-
sized Sec6 and Secl15 to Sec8 were compared in control cells,
Ral-knockdown cells, and cells overexpressing constitutively active
RalA?%V or RalB?®. One-way analysis of variance (ANOVA) with
Tukey's post test was performed, which indicated that these ratios
(e.g., Secb:Sec8 and Sec15:Sec8) were not significantly different,
regardless of the presence or absence of each GTPase (Supple-
mental Figure S4, D and E). These observations confirm that Ral
GTPases are not strictly required for exocyst assembly and suggest
that they are likely involved in regulating other exocyst activities,
consistent with previous observations (Spiczka and Yeaman, 2008).

To determine whether the effects of RalA on development of TJ
barrier function were mediated via the exocyst, we introduced RalA
point mutations that specifically and severely reduce its binding af-
finity for either Sec5 or Exo84 (Fukai et al., 2003; Jin et al., 2005) in
the context of a constitutively active mutant (Q72L). Specifically,
Sec5-uncoupled (E38R) and Exo84-uncoupled (A48W) variants were
generated. These constructs were used to establish tetracycline-
inducible cell lines that expressed mutant proteins at levels compa-
rable to those of endogenous RalA within 2 d of induction
(Figure 8A).

Although the RalA3® and RalA%*"W point mutations selectively in-
terfere with Sec5 and Exo84 binding in vitro (Jin et al., 2005), whether
these mutations cause similar binding disruptions when expressed in
cells is not known. We found that RalAR was significantly impaired
in its ability to bind Sec5 but not RalBP1 or Exo84 in cells. In contrast,
RalA%"W was impaired in its binding to Exo84 but not RalBP1 or Sec5
(Supplemental Figure S5A). As expected, RalA’?" bound all three
effectors similarly (Supplemental Figure S5A). This analysis also re-
vealed that the subcellular localization of RalA mutants depended
on Sec5- or Exo84-binding capacity. Immunofluorescence labeling
and differential sedimentation approaches demonstrated that
RalA72- was present on both intracellular vesicles and the plasma
membrane (Supplemental Figure S5, B and C), as reported previ-
ously (Shipitsin and Feig, 2004). RalA%®®, however, was localized pri-
marily on endomembranes and vesicles (Supplemental Figure S5, B
and D), whereas RalA*"W was enriched on the plasma membrane
(Supplemental Figure S5, B and E). These results suggest that RalA
may engage Sec5 and Exo84 at distinct subcellular locations.

We next determined whether the development of normal TJ
barrier function requires RalA to engage the exocyst. As expected,
control cell lines expressing only endogenous RalA displayed the
characteristic TER overshoot (Figure 8, B-D). The TER profile of
RalA7?--expressing cells was similar to that of noninduced cells, al-
though the overshoot occurred at a substantially expedited rate
(Figure 8B). Induction of either RalA3R or RalA*Y, however, caused
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FIGURE 7: Endocytosis of E-cadherin is specifically disrupted by loss of RalB but not RalA. (A, B) RalB knockdown
results in decreased endocytosis of E-cadherin. Indicated cell lines were subjected to a Ca?* switch after seeding on
24-mm Transwell filters and were biotinylated 9 h following HCM addition. Three filters of each cell type were not
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visualized with a ChemiDoc-It Imaging System and quantified with Visionworks software. (C) Transferrin internalization
rate is not affected by Ral knockdown. '%|-Transferrin was bound to cells infected with human transferrin receptor
and warmed for indicated times (data points). Both internal and surface '?°|-transferrin were quantified and applied
to a model in which clearance from the surface into early endosomes is represented by the equation

St =Sge KM +EEq{1—e %), The lines represent best-fit curves generated by the model (shCtrl, solid line; shRalA,
dashed line; shRalB, dotted line). (D) Inhibition of dynamin during TJ assembly causes a TER profile that phenocopies

RalB knockdown. A Ca?* switch was performed with MDCK Il cells treated with DMSO or a dynamin inhibitor (dynasore,
80 pM). Triplicate TER readings of triplicate filters were recorded every hour for 20 h. (E) Dynasore inhibits endocytosis
of transferrin. MDCK cells expressing human transferrin receptor were treated with DMSO or 80 pM dynasore. Samples

were processed for immunofluorescence after addition of fluorescent human transferrin. Arrows indicate origin of the
xy-slice within the z-series. Error bars, SD of triplicate samples. *p < 0.05. Bars, 20 pm.

loss of the TER overshoots, which phenocopied the TER profile ob-
served in shRalA cells (Figures 3A and 8, C and D).

Transient expression of point-mutant RalB variants was used to
investigate the requirement of RalB-exocyst interactions in nor-
mal TJ formation. Constitutively active (23V) and Sec5-uncoupled
(49E) RalB variants were used to rescue the exaggerated TER
overshoot observed in shRalB cells. The TER following a Ca?*
switch was rescued to lower levels by expression of the RalB?3V
variant but not the RalB*°F variant (Figure 8E). These data indicate
that RalA must engage each of its exocyst-localized effectors,
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Sec5 and Exo84, in order to properly function in the process of TJ
formation.

DISCUSSION

RalA and RalB differentially regulate development of TJ barrier func-
tion through recruitment of the exocyst but do not affect formation
of distinct apical basal membrane domains. This conclusion is based
on several findings: 1) knockdown of RalA or RalB had opposing ef-
fects on TER development (Figure 3); 2) TER differences were mir-
rored by differential incorporation of proteins into TJs (Figure 5 and
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Supplemental Figure S1); 3) trafficking of junctional components is
impaired by RalA and RalB knockdown (Figures 6 and 7); and 4) the
exocyst is a common Ral effector in TJ development (Figure 8). Fur-
thermore, Ral knockdown had no effect on transepithelial diffusion
of outer leaflet phospholipids (Figure 4). Therefore we suggest that
RalA regulates trafficking of components to newly forming TJs, RalB
regulates endocytosis of junctional components, and both pro-
cesses require the exocyst. Together, these opposing activities likely
serve to fine tune TJ barrier function in response to specific cellular
or environmental demands.

Ral GTPases have opposing roles in development of barrier
function but not polarity during TJ assembly

That RalA and RalB differentially affect TJ formation is consistent
with evidence showing that Ral GTPases serve opposing or comple-
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mentary roles in diverse cellular processes. During cytokinesis, for
example, RalA is first required for stabilization and elongation of the
intracellular bridge, whereas RalB is recruited later to complete ab-
scission (Cascone et al., 2008). Of note, cytokinesis-associated activ-
ities of both RalA and RalB require binding to the exocyst (Cascone
et al., 2008). In tumor cells, Ral GTPases regulate the balance be-
tween proliferation and survival. Specifically, RalA-mediated promo-
tion of cell proliferation is offset by RalB-mediated inhibition of
apoptosis (Bodemann and White, 2008). During tumor cell invasion,
RalA and RalB mediate complementary but distinct functions, as
each must engage the exocyst at different subcellular locations to
properly localize the complex to cell protrusions (Spiczka and
Yeaman, 2008). Therefore contrasting functions of Ral GTPases
during TJ development are consistent with an emerging paradigm
concerning the actions of these proteins.
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Antagonistic effects of Ral GTPases on TJ barrier function and
composition predict that cells independently regulate activities each
GTPase during TJ formation. This may be achieved by recruiting
each to distinct subcellular localizations or by selective activation or
inactivation at those sites. Sites of Ral activation have been demon-
strated with Ras and interacting protein chimeric unit (Raichu)
probes, which revealed that Ral GEFs activate RalA specifically at
the leading edge of lamellipodia in epidermal growth factor—stimu-
lated Cos7 cells (Takaya et al., 2004) and at recycling endosomes in
MDCK cells (Takaya et al., 2007). Similar studies revealed that chang-
ing cellular demands caused relocalization-specific Ral-GEFs and
guanine-activating proteins, resulting in spatiotemporal regulation
of Ral activities (Ohba et al., 2003). Our finding that RalA and RalB
are inversely regulated following induction of E-cadherin-mediated
cell—cell adhesion is consistent with these findings. Rapid activation
of RalA would promote exocytosis as cell contacts are initially form-
ing (Figure 2; Shipitsin and Feig, 2004). Concurrent inactivation of
RalB, which signals internalization of junction proteins, would syner-
gize with RalA activation to promote efficient junction assembly.

During development of epithelial polarity, TJs assemble to main-
tain distinct membrane domains and provide a size- and charge-
selective barrier for paracellular diffusion of solutes and ions. Al-
though much research concerning epithelial TJ barrier function has
been performed, less attention has been given to the relationship
between barrier function and the establishment of apical-basal po-
larity. However, it is known that barrier function and maintenance of
apical-basal polarity are differentially regulated. For example, bar-
rier function is abolished by ATP depletion and actin disruption, and
yet apical-basal polarity remains intact (Mandel et al., 1993;
Takakuwa et al., 2000). Of interest, one study revealed that resident
apical and basolateral proteins remained polarized after complete
loss of TJs in a mouse epithelial cell line, whereas biotin diffused
down the lateral membrane (Umeda et al., 2006). Nonetheless, it is
unknown whether these functions were established concurrently,
whether specific TJ composition affected maintenance of apical-
basal polarity, and to what extent interactions with the submem-
brane cytoskeleton contributed to the steady-state polarity of the
transmembrane protein markers examined.

Our investigation of RalA and RalB involvement in assembly of
TJs indicated that these GTPases serve opposing roles in this pro-
cess. Knockdown of RalA resulted in loss of the TER overshoot,
whereas RalB knockdown caused an exaggerated overshoot (Figure
3A), which represents a deregulation of the small claudin pores that
establish the TJ charge-selective barrier. To determine whether the
effects of Ral knockdown on TER resulted from disruption of both
size- and charge-selective barrier functions, we measured diffusion of
3H-inulin (Figure 3C). That there was no effect of Ral knockdown on
paracellular diffusion of 3H-inulin indicates that the TJ size-selective
barrier was functional and suggests that TJs were physically present.

Given these dramatic differences in effects of RalA and RalB
knockdown on the charge-selective but not size-selective barrier of
the TJ (Figure 3), we sought to determine whether these GTPases
were also involved in formation of separate apical-basal membrane
domains. Surprisingly, reduction of neither GTPase affected diffu-
sion of outer leaflet lipids between apical and lateral membrane
domains, and separation between these domains was established
prior to equilibration of the electrical solute barrier (Figure 4). This
observation initially appears to contradict data showing that RalA
knockdown reduced incorporation of TJ components (Figure 5).
However, it is possible that fewer components are required to retain
discrete apical-basal membrane domains than are necessary for
normal TJ barrier formation. Thus, although TJ strands are likely to
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be less complex at early time points following initiation of cell—cell
adhesion than they are in mature TJs, there may still be a critical
mass of components present within the plasma membrane to gen-
erate a functional apical-basal division to prevent diffusion of outer
leaflet lipids between membrane domains. Conversely, perhaps the
requirements of forming distinct apical and basal domains are not as
complex as those for barrier function. Lateral oligomeric interactions
of TJ proteins that are required for “fence” function might be estab-
lished immediately upon insertion into the plasma membrane and
thus be independent of specific TJ composition. Therefore distinct
apical-basal membrane domains could be developed before the
specific protein composition of the TJ is formed, thus preceding
equilibration of barrier function.

The exaggerated differences in TER resulting from Ral knockdown
suggest that components are differentially incorporated into TJs, in-
cluding claudins. Our immunofluorescence and biochemical studies
verified this hypothesis, as some components were reduced in RalA-
knockdown cells and increased in RalB-knockdown cells (Figure 5 and
Supplemental Figure 2). The pattern, quantity, and various electro-
static characteristics of claudins in TJs of an epithelial monolayer de-
termine the permeability electrical barrier (Van ltallie and Anderson,
2006; Angelow et al., 2008). The role of RalA in exocytic trafficking
has been well documented (Moskalenko et al., 2002; Shipitsin and
Feig, 2004; Chen et al., 2007), and we propose that RalA regulates, in
part, delivery of components to sites of TJ assembly. Furthermore,
the increased amount of components in TJs of shRalB cells is consis-
tent with a role of RalB in endocytosis of these proteins.

Ral GTPases mediate TJ assembly via endocytosis

and exocytosis

Knockdown of RalA and RalB had opposing consequences on in-
corporation of multiple components into assembling TJs (Figure
5). We propose that these effects are due to perturbed trafficking
of TJ components to and from developing TJs as a consequence
of Ral knockdown. According to our model, RalA is required for
exocytic trafficking during TJ formation, whereas RalB is required
later, to mediate endocytosis of certain proteins to regulate TJ
composition in order to meet specific cellular demands. Several
lines of evidence support this model. RalA and RalB do not affect
reorganization of TJ components within the junction nor are they
involved with cytoskeleton-mediated remodeling during TJ as-
sembly (Figure é). Internalization of E-cadherin is significantly re-
duced during TJ formation in cells lacking RalB, and inhibition of
dynamin-mediated endocytosis phenocopies the TER profile of
RalB-knockdown cells during TJ assembly (Figure 7, B and D). That
RalA knockdown caused decreased stability of TJ components and
RalB knockdown caused increased stability of these components
further suggests a defect in trafficking (Supplemental Figure S3). In
shRalA cells, TJ cargo that is not delivered to developing TJs is
likely degraded, as there are no intracellular accumulations of
these proteins. Conversely, the increased stability of TJ proteins in
shRalB cells suggests that they are not internalized and recycled
from TJs. Furthermore, the exocyst has also been implicated
in endocytosis, as it has been localized to endocytic vesicles in
Drosophila oocytes (Sommer et al., 2005). Thus RalA and RalB
may engage the exocyst to regulate exocytic and endocytic traf-
ficking of TJ components.

Interactions between Ral and the exocyst are necessary

for normal TJ formation

Use of Ral point mutants has facilitated study of specific Ral-Sec5,
and Ral-Exo84 functions; for example, RalA-Sec5 binding is
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required in murine embryonic fibroblasts during cell spreading and
lipid-raft exocytosis, and RalB-Sec5 binding is required during host—
defense signaling, specifically for recruitment of Tank-binding kinase
1 to the exocyst (Chien et al., 2006; Balasubramanian et al., 2010).
RalA—-Exo84 interaction was shown to suppress early stages of
squamous cell carcinoma progression by regulating plasma mem-
brane delivery of E-cadherin (Sowalsky et al., 2010), and RalB—-Ex084
binding is required for starvation-induced autophagocytosis
(Bodemann et al., 2011). Disruption of RalA-Sec5, RalA-Ex084 or
RalB-exocyst binding disrupted TJ biogenesis (Figures 3A and 8,
B-E). Although RalA must to bind either Sec5 or Exo84 to support
normal TJ assembly, the two interactions do not necessarily serve
the same function. Indeed, we observed, by both immunofluores-
cence and differential sedimentation, that the two RalA mutants lo-
calize to different subcellular sites (Supplemental Figure S5). The
shift of RalAR to a primarily intracellular localization and of RalA%7E
to a primarily plasma membrane localization provides novel insights
into roles of each interaction during basolateral trafficking. RalA may
bind Sec5 at the trans-Golgi network/recycling endosome to facili-
tate trafficking to the plasma membrane, where RalA-Exo84 subse-
quently mediates vesicle tethering to sites of fusion. Disruption of
either interaction would impair exocytosis.

In summary, our findings expand knowledge of the processes in
which Ral GTPases are involved to include TJ biogenesis. In addi-
tion, they further elucidate the differences in regulation of TJ barrier
and formation of apical-basal polarity. Ral GTPases are antagonistic
regulators of TJ electrical barrier formation and composition and
recruit the exocyst to function in distinct processes to mediate TJ
assembly.

MATERIALS AND METHODS

Cell culture

MDCK strain Il cells were maintained in low-glucose DMEM (LG-
DMEM) with 1.8 mM Ca?* containing 1 g/l sodium bicarbonate and
supplemented with 10% fetal bovine serum (FBS; Cell Generation,
Fort Collins, CO), penicillin, streptomycin, and gentamicin (PSG;
HCM) and grown at 37°C with 5% CO,. shRalA and shRalB cells
were generated by stable integration of shRNAs targeting canine
RalA or RalB (RalA: sense, 5-CGAGCTAATGTTGACAAGGTA-3;
RalB: sense, 5-GAGTTTGTAGAAGACTATGAA-3'), respectively.
shRNAs were delivered via transduction with recombinant lentiviral
vectors that were pseudotyped with vesicular stomatitis virus G pro-
tein. Cells were selected and maintained in medium containing
5 pg/ml puromycin. Negative controls were generated by transduc-
ing MDCK |l cells with lentiviral vectors encoding a nontargeting
shRNA (sense, 5'-CCAGACCTTCAAGGAATCCAT-3’) and selecting
them in puromycin. RalA rescue cell lines were generated by intro-
ducing three wobble-base point mutations into the first three
codons of the target RalA hairpin sequence of simian RalA cDNA.
This cDNA was ligated into pQCXIN and delivered into shRalA cells
via retroviral transduction. Transduced cells were selected using
400 pg/ml G418 and assayed by immunofluorescence and immuno-
blotting for hairpin resistant RalA. The same process was performed
to generate and screen RalB rescue cells. Inducible RalA mutant cell
lines were generated using the MDCK T23 cell line, which expresses
the tetracycline-repressible transactivator (Barth et al., 1997). The
72L, 38R, and 47E point mutations were introduced into a RalA
cDNA that was a generous gift from Larry Feig (Tufts University
School of Medicine, Boston, MA), using a QuikChange Site-Directed
Mutagenesis Kit (Stratagene, Santa Clara, CA). These cDNAs
were introduced into MDCK T23 cells as described previously (Jou
and Nelson, 1998). Transient transfections were performed with
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Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the sug-
gested protocol. Tissue culture plates, 10 cm, were transfected with
DNA or vehicle only 24 h prior to seeding in triplicate 12-mm,
0.4-pm Transwell polycarbonate filters following the protocol de-
scribed for measurement of transepithelial resistance.

Antibodies and reagents

Mouse monoclonal antibodies (mAbs) against Secé (9H5) and Sec8
(2E12, 5C3, 10C2) were described previously (Hsu et al., 1996; Kee
et al., 1997; Yeaman, 2003). mAbs against claudin4, ZO-1, and oc-
cludin, as well as rabbit polyclonal antibodies against claudin1, clau-
din3, and claudin7, were obtained commercially (Zymed Laborato-
ries, San Francisco, CA). RalA mAb (BD Transduction Laboratories,
San Jose, CA), claudin2 mAb (Invitrogen), and myc mAb (Millipore,
Billerica, MA) were also obtained commercially. A RalB mAb was a
generous gift from Michael White (University of Texas Southwestern
Medical Center, Dallas, TX). A rabbit polyclonal antibody against E-
cadherin was a generous gift from W. James Nelson (Stanford
University, Stanford, CA; Marrs et al., 1993). Fluorescein isothiocya-
nate (FITC)-goat anti-mouse and Texas red—donkey anti-rabbit im-
munoglobulin G (IgG) were purchased from Jackson ImmunoRe-
search Laboratories (West Grove, PA). Horseradish peroxidase
(HRP)-conjugated goat anti-mouse and goat anti-rabbit antibodies
were purchased from Promega (Madison, WI). '%|-Labeled goat
anti-mouse IgG, '?|-labeled goat anti-rabbit IgG, and 3°S-methion-
ine were purchased from PerkinElmer Life and Analytical Sciences
(Boston, MA).

Measurement of transepithelial resistance

A well-described Ca?*-switch method was used with cultures of
MDCK I, shCtrl, shRalA, shRalB, RalA rescue, and RalB rescue cells
(Gumbiner and Simons, 1986; Gonzalez-Mariscal et al., 1990). Each
cell line was seeded on triplicate 0.4-um Transwell polycarbonate
filters at confluent density (8 x 10° cells/12-mm filter) in LG-DMEM
with low Ca?* (LCM; 5 uM Ca?*), supplemented with 1 g/l sodium
bicarbonate, 5% dialyzed FBS (Cell Generation), and PSG. Cells
were cultured at 37°C for 3 h to allow for attachment to the filter.
TER measurements were recorded both before and after replacing
LCM with HCM. Two filters were left free of cells but otherwise
treated identically, so that the intrinsic resistance of the membrane
could be determined. For each filter, three independent readings
were taken at each time point, using a Millicell (Millipore) electrical
resistance device. Final values were obtained by subtracting the av-
eraged blank value from the averaged sample reading and multiply-
ing by the surface area of the filter. The final results are expressed as
ohms - cm?. Readings of samples in Figure 3A were recorded every
hour after initial attachment in LCM. This technique resulted in fre-
quent changes in media temperature, which caused higher TER val-
ues and decreased kinetics of TJ formation. In subsequent experi-
ments, TER was not recorded until 6-10 h after HCM addition.

Immunofluorescence labeling

Samples were fixed on ice with 4% paraformaldehyde for 20 min
and quenched with Ringer’s saline (154 mM NaCl, 1.8 mM Ca?*,
7.2mM KCl, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid [HEPES], pH 7.4) containing 50 mM NH,4Cl. Samples
were then permeabilized with CSK buffer (1% Triton X-100, 10 mM
1,4-piperazinediethanesulfonic acid, pH 6.8, 50 mM NaCl, 300 mM
sucrose, 3 mM MgCly) for 10 min or with Ringer’s saline containing
0.1% SDS for 5 min; both buffers were supplemented with pro-
tease inhibitors (1 mM Pefabloc [Sigma-Aldrich, St. Louis, MO] and
10 pg/ml each of aprotinin, antipain, leupeptin, and pepstatin A).
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After samples were blocked with 0.2% fish-skin gelatin in Ringer’s
saline (blocking buffer) for 1 h, primary antibodies were diluted in
blocking buffer and applied for 1 h at room temperature. After five
washes with blocking buffer, FITC- or Texas red—conjugated sec-
ondary antibodies and 4’,6-diamidino-2-phenylindole were applied
for 30 min at room temperature. Samples were washed five times
with blocking buffer, and filters and coverslips were mounted onto
slides using Elvanol (Dupont, Wilmington, DE)-paraphenylene di-
amine. Images were obtained using either a Zeiss (Thornwood, NY)
510 scanning confocal microscope (63x objective) equipped with a
krypton/argon laser (FITC excitation using 488-nm laser line, Texas
red excitation using 543-laser line) or with a Leica (Wetzlar, Ger-
many) DMI 6000B microscope equipped with a BD CARV Il (BD Bio-
sciences, San Diego, CA) spinning disk confocal imager. Stacks of
confocal images were collected from several different fields using a
63x objective and a Photometrics (Tucson, AZ) QuantEM 512SC
EM-CCD high-speed camera. For studies examining immunofluo-
rescence intensity at TJs, confluent monolayers of cells were sub-
jected to a Ca?* switch and processed as described at 10 h follow-
ing Ca?* addition. Acquired z-series optical sections were merged,
and the immunofluorescence intensity along the TJ was traced and
quantified using the wand tool with ImageJ software (National Insti-
tutes of Health, Bethesda, MD). One-way ANOVA with Tukey’s
posttest statistical analyses was performed for each protein and cell
type, and differences are considered significant when p < 0.05.

Inulin diffusion

A Ca?* switch was performed on MDCK I, shCtrl, shRalA, and shRalB
cells seeded on triplicate 12-mm, 0.4-um Transwell polycarbonate
filters. At 9 h following Ca?* readdition, 1 x 10° dpm of *H-inulin was
added in 0.5 ml of warm media to the apical chambers of all cell
types, including bank filters. Filters were placed at 37°C, except for
removal of 100 pl from basal chambers immediately after inulin ad-
dition and every 30 min thereafter, for a total of 4 h. After removal of
basal samples, 100 pl of nonlabeled fresh media was applied to
basal chambers at each time point. The basal samples were placed
in 3 ml of scintillation fluid, and each was counted with a Beckman
LS 6500 multiplier purpose scintillation counter (Beckman Coulter,
Brea, CA) for 0.3 min in triplicate.

Biotin assay for endocytosis

Totals of 3 x 106 shCtrl, shRalA, and shRalB cells were seeded on
triplicate 24-mm, 0.4-pym-pore size Transwell polycarbonate filters,
and a Ca?* switch was performed as described. At 9 h following
Ca?* readdition, filters were placed on ice and washed twice with
Ringer's saline. Apical and basal chambers were biotinylated with
0.5 mg/ml NHS-SS-biotin (Thermo Scientific, Waltham, MA). All fil-
ters were washed three times with DMEM/0.2% BSA, and three fil-
ters of each cell type were lysed immediately after the last wash.
Three filters of each cell type were placed into warm media and in-
cubated at 37°C for 30 min, whereas the other three remained on
ice. Endocytosis was stopped by placing warm filters on ice and
washing with ice-cold Ringer’s saline. Filters were reduced and
quenched following a method described previously (Graeve et al.,
1989). Filters were lysed with radioimmunoprecipitation assay buffer
(RIPA; 50 mM Tris-HCI, pH 7.5, 1% NP40, 0.25% sodium deoxy-
cholate, 150 mM NaCl, and 1 mM EDTA) containing protease in-
hibitors. Following centrifugation for 10 min at 14,000 rpm, 10% of
the total extract was removed for analysis, whereas the remainder
was incubated with streptavidin agarose resin (Thermo Scientific)
overnight at 4°C. Beads were pelleted by gentle centrifugation and
washed as described for immunoprecipitation. Immunoprecipitates
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were eluted from beads with SDS-PAGE sample buffer and pro-
cessed for SDS-PAGE as described. Immunoblots were performed
using antibodies specific to E-cadherin, and band intensities were
quantified, as described.

Inhibition of endocytosis

MDCK Il cells stably expressing the human transferrin receptor were
seeded at confluent density on 12-mm Transwell polycarbonate fil-
ters, and a Ca? -switch was performed as described. HCM readdi-
tion was supplemented with DMSO or 80 uM dynasore (Sigma-
Aldrich). TER of triplicate filters was recorded in triplicate beginning
8 h after HCM readdition. For immunofluorescence, samples were
treated with DMSO or 80 uM dynasore for 2 h before addition of
fluorescent human transferrin for 25 min. Samples were fixed for im-
munofluorescence as described but not permeabilized.

Transferrin internalization

Human transferrin receptor was expressed in shCtrl, shRalA, and
shRalB cells by transduction with a replication-deficient adenoviral
vector. Cells were transduced 1 d after seeding at confluent density
on 12-mm Transwell filters in HCM. Three days after transduction,
cells were incubated in serum-free DMEM at 37°C for 30 min. Filters
were then placed on ice and washed with PBS?* (phosphate-buff-
ered saline [PBS] with 0.9 mM CaCl, and 0.5 mM MgCl,) before la-
beling with '?°|-transferrin on ice for 45 min. All filters were washed
five times with cold PBS?*. Triplicate filters of each cell type were
then warmed to 37°C for indicated times prior to immediate transfer
to cold PBS?*. All filters were then washed twice, alternating be-
tween DMEM, pH 3.5, and PBS?*. Media and PBS?* from these
washes were saved in 5-ml glass tubes. Following the final wash,
filters were excised from collars and transferred to 5-ml glass tubes.
Radioactivity associated with filters and media samples were quanti-
fied using a Titertek Plus Series Automatic Gamma Counter (Hunts-
ville, AL). The model used, in which clearance from the cell surface
into early endosomes assumes a first-order rate constant, is repre-
sented by the equation S; = Spe " + EEq{1— e %), where S, is the
percentage of total transferrin at the cell surface at time t, Sp is at
time zero, EEg is the percentage of total transferrin in early endo-
somes at time zero, k1 is the internalization rate, k-1 is the rate of
transfer from early endosomes to the cell surface. t is time in min-
utes, and e is the natural logarithm base. The internalization rate of
transferrin was determined using a model described previously
(Sheff et al., 1999).

Ral GTP pulldown

Cells expressing myc-tagged RalA or RalB were seeded at confluent
density (14 x 10¢ cells) in LCM lacking serum on six 10-cm tissue
culture plates. They were subjected to the described Ca?*-switch
protocol using HCM without serum. Plates were cultured in HCM at
37°C for the indicated length of time before being placed on ice and
washed twice with Ringer’s saline. Each plate was lysed with 1 ml of
GTP lysis buffer (1% NP40, 50 mM Tris, pH 7.5, 200 mM NaCl, 10 mM
MgCly, and 10 mM dithiothreitol) containing protease inhibitors
(1 mM Pefabloc and 10 pg/ml each of aprotinin, antipain, leupeptin,
and pepstatin A). Lysates were cleared at 20,000 x g, and 10% of the
supernatant from each sample was set aside for assessment of total
protein levels; the remaining supernatants were transferred to gluta-
thione—agarose beads (Pierce; 25-ul bead volume/sample) prebound
to GST-Exo84 PH RBD (RalA wild-type samples) or GST-Sec5 RBD
(RalB wild-type samples). Samples were rotated for 45 min at 4°C
and then washed twice with GTP lysis buffer and prepared for SDS-
PAGE as described previously (Pasdar and Nelson, 1988).
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Fluorescence labeling of the lipid membrane

BODIPY-FL-Cs5 sphingomyelin (Molecular Probes, Invitrogen) and
defatted BSA were used to prepare sphingomyelin/BSA complexes
(5 nmol/ml) in P buffer (10 mM HEPES, pH 7.4, 1 mM sodium pyru-
vate, 10 mM glucose, 3 mM CaCl,, and 145 mM NaCl). A Ca?* switch
was performed on shCtrl, shRalA, and shRalB cells seeded at conflu-
ent density on 12-mm Transwell filters, as described previously. Five
filters of each cell type were placed on ice 10 h after the switch to
HCM, and apical and basal chambers were washed twice with cold
P buffer. For labeling, 0.5 ml of 5 uM sphingomyelin/BSA complex
was added to apical chambers, and 1 ml of P buffer was added to
basal chambers. Filters were incubated on ice for 10 min and then
washed extensively with P buffer. For each cell type, one filter was
immediately processed for confocal microscopy, as described previ-
ously, and one additional filter was incubated in P buffer on ice for
1 h and then processed for confocal microscopy. The remaining
three filters of each cell type were incubated on ice for 1 h in P buffer
containing 1 mg/ml defatted BSA (0.5 ml apical, 1 ml basal). The
solutions from apical and basal compartments were collected at the
end of this incubation, and fluorescence intensities were quantified
using a Wallac Victor? 1420 Multi Label Counter (PerkinElmer).

Gel electrophoresis and immunoblotting

Protein samples were incubated in SDS-PAGE sample buffer
for 10 min at 65°C before separation on 10, 12.5, or 15% SDS
polyacrylamide gels. Proteins were electrophoretically transferred
onto Immobilon polyvinylidene fluoride membrane (Millipore) and
blocked with BLOTTO (5% nonfat dry milk, 0.5% normal goat serum,
and 0.1% sodium azide in Tris-buffered saline [TBS]) overnight at
4°C. Immunoblots were incubated with primary antibodies over-
night at 4°C and then washed five times with TST (TBS containing
0.1% Tween-20), 10 min each. Finally, immunoblots were incubated
with either '%l-labeled goat anti-mouse or goat anti-rabbit
(Amersham, GE Healthcare, Piscataway, NJ) or HRP-labeled goat
anti-mouse or goat anti-rabbit antibodies (GE Healthcare) for 45 min
at room temperature. Immunoblots were washed as described, then
twice with TBS. The immunoblots were exposed to either phospho-
rimager screens (Molecular Dynamics, Sunnyvale, CA) and signal
was quantified using a phosphorimager (Typhoon, Molecular Dynam-
ics) and ImageQuant software, version 5.0 (GE Healthcare), or incu-
bated with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific) and visualized with a ChemiDoc-It Imaging Sys-
tem and quantified with Visionworks software (UVP, Upland, CA).

Detergent solubility assay

MDCK I, shRalA, and shRalB cells were seeded on 0.4-um Transwell
polycarbonate filters at confluent densities (3 x 10° cells/24-mm fil-
ter) and subjected to a Ca?*. Samples were lysed in CSK containing
0.5% Triton-X 100 plus protease inhibitors (as described earlier) 0,
10, or 65 h after the switch to HCM. After a 10-min incubation on
ice, lysates were centrifuged at 20,000 x g for 10 min. The superna-
tant was removed, and the pellet was resuspended in CSK contain-
ing 1% SDS and processed by SDS-PAGE, as described.

Protein stability assay

Confluent plates of cells were left nontreated or were treated with
4 pg/ml cyclohexamide for 3, 6, or 9 h at 37°C. Following treatment,
samples were placed on ice and washed twice with Ringer’s buffer.
Samples were then lysed for 20 min on ice with CSK plus protease
inhibitors. Lysates were centrifuged for 10 min at 20,000 x g, and
supernatants were analyzed by SDS-PAGE.
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Ca?* depletion assay

TER of confluent cell monolayers on Transwell filters was measured
before washing twice with Hank’s buffered salt solution (HBSS;
5.33 mM KCl, 0.441 mM KH,PQOy, 4.17 mM NaHCOs3, 137.93 mM
NaCl, 0.338 mM NayHPO,, 5.56 mM dextrose, 0.0266 mM phenol
red). Samples were incubated in HBSS plus 2.5 mM ethylene glycol
tetraacetic acid (EGTA) for 10 min at 37°C, and the TER of all filters
was measured. All filters were then washed twice with HBSS before
HCM was added. Cells were cultured at 37°C for the times indicated
in Figure 3, at which points TER was measured again. One filter of
each cell type was processed for immunofluorescence (as described)
immediately following the calcium chelation, to determine the
subcellular localization of occludin.

Immunoprecipitation/pulse labeling

Confluent monolayers of MDCK II, shRalA, and shRalB cells on Tran-
swell polycarbonate filters were washed twice with LG-DMEM with-
out cystine or methionine and then incubated in the same medium
for 1 h at 37°C. Samples were then labeled with 170 pCi of 35S-me-
thionine per Transwell filter for 1 h at 37°C. Samples were washed
three times on ice with Ringer’s buffer and lysed with RIPA. Lysates
were precleared with Pansorbin (Calbiochem, San Diego, CA), and
10% of the starting extract was removed for analysis, whereas
the remainder was incubated with anti-Sec8 primary antibodies
(mAbs 2E12, 5C3, 10C2) prebound to protein A-Sepharose
(GE Healthcare) for 2 h at 4°C. Beads were pelleted by gentle cen-
trifugation and washed under stringent conditions; twice with HS-
buffer (0.1% SDS, 0.5% deoxycholate, 0.5% Triton X-100, 20 mM
Tris-HCI, pH 7.5, 120 mM NaCl, 25 mM KCI, 5 mM EDTA, and 5 mM
EGTA), twice with HS- buffer containing 1 M NaCl, and once with
low-salt washing buffer (10 mM Tris-HCI, pH 7.5, and 2 mM EDTA).
Immunoprecipitates were eluted from beads with SDS-PAGE sam-
ple buffer and processed for SDS-PAGE as described. Intensities of
the Sec8, Secé, and Sec15 bands were quantified using ImageQuant
software, and the ratios of Sec8:Secé and Sec8:Sec15 were com-
pared. Secé and Sec15 were identified by molecular weight, and
their identities were verified by immunoprecipitation with specific
antibodies to each protein.
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