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A complex of ZO-1 and the BAR-domain protein 
TOCA-1 regulates actin assembly at the tight 
junction
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Cell Structure and Dynamics, National Institute of Deafness and Other Communication Disorders, National Institutes 
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ABSTRACT Assembly and sealing of the tight junction barrier are critically dependent on the 
perijunctional actin cytoskeleton, yet little is known about physical and functional links be-
tween barrier-forming proteins and actin. Here we identify a novel functional complex of the 
junction scaffolding protein ZO-1 and the F-BAR–domain protein TOCA-1. Using MDCK epi-
thelial cells, we show that an alternative splice of TOCA-1 adds a PDZ-binding motif, which 
binds ZO-1, targeting TOCA-1 to barrier contacts. This isoform of TOCA-1 recruits the actin 
nucleation–promoting factor N-WASP to tight junctions. CRISPR-Cas9–mediated knockout of 
TOCA-1 results in increased paracellular flux and delayed recovery in a calcium switch assay. 
Knockout of TOCA-1 does not alter FRAP kinetics of GFP ZO-1 or occludin, but longer term 
(12 h) time-lapse microscopy reveals strikingly decreased tight junction membrane contact 
dynamics in knockout cells compared with controls. Reexpression of TOCA-1 with, but not 
without, the PDZ-binding motif rescues both altered flux and membrane contact dynamics. 
Ultrastructural analysis shows actin accumulation at the adherens junction in TOCA-1–knock-
out cells but unaltered freeze-fracture fibril morphology. Identification of the ZO-1/TOCA-1 
complex provides novel insights into the underappreciated dependence of the barrier on the 
dynamic nature of cell-to-cell contacts and perijunctional actin.

INTRODUCTION
Tight junctions form the barrier between epithelial cells that limits 
the paracellular movement of water and solutes across tissue layers 
(Shen et al., 2011; Gunzel and Yu, 2013). The sealing proteins are 
transmembrane proteins that interact with partners on adjacent cells 
and include claudins, MARVEL domain–containing proteins, includ-
ing occludin, and members of the junctional adhesion molecule 
(JAM) immunoglobulin superfamily (Furuse, 2010). All three of these 

protein families bind directly to the scaffolding protein ZO-1 at the 
tight junction; claudins and JAMs bind to PDZ domains in the N-
terminal half of ZO-1 (Fanning and Anderson, 2009). ZO-1 also 
binds directly to perijunctional F-actin and other components of the 
cytoskeleton and appears well positioned to coordinate barrier 
function with cytoskeletal changes (Fanning and Anderson, 2009). 
Both the initial assembly of the junction and maintenance of the seal 
depend on the organization of perijunctional actin (Rodgers and 
Fanning, 2011). A dynamic coupling between the barrier and the 
cytoskeleton is presumably required since the tight junction must 
maintain an Ångström-level paracellular seal in the face of continu-
ous intercellular movements, apoptosis, and epithelial restitution 
(Guillot and Lecuit, 2013). It remains unclear how this dynamic 
clutch-like coupling occurs.

To better understand which proteins might be important in bar-
rier physiology, we recently catalogued the proteins that are proxi-
mal to ZO-1 (Van Itallie et al., 2013) using BioID, a biotin ligase–
based tagging proteomics method (Roux et al., 2012). Surprisingly, 
among the most abundant proteins identified using this method 
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RESULTS
TOCA-1 partially colocalizes with ZO-1 at epithelial 
tight junctions
A BioID (Roux et al., 2012) screen using biotin ligase fused to ZO-1 
unexpectedly identified TOCA-1 as among the most abundant pro-
teins proximal to ZO-1 (Van Itallie et al., 2013). Confocal imaging in 
Madin–Darby canine kidney (MDCK; Figure 1A, top row) and Caco-2 
(Figure 1B, middle row) cells revealed clear junctional TOCA-1 im-
munofluorescence (Figure 1A, middle column) that overlapped with 
ZO-1 (Figure 1A, left column and merge, right column), although 
cytoplasmic staining of TOCA-1 was also evident. Verifying the in 
vivo relevance, TOCA-1 was also observed concentrated with ZO-1 
in tissue sections from mouse kidney (Figure 1A, bottom row). Struc-
tured illumination microscopy (SIM) was used to better resolve the 
position of TOCA-1 relative to ZO-1, E-cadherin, actin, and myosin 
(Figure 1B). Using ZO-1 immunofluorescence to define the location 
of the tight junction (Figure 1B, top left), some TOCA-1 was found 
precisely colocalized with ZO-1 at cell contacts (Figure 1B, top mid-
dle and merge). In contrast, both perijunctional actin (Figure 1B, 
middle row, left) and nonmuscle myosin 2B (Figure 1B, bottom row) 
were found near but not coincident with TOCA-1. The distribution 
of actin partially overlapped with TOCA-1, but some junctional actin 
appeared to be slightly farther from the membrane contacts 
(Figure 1B, second row, middle and merge). In contrast, myosin 2B 
was concentrated in puncta that paralleled but did not overlap with 
TOCA-1 (Figure 1B, bottom row, middle and merge). These results 
show that TOCA-1 and ZO-1 colocalize and are positioned closer to 
the membrane than the majority of the actin and myo2B.

TOCA-1 is targeted to the tight junction by an alternatively 
spliced PDZ-binding motif at its C-terminus
All reported TOCA-1 sequences included F-BAR, HR1, and SH3 do-
mains (Figure 2A, top), but reported isoforms include several splice 
variants. Published studies of TOCA-1 used the canonical sequence 
(Uniprot isoform 1, Q5T0N5-1; Figure 2A, middle) and the shorter 
published cDNA for TOCA-1 (Ho et al., 2004; isoform 3, Q5T0N5-3). 
We noted that two other TOCA-1 isoforms were predicted in data-
bases (Uniprot isoforms 4, Q5T0N5-4, and 5, Q5T0N5-5) and ended 
in a C-terminal splice with an amino acid sequence matching the 
consensus for a canonical type I PDZ-binding motif, S/T-X-I/V 
(Figure 2A, bottom; Songyang et al., 1997). This type of PDZ-bind-
ing motif is characteristic of the tails of claudins known to interact 
with the first of the three PDZ domains of ZO-1, -2, and -3. Quantita-
tive real-time PCR (qRT-PCR) amplification of cDNA made from 
MDCK cells, Caco-2 cells, primary human dermal fibroblasts, and 
the fibroblastic cell line HEK 293 cells demonstrated the presence of 
both isoforms in all cell lines. However, relative to ZO-1 expression 
levels, the transcript for the isoform(s) containing the putative PDZ-
binding motif, TOCA-1(+), was expressed at >20-fold higher levels 
than the transcript for isoform(s) lacking the PDZ-binding motif, 
TOCA-1(–), in MDCK cells and at fivefold higher levels in Caco-2 
cells. In contrast, expression of transcripts for both isoforms was 
much lower and that of both isoforms nearly equal in the fibroblastic 
cell lines. These results suggest that expression of TOCA-1(+) may 
be a special feature of epithelial cells.

ZO-1 is required for the localization of TOCA-1 at cell contacts, 
since in Caco-2 cells depleted of ZO-1 using small interfering RNAs 
(siRNAs), there was a dramatic reduction in TOCA-1 at cell contacts 
(Figure 2C). As a control, TOCA-1 was colocalized with ZO-1 in cells 
transfected with a nontargeting siRNA (Figure 2C, top). Transfection 
with an siRNA targeting ZO-1 resulted in a mosaic of normal and 
ZO-1–depleted cells. In islands of cells in which ZO-1 expression 

was the F-BAR–domain protein transducer of cdc42-dependent ac-
tin activity (TOCA-1; also called formin-binding protein 1-like). 
TOCA-1 was originally discovered in an in vitro screen designed to 
identify components of a Cdc42-dependent actin polymerization 
pathway (Ho et al., 2004). In that study, Kirschner and colleagues 
found that TOCA-1 bound both the small GTP-binding protein 
Cdc42 and neural Wiskott–Aldrich syndrome protein (N-WASP; the 
ubiquitous form of WASP) and that it could activate the N-WASP/
WASP-interacting protein (WIP) complex, the form in which WASP is 
normally found in cells. Activation of N-WASP/WIP then promoted 
branched actin nucleation by activation of the Arp2/3 complex. A 
subsequent study (Takano et al., 2008) found that TOCA-1/WASP/
WIP could stimulate actin polymerization in the absence of Cdc42 
when the complex was activated by binding of the BAR domain to 
curved phosphatidylserine-containing membranes. These authors 
found that the positioning of N-WASP/WIP close to membranes was 
dependent on TOCA-1 and this positioning was required for actin 
nucleation at the membrane.

TOCA-1 is a member of a larger family of F-BAR proteins that 
share a membrane-binding N-terminal domain that organizes into 
curved dimers and higher-order multimers (Itoh et al., 2005; Henne 
et al., 2007; Shimada et al., 2007; Frost et al., 2008). Through coop-
erative assembly into curved structures, these proteins can sense 
and/or create membrane curvature. Like TOCA-1, several other 
F-BAR proteins bind N-WASP, and thus as a family they are well 
positioned to couple dynamic membrane events with cytoskeletal 
remodeling (Heath and Insall, 2008; Fricke et al., 2010). Some F-BAR 
domain–containing proteins have been implicated in endocytosis 
(Leibfried et al., 2008), particularly in Drosophila (Fricke et al., 2009) 
and Caenorhabditis elegans (Giuliani et al., 2009), but the impor-
tance of the mammalian TOCA-1 in this process is controversial 
(Tsujita et al., 2006; Bu et al., 2009). In contrast, there is clear evi-
dence that TOCA-1 can play a role in regulation of cell migration in 
epidermal and breast tumor cells (Hu et al., 2011; Chander et al., 
2013).

Although perijunctional actin is most conspicuous near E-
cadherin–based adherens junctions, it has long been recognized 
that actin is also associated with tight junctions. Freeze-etch and 
transmission electron microscopy first demonstrated an intimate 
relationship between actin filaments and tight junction membrane 
contacts more than 30 years ago (Hirokawa and Tilney, 1982; 
Hirokawa et al., 1983; Madara et al., 1987). Similarly, pharmacologic 
disruption of actin organization with cytochalasin D results in disor-
ganization of tight junction strands (Bentzel et al., 1980; Madara 
et al., 1986), which coincides with increased paracellular permeabil-
ity (Ma et al., 1995). It was demonstrated that the ZO proteins 
(homologues ZO-1, -2, and -3) and the tight junction protein 
cingulin bind directly to actin and that ZO proteins also bind many 
actin-regulatory proteins, including cingulin, protein 4.1, AF-6/
afadin, cortactin, α-actinin 4, and myosin 1C (Fanning et al., 1998; 
Cordenonsi et al., 1999; Mattagajasingh et al., 2000; Chen et al., 
2006; Ooshio et al., 2010; Goldblum et al., 2011; Kremerskothen 
et al., 2011). ZO-1 is also known to interact with regulators of myo-
sin II activity such as Shroom2 and MRCKβ (Etournay et al., 2007; 
Huo et al., 2011) and regulators of Rho GTPase signaling such as 
the Cdc42GEF Tuba and paracingulin (Otani et al., 2006; Pulimeno 
et al., 2011; reviewed by Rodgers and Fanning (2011)). However, 
despite this sizable inventory of interacting proteins, it is unclear 
how ZO-1 is involved in actin regulation at the tight junction. The 
goal of the present study was to determine whether the actin regu-
latory protein TOCA-1 might play a critical functional role in actin 
organization at the tight junction.
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was present (Figure 2C, top half of bottom images), TOCA-1 was 
junctional, whereas in areas where ZO-1 expression was depleted, 
there was little junctional TOCA-1 (Figure 2C, bottom half of bottom 
images). Similarly, staining for TOCA-1 at tight junctions was mark-
edly decreased in ZO-1/ZO2 double-knockdown cells (Supplemental 
Figure S1; Fanning et al., 2012).

To test whether the PDZ-binding motif was required to localize 
TOCA-1 to the tight junction, we expressed N-terminally green fluo-
rescent protein (GFP)–tagged constructs of TOCA-1 with (+) and 
without (–) the putative PDZ-binding motif transiently in MDCK cells. 
Fluorescently tagged TOCA-1(–) was diffusely localized (Figure 2D, 
top row), whereas some TOCA-1(+) specifically colocalized with 
ZO-1 at cell contacts (Figure 2D, bottom row). ZO-1 contains three 
PDZ domains in its N-terminal region; to determine whether these 
domains were responsible for the interaction with TOCA-1, we ex-
pressed GFP alone and GFP-tagged TOCA-1 with and without the 
PDZ-binding motif in HEK 293T cells and immobilized the expressed 
fusion proteins on GFP-Trap resin. The resin with bound protein was 
mixed with lysate from HEK cells expressing myc-tagged ZO-1 (the 
N-terminal 1–887 residues) and myc-tagged ZO-1 deletion mutants 
lacking the first, second, or third PDZ domains. Immunoblot analysis 
of bound ZO-1 proteins (Figure 2, E, quantified in F) demonstrated 
that the most robust interaction of TOCA-1(+) was with the full 
N-terminal half of ZO-1 and with a construct lacking the third PDZ 
domain. Deletion of PDZ1 resulted in almost complete loss of inter-
action between the two proteins, consistent with its behavior as a 
type I PDZ-binding interaction (Songyang et al., 1997). However, 
deletion of the second PDZ domain also decreased binding be-
tween TOCA-1(+) and ZO-1; this is similar to a recent report that the 
presence of ZO-1 PDZ2 is also required for its interaction with clau-
din- 2 (Rodgers et al., 2013). The contribution of PDZ2 could be due 
to a non–PDZ-dependent interaction with TOCA-1(+) or, based on 
similar results with claudin-2, may reflect a requirement for ZO di-
merization through PDZ2 (Rodgers et al., 2013) in modulating the 
efficiency of TOCA-1(+) binding to the first PDZ domain.

Clustered regularly interspaced short palindromic repeat/
Cas9 knockout of TOCA-1 does not alter levels or 
localization of tight or adherens junction proteins
To determine a possible functional role for TOCA-1 in tight junction 
assembly and physiology, we made clustered regularly interspaced 
short palindromic repeat (CRISPR)–mediated knockouts of TOCA-1 
in MDCK cells. Exon organization of the TOCA-1 gene made it im-
possible to target only the PDZ-binding motif area without affecting 
the SH3-binding domain, so we instead created global TOCA-1 
knockouts. Constructs were designed to target sequences in exon 3; 
after transfection, selection, and dilution cloning to single cells, we 
tested expanded clonal lines for expression of TOCA-1 by immuno-
blots. Genomic DNA in the region of the targeted sequences from 
several negative clones was amplified by PCR and sequenced. Com-
parison of knockout with wild-type DNA sequence (Figure 3A) 
showed a 5–base pair deletion in the knockout cells, resulting in a 
frameshift in amino acid sequence producing a stop codon at 
TOCA-1 amino acid residue 36. In control cells, as shown previously, 
TOCA-1 staining partially colocalized with ZO-1 staining (Figure 3, 
B, top, and higher-magnification image, C). In contrast, immunofluo-
rescence analysis of TOCA-1–knockout cells showed only back-
ground fluorescence in the knockout cells (Figure 3B, middle bot-
tom, compared with middle top); ZO-1 localization was unaffected. 
Colocalization of TOCA-1 with E-cadherin in control MDCK cells 
(Figure 3, D, top rows, and higher-magnification image, E)  revealed 

FIGURE 1: TOCA-1 partially colocalizes with ZO-1 at the tight 
junction. (A) Confocal immunofluorescence analysis reveals partial 
colocalization of ZO-1 (left) with TOCA-1 (middle) in the merged 
images (right) in MDCK II cells (top), Caco-2 cells (middle), and mouse 
kidney tubules (bottom). Bar, 20 μm. (B) Superresolution microscopy 
confirms that a component of immunoreactive TOCA-1 colocalizes 
with ZO-1. Full depth projection immunofluorescence localization of 
ZO-1 and TOCA-1 (top) in Caco-2 cells as detected using structured 
illumination microscopy confirmed their colocalization at tight 
junctions. Middle, actin and TOCA-1 immunofluorescence 
colocalization reveals that much junctional actin lies farther from the 
cell membrane relative to the TOCA-1 signal. Bottom, similarly, 
Myo2B immunofluorescence is evident on either side of the tight 
junction but does not colocalize with TOCA-1. Bar, 2 μm.
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FIGURE 2: A splice form of TOCA-1 terminates in a PDZ-binding motif, which interacts with the first PDZ domain of 
ZO-1 and targets it to tight junctions. (A) Top, diagram of conserved function domains in TOCA-1 including the F-bar 
domain, HR1 (Rho/Cdc42 binding) domain, and SH3 domain. Middle and bottom, two splice forms of human TOCA-1 
differ in their C-terminal sequences; one (present in isoforms 4 and 5) contains a putative PDZ-binding motif (in red). 
(B) qRT-PCR demonstrates that transcripts for the splice form containing the PDZ-binding motif was expressed at 
threefold to fivefold higher levels than that lacking the PDZ-binding motif in both epithelial cells lines, whereas 
expression of either TOCA-1 with or without the putative PDZ-binding motif was present at much lower levels in a 
primary fibroblast cell line or in the transformed fibroblastic HEK cells. (C) siRNA-mediated knockdown of ZO-1 in Caco-2 
cells demonstrates a requirement for ZO-1 in localization of TOCA-1 to tight junctions. In cells transfected with a 
nonspecific (NS) siRNA (top), ZO-1 and TOCA-1 localization is similar to control cells. In cells transfected with an siRNA 
targeting ZO-1 (bottom), patches of knockdown cells showed diminished ZO-1 staining and similarly decreased junctional 
TOCA-1 immunofluorescence. Bar, 15 μm. (D) Transient expression of fluorescently tagged (GFP) TOCA-1(–) in MDCK 
cells (top) failed to localize at cell contacts with ZO-1 and was distributed diffusely within cells. In contrast (bottom), 
transient expression of GFP TOCA-1(+) in MDCK cells colocalized with ZO-1 at tight junctions. Bar, 10 μm. (E) In vitro 
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levels nor their distribution. Similarly, levels (Supplemental Figure S2) 
and distribution (Supplemental Figure S2) of several adherens 
junction proteins were unchanged in the TOCA-knockout cells 
compared with control cells. In addition, freeze-fracture electron mi-
croscopy of control and knockout cells (Figure 4) showed no obvious 
differences in pattern or number of tight junction fibrils. In summary, 

only weak colocalization, with the abundant E-cadherin staining 
along the lateral cell membrane. TOCA-1 knockout had no apparent 
effect on E-cadherin distribution (Figure 3D, bottom row).

Immunoblot (Figure 3F) and immunofluorescence (Figure 3G) 
analysis of other tight junction proteins, including ZO-1, occludin, 
and claudin-2, showed that TOCA-1 knockout affected neither their 

binding assays demonstrate that TOCA-1(+) primarily interacts with the first PDZ domain of ZO-1. Lysates from HEK cells 
expressing GFP, GFP TOCA-1(–), and GFP TOCA-1(+) were bound to GFP-Trap resin and washed, and resin was then 
mixed with lysate from HEK cells expressing the Myc-tagged N-terminal half of ZO-1 and the same construct lacking the 
first (ΔPDZ1), second (ΔPDZ2), or third (ΔPDZ3) PDZ-binding motif. Beads were washed and bound protein eluted with 
SDS–PAGE sample buffer. Top, samples immunoblotted for the Myc tag; bottom, immunoblotted with anti-GFP 
antibody; left, lysates; right, bound proteins. (F) Quantification of the amount of ZO-1 pulled down in two similar 
experiments as in D reveals PDZ-binding motif–dependent interaction of myc-tagged ZO-1 to GFP TOCA-1(+) and 
that PDZ1 is required for TOCA-1(+) binding.

FIGURE 3: CRISPR-mediated knockout of TOCA-1 does not alter levels or localization of tight or adherens junction 
proteins. (A) Sequencing of PCR products amplified from genomic MDCK cell DNA in a region around the site of the 
putative CRISPR-mediated showed knockout cells had a 5–base pair deletion upstream of the PAM site (red GG) relative 
to wild-type DNA, resulting in a frameshift in the coding sequence and a premature stop codon at amino acid 36. 
(B) Comparison of expression by immunofluorescence analysis demonstrates that ZO-1 signal is identical in control 
and knockout cells (left and right). Junctional TOCA-1 staining is evident only in control cells, although the polyclonal 
TOCA-1 antibody generates some background signal in knockout cells (middle). (C) Enlargement of control ZO-1 and 
TOCA-1 staining reveals strong junctional colocalization (yellow signal). (D) E-cadherin (Ecad) localization is similar in 
control (top) and knockout cell lines (bottom). (E) In contrast to clear colocalization of TOCA-1 with ZO-1, enlargement 
of merge image between E-cadherin and TOCA-1 reveals that most E-cadherin is distributed along the lateral 
membrane, with little of the yellow signal suggestive of colocalization that is evident in C. Immunoblot (F) and 
immunofluorescence (G) analyses used to compare expression and localization of TOCA-1 and tight junction proteins 
in control and TOCA-1–knockout cell lines. Cldn2, claudin-2; Ocln, occludin. Bar, 15 μm.
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Expression of neither GFP-labeled rescue construct altered TER 
compared with control or knockout values, but expression of GFP 
TOCA-1(+) but not GFP TOCA-1(–) reversed the increase in flux 
seen in the knockout cells compared with controls. Localization of 
GFP-constructs in stably expressing cell lines (Figure 5C) confirmed 
the tight junction association of GFP TOCA-1(+) (Figure 5C, bottom 
row) but not GFP TOCA-1(–) (Figure 5C, third row). Together these 
data suggest although the absence of TOCA-1 does not affect the 
instantaneous barrier properties, tight junction-associated TOCA-
1(+) is a functional component involved in maintenance of the lon-
ger–time frame dynamics of the paracellular “leak pathway” 
(Anderson and Van Itallie, 2009; Shen et al., 2011).

Tight junction integrity is dependent on the presence of extracel-
lular calcium; incubation of cells in low calcium (<50 μM) results in 
junction disassembly (Gonzalez-Mariscal et al., 1985). After over-
night culture in low-calcium media, both control MDCK and TOCA- 
1–knockout cells display equivalent loss of tight junction contacts, 
as detected by complete loss of TER (Figure 6A, time 0). Return of 
calcium resulted in recovery of TER in both control and knockout cell 
lines, but recovery was significantly delayed by ∼1–2 h in knockout 
cells relative to controls (Figure 6A). This delay in tight junction as-
sembly is paralleled by a delay in the recovery of continuous ZO-1 
immunofluorescence along cell contacts (Figure 6B). At time 0, both 
control (Figure 6B, top) and TOCA-1–knockout cells (Figure 6B, bot-
tom) have only small remnants of linear ZO-1 staining. By 1 h of 
calcium return, there is considerable linear ZO-1 staining in MDCK 
controls but not in TOCA-1–knockout cells. At 2 h of calcium return, 
TOCA-1–knockout cells begin to form linear ZO-1 contacts, but 
these are shorter and less continuous than in control cells. However, 
by 4 h after calcium return, both control and TOCA-1–knockout cells 
have normal-appearing ZO-1 staining. These findings are quantified 
by measurement of length of junctions as determined by ZO-1 stain-
ing in images of control and knockdown cells (Figure 6C). These 
data also show a 1- to 2-h delay in the recovery of tight junction 
staining.

TOCA-1–knockout cells show diminished long-term tight 
junction membrane dynamics compared with MDCK 
control cells
Because TOCA-1 had been implicated in endocytosis (Bu et al., 
2010) and tight junction protein endocytosis can regulate paracel-
lular flux (Marchiando et al., 2010), we used fluorescence recovery 
after photobleaching (FRAP) analysis to determine whether there 
were alterations in the short-term dynamics of ZO-1 or occludin that 
might be indicative of changes in the kinetics of tight junction endo-
cytic recycling. MDCK control cells and TOCA-1–knockout cells 
were transiently transfected with GFP-ZO-1 or GFP-Ocln, and FRAP 
behavior was monitored in the midpoint of bicellular contacts. There 
was no difference in the mobile fraction or recovery kinetics of either 
protein between control and knockout cells (Supplemental Figure 
S3), suggesting that protein dynamics in the seconds range is not 
controlled by TOCA-1 to a measurable degree.

Although there are published data suggesting a role for TOCA-1 
in endocytosis (Bu et al., 2009), there is much stronger evidence that 
this protein plays a role in other aspects of plasma membrane dy-
namics, such as neurite elongation and filopodia formation 
(Kakimoto et al., 2006; Bu et al., 2009; Chander et al., 2014). Given 
that epithelial cells in a monolayer shuffle and slide with respect to 
each other (Timpe et al., 1978), we tested the possibility that 
TOCA-1 might play a role in tight junction membrane contact dy-
namics associated with normal cell movement. To do this, we trans-
fected GFP ZO-1 into control and TOCA-1–knockout cells, imaged 

we conclude that TOCA-1 is not required for the stable structure of 
junction strands, and the localization of tight and adherens junction 
proteins and its recruitment to the junction require a PDZ-
dependent interaction with ZO-1. We next investigated a possible 
functional or dynamic role for TOCA-1 in maintaining the barrier.

Knockout of TOCA-1 results in increased paracellular 
permeability and delayed barrier recovery after calcium 
removal and replacement
Transepithelial electric resistance (TER), which measures the instan-
taneous electrical resistance of the paracellular barrier, was not 
different between MDCK controls and TOCA-1–knockout cells 
(Figure 5B, top graph). In contrast, paracellular flux as measured 
over 2 h with 3-kDa fluorescent dextran was consistently increased 
by greater than fivefold (Figure 5B) in knockdown cells over control 
cells. The findings of normal TER but increased flux are similar to 
those seen with ZO-1/ZO-2 double-knockdown cells (Fanning et al., 
2012) and have been interpreted to result from disruption of cou-
pling with perijunctional actin and myosin. To test whether the in-
creased flux in the knockdown cells was a function of the specific 
absence of the TOCA-1(+) isoform, we made stable cell lines in the 
TOCA-1–knockout background expressing either GFP TOCA-1(–) or 
GFP TOCA-1(+). Immunoblot analysis of MDCK control, knockout, 
and rescue cell lines probed with anti-TOCA-1 antibody (Figure 5A) 
demonstrated the completeness of knockout and the expression of 
the GFP-labeled rescue transgenes.

FIGURE 4: Freeze-fracture analysis of tight junctions from control and 
knockout MDCK cells does not reveal obvious differences in tight 
junction strand number or morphology. MDCK cells (top) and 
TOCA-1–knockout cells (bottom) were cultured on glass coverslips for 
7 d, fixed with glutaraldehyde, and prepared for freeze fracture by a 
conventional protocol. Electron microscopic freeze-fracture analysis 
revealed similar-appearing tight junction strands.
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(Figure 7B). The whole cell plasma membrane movement over the 
12-h period was tracked using a membrane contact tracking 
program (QuimP11b; Tyson et al., 2014); although this method did 
reveal differences between control and knockout cells, it underrep-
resented the degree of tight junction membrane movement in the 
control cells because in many cases the membrane inflections were 
too small to be detected by the resolution of the membrane seg-
mentation program. Nevertheless, representative membrane tracks 
from control cells (Figure 7C, left) and TOCA-1–knockout cells 
(Figure 7C, right) clearly show that knockout cells have smoother 
membrane tracks than control cells. The changes in membrane con-
tact dynamics were most obvious at the level of the tight junction, 
using GFP ZO-1 as a marker. Similar movies made with control and 

the cells over 12 h, and viewed displacements of ZO-1 using full-
depth confocal projections. The GFP ZO-1 signal in MDCK control 
cells (Supplemental Video1.mov) was consistently more spatially 
dynamic than in the TOCA-1–knockout cells (Supplemental Video2.
mov). The most striking difference was the behavior of the microm-
eter-level movements—infoldings and outpouchings—of the cell–
cell contacts as marked by GFP ZO-1. These were extremely active 
in control cells (Figure 7A, left). In contrast, the tight junction mem-
brane in the knockout cells tended not only to be straighter (Supple-
mental Figure S4), but also showed very few of these small mem-
brane wrinkles over this same time frame (Figure 7A, right). 
Time-lapse images of representative membrane regions show the 
dynamics of the inflections in the control but not the knockout cells 

FIGURE 5: TOCA-1 knockout results in increased dextran flux that is rescued by expression of TOCA-1(+) but not 
TOCA-1(–) isoform. (A) Immunoblot of MDCK cells expressing endogenous TOCA-1 (left lane), knockout cells (middle 
lane), and knockout cell lines stabling expressing GFP TOCA-1(–) and GFP TOCA-1(+) (right lanes) probed with an 
anti-TOCA-1 antibody (top) or an anti–γ-tubulin antibody (bottom) shows slightly (∼50%) higher levels of exogenous 
TOCA-1 expression. (B) TER of all cell lines was approximately equivalent (top; control, 91 ± 3; TOCA-1 knockout, 81 ± 5; 
GFP TOCA-1(–), 85 ± 5; GFP TOCA-1(+), 96 ± 7). Paracellular flux of 3-kDa fluorescent dextran (bottom) was fivefold 
higher in TOCA-1–knockout cells than with MDCK control cells. GFP TOCA-1(–) expression did not alter flux from that 
in knockout cells, whereas expression of GFP TOCA-1(+) returned dextran flux levels to values not significantly different 
from those in control cells (**p < 0.001, *p < 0.01 compared with control cells). (C) Immunofluorescence analysis of 
knockout MDCK cell lines showing diffuse localization of GFP TOCA-1(–) compared with junctional colocalization of GFP 
TOCA-1(+) with ZO-1. Bar, 10 μm.
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verified at the beginning of the 12-h imaging period (Figure 7D); 
mRed TOCA-1(–) did not colocalize with ZO-1 (Figure 7D, top row), 
but, as expected, a fraction of both the mApple TOCA-1(+) 
(Figure 7D, middle row) and mApple TOCA-1(+)W518K (Figure 7D, 
bottom row) did colocalize with GFP ZO-1. Because the GFP signal 
was far more stable than that of any of the red fluorescent proteins 
tested, it alone was imaged over 12 h. Movies and membrane con-
tact tracking, as described, for a representative cell expressing both 
GFP ZO-1 and mRed TOCA-1(–) demonstrated that it did not ap-
pear different from knockout cells without TOCA-1 (Supplemental 
Video 3.mov and Figure 7D, top). In contrast, expression of mApple 
TOCA-1(+) restored the dynamic tight junction phenotype seen in 
control MDCK cells (Supplemental Video 4.mov and Figure 7D, 
middle). In contrast, the behavior of GFP ZO-1 in cells expressing 

knockout cells transfected with mEmerald E-cadherin did not show 
clear differences in membrane contact dynamics at the adherens 
junction or lateral membranes (control, Supplemental Video S1.
mov, and TOCA-1 knockout, Supplemental Video S2.mov). These 
results suggest that TOCA-1 influences dynamics specifically at the 
tight junction seal.

To verify that changes in membrane contact dynamics were as-
sociated with the loss of TOCA-1(+) isoform, we cotransfected 
TOCA-1–knockout cells with GFP ZO-1 and either mRed TOCA-1(–) 
or mApple TOCA-1(+). We also expressed mApple TOCA-1(+) with 
a mutation in the SH3-binding domain known to inhibit binding to 
N-WASP (W518K) to test the idea that TOCA-1 might affect contact 
movement through N-WASP–dependent actin dynamics. The coex-
pression of both GFP and mRed or mApple in individual cells was 

FIGURE 6: Knockout of TOCA-1 delays tight junction reassembly after calcium switch. (A) Confluent monolayers of 
filter-grown MDCK control and TOCA-1 knockout were incubated in low-calcium medium overnight (16 h) to disrupt 
junctions. TER was measured at the indicated periods after calcium readdition; whereas both control and knockout cells 
recovered barrier function, recovery was relatively delayed in knockout cells. (B) Immunofluorescence analysis of ZO-1 
localization in control and knockout cells at selected times after calcium return demonstrates that linear ZO-1 staining is 
slower to recover in knockout cells than in control cells, although staining in both is relatively normal by 4 h. Bar, 50 μm. 
(C) The kinetics of recovery was confirmed by comparing the junction length as measured by ZO-1 staining using 
ImageJ; values were significantly different at both 2 and 1 h after calcium return (*p < 0.0.1). Representative of three 
separate experiments. Baseline TER was 128 ± 5 in control cells and 116 ± 7 in knockout cells.
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mApple TOCA-1(+)W518K was not differ-
ent from that of the knockout cells alone 
(Supplemental Video 5.mov and Figure 7D, 
bottom), suggesting that the dynamics re-
quires a functional SH3 domain.

TOCA-1(+) recruits N-WASP and 
WIPF2 to tight junctions
A critical mediator in the ability of TOCA-1 
to influence actin polymerization is known 
to be through its interaction with N-WASP 
(Ho et al., 2004). Immunoblot analysis 
(Figure 8A) of control MDCK cells and 
TOCA-1–knockout cells revealed no differ-
ences in the global levels of N-WASP, the 
N-WASP–binding protein WIPF2, or the 
WASP family member WAVE2. In spite of 
employing a variety of different methods, 
we found it difficult to image endogenous 
N-WASP at MDCK cell junctions, but ex-
pression of GFP TOCA-1(+) in knockout 
cells resulted in the easily detectable recruit-
ment of N-WASP (Figure 8B, top row) and 
WIPF2 (Figure 8B, third row) to colocalize 
with ZO-1 at cell contacts. In contrast, GFP 
TOCA-1(+)W518K failed to recruit either N-
WASP or WIPF2 (Figure 8B, second and 
fourth rows, respectively). The distribution 
of WAVE2, which was more easily detected 
than endogenous N-WASP or WIPF2, ap-
peared to be concentrated slightly basal to 
ZO-1, and its distribution was not altered by 
expression of GFP TOCA-1(+) (Figure 8B, 
bottom row). We were unable to detect sig-
nificant junction localization of the Arp2/3 
complex member Arp3 or Cdc42 in control 
or knockout cells.

Knockout of TOCA-1 results in 
the accumulation of actin at the 
adherens junction
WASP family members are involved in the 
regulation of Arp2/3-dependent branched 
actin nucleation (Rohatgi et al., 1999). We 
therefore examined the distribution of F-ac-
tin as reported by rhodamine–phalloidin 
staining in MDCK control and knockdown 
cells. En face confocal imaging of filter-
grown control (Figure 9A, top) and knock-
out cells (Figure 9A, bottom) suggested that 
F-actin was relatively more concentrated at 
the apical junctional complex in knockdown 
cells and had a slightly different distribution 
than in control cells; it was spread in a wider 
ring along the plasma membranes. In Z-sec-
tion images of control cells (Figure 9B, top), 
F-actin was distributed fairly evenly along 
the lateral cell membrane from the base of 
cells to the apical domain, with a slight con-
centration at the apical end of the lateral 

FIGURE 7: TOCA-1–knockout cells showed decreased tight junction membrane contact 
dynamics compared with MDCK controls. (A) MDCK control (left) and TOCA-1–knockout (right) 
cells transiently expressing GFP ZO-1 were imaged overnight. (B) Time-lapse images from 
representative regions are shown at 4-min intervals during a 2-h window within the 12-h imaging 
period. (C) GFP ZO-1 membrane traces of two representative controls (left) and TOCA-1–
knockout cells (right); images were taken every 4 min for 12 h; image color grades from blue to 
yellow with time. Bar, 5 μm. (D) TOCA-1–knockout cells were transfected with GFP ZO-1 and 
mRed-TOCA-1(–) (top), mApple TOCA-1(+) (middle), or mApple TOCA-1(+) W518K (bottom). 
Images were taken at the start of 12-h imaging period as before to verify coexpression of 
fluorescently labeled ZO-1 and TOCA-1. (E) Representative GFP ZO-1 membrane tracks from 
TOCA-1–knockout cells expressing TOCA-1(–) (top), TOCA-1(+) (middle), and TOCA(+)W518K 
(bottom) as shown in left-hand images. Bar, 5 μm.
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ment for continuous branched actin nucleation in maintaining the 
paracellular barrier. Further, CK666 administration to TOCA-1–
knockout cells resulted in a synergistic increase in flux (Figure 9D). 
Arp2/3 activity is regulated by multiple pathways (Rotty et al., 2013), 
but the increased sensitivity of knockout cells to CK666 suggests 
that endogenous Arp2/3 activity may be decreased in these cells 
such that further inhibition of this actin nucleation pathway has 
much more dramatic effects than is seen in control cells after treat-
ment with the inhibitor. Live-cell imaging of MDCK control cells 
transfected with GFP ZO-1 with and without treatment with CK666 
results in a similar decrease in tight junction membrane dynamics 
seen in the TOCA-1–knockout cells (vehicle-treated cells, Supple-
mental Video 6.mov, and CK666-treated cells, Supplemental Video 
7.mov); this was also seen in the membrane tracks on comparing 
vehicle-treated (Figure 9E, top) to CK666-treated (Figure 9E, 
bottom) MDCK cells.

To test whether the decreased membrane dynamics seen in the 
TOCA-1–knockout cells was due to altered junctional tension, we 
cut cell junctions in GFP ZO-1–expressing control and knockout cells 

membrane. In contrast, lateral actin in TOCA-1–knockout cells ap-
peared like a lollipop, with very bright actin staining in the apicolat-
eral cell membrane relative to the rest of the lateral membrane.

This difference in actin distribution was confirmed in TEM images 
of control and knockout cells. In MDCK control cells, there is normally 
little actin condensation evident at the tight or adherens junctions 
(Figure 9C, left; Fanning et al., 2012). In contrast, there is obvious 
actin accumulation at the adherens junction in TOCA-1–knockout 
cells (Figure 9C, middle two images), and this is recapitulated in con-
trol cells treated with the Arp2/3 inhibitor CK666 (Figure 9C, right).

We were unable to reliably detect differences between control 
and knockout cells in actin polymerization rates at the cell contacts 
using fluorescent G-actin accumulation assays. This may be due to 
our inability to discriminate at the light microscopic level between 
tight and large adherens junction actin pools and the multiplicity of 
reported pathways for actin polymerization at the adherens junction. 
However, treatment of control MDCK cells with the Arp2/3 inhibitor 
CK666 (Hetrick et al., 2013) resulted in a similar increase in flux seen 
in the TOCA-1–knockout cells (Figure 9D), consistent with a require-

FIGURE 8: GFP TOCA-1 recruits nWASP and WIPF2 but not WAVE to tight junctions in TOCA-1–knockout cells. 
(A) Immunoblot analysis of WASP family members in control and TOCA-1–knockout cells reveals no differences in the 
expression levels of N-WASP, WIPF2, and WAVE2. (B) Immunofluorescence analysis of transient expression of GFP 
TOCA-1(+) in TOCA-1–knockout cells results in recruitment of N-WASP (top row) and WIPF2 (third row) but not WAVE2 
(bottom row). In contrast, expression of GFP TOCA-1(+) with a mutation in the SH3-binding domain (W518K) no longer 
recruits N-WASP (second row) or WIPF2 (fourth row). Bar, 10 μm.
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resulted in a large and rapid separation of the adjacent cell vertices. 
In contrast to Caco-2 cells, the separation was detectable but less in 
MDCK control cells cut with laser nanoscissors as detected with GFP 
ZO-1 (Figure 10, A, top, and B, open circles). This could be due to 

with laser nanoscissors and monitored the degree of separation of 
the adjacent cell vertices (Figure 10). Yap and coworkers (Verma 
et al., 2012) previously demonstrated that cutting the adherens 
junction membrane in Caco-2 cells, as detected with GFP–E-cadherin, 

FIGURE 9: TOCA-1 knockout results in actin accumulation at the adherens junction. (A) En face confocal 
immunofluorescence analysis of F-actin apical junctional actin localization in MDCK control (top) and TOCA-1–knockout 
cells. Bar, 10 μm. (B) Z-stack images of MDCK control (top panels) and TOCA-1 knockout cells (bottom) stained with 
ZO-1 and rhodamine–phalloidin for F-actin localization shows actin accumulation at the apical junction in TOCA-1– 
knockout cells. Lateral actin levels appear approximately equivalent in the two cell lines. (C) TEM images from the apical 
junctional region of MDCK control cells (left) and TOCA-1 knockout cells (middle two ) reveals relative accumulation of 
actin at the adherens junction in the knockout cell lines (arrows). Accumulation of apical junctional actin is also evident 
in MDCK control cells treated for 2 h with 100 μM of the Arp2/3 inhibitor CK666 (right). Bar, 100 nm. (D) Flux of 
fluorescent 3-kDa dextran is increased in MDCK controls treated with the Arp2/3 inhibitor CK666 (100 μM); this increase 
is markedly greater in CK666-treated TOCA-1– knockout cells (*p < 0.01, **p < 0.001). (E) Representative membrane 
tracks from live-cell imaging of GFP ZO-1–transfected MDCK control and Arp2/3-treated cells. Bar, 5 μm.
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that FBP17 contained a similar splice form with a carboxyl-terminal 
putative PDZ- binding motif as is found in TOCA-1 (Figure 11A). In 
contrast, the third member of the TOCA family, CIP4, lacks a putative 
PDZ-binding motif. Immunofluorescence localization of endoge-
nous FBP17 in MDCK cells showed that this protein weakly 
colocalized with ZO-1 in MDCK cells, although much of the FBP17 
was distributed throughout the cytoplasm (Figure 11B, top row); 
transiently transfected GFP FBP17(+) but not GFP FBP17(-) partially 
colocalized with ZO-1 (Supplemental Figure S5). In contrast, CIP4 
did not concentrate with ZO-1 at tight junctions but was instead 
distributed throughout the cells (Figure 11B, bottom row). CIP4 has 
been implicated in controlling cadherin endocytosis (Leibfried et al., 
2008; Rolland et al., 2014; Zobel et al., 2015). Together these results 
lead to speculation that FBP17, but not CIP4, might serve a function 
similar to TOCA-1 at the tight junction.

qRT-PCR showed that transcripts for FBP17 isoforms containing 
(FBP17(+)) and lacking (FBP17(–)) the putative PDZ-binding motif 
sequences were expressed in MDCK cells (Figure 11C, top graph), 
with slightly more of the FBP17(+) than FBP17(–) isoform expressed; 
FBP17(+) transcript was expressed at ∼60% of the level of TOCA-
1(+) relative to ZO-1 transcript expression in MDCK cells. In contrast, 
in human primary dermal fibroblasts and HEK 293 cells, more 
FBP17(–) transcript was expressed relative to FBP17(+) (Figure 11C, 
bottom two graphs). In these two cell lines, the predominant 
TOCA-1/FBP17 transcript form was FBP17(–). To determine whether 
FBP17 knockout in MDCK cells would potentiate the effects seen 
with TOCA-1 knockout, we made CRISPR-mediated double-knock-
out cell lines. After selection, dilution cloning, and screening by im-
munoblotting, we used PCR to amplify genomic DNA around the 
putative mutation site. Sequencing of the PCR product revealed a 
2–base pair deletion that resulted in a frameshift and stop codon 
after amino acid residue 75 (Figure 11D). Analysis of double-
knockout clones by immunoblot confirmed the loss of TOCA-1 and 
FBP17, with no effect on the levels of the third TOCA family mem-
ber, CIP4 (Figure 11E).

Paracellular flux in control, TOCA-1–knockout, and TOCA-1/
FBP17 double-knockout cells showed no significant difference 
between the single- and double-knockout cells (Figure 11F). In 
addition, live-cell imaging of GFP ZO-1–transfected double-knock-
out cells revealed a decrease in tight junction membrane dynamics 
that was indistinguishable from the single–TOCA-1–knockout cells 
(control cells, Supplemental Video S3.mov, and TOCA-1/FBP17 
double-knockout cells, Supplemental Video S4.mov and Figure 11G). 
Finally, TEM analysis of TOCA-1/FBP17 double-knockout cells 
showed increased adherens junction actin accumulation (Figure 11H, 
right, arrow) similar to that seen in the single–TOCA-1–knockout 
cells. Together these results do not support an additive or synergis-
tic role for FBP17 in tight junction barrier dynamics.

DISCUSSION
Much evidence exists for the importance of actin and actin-regulat-
ing proteins in controlling the tight junction barrier (Rodgers and 
Fanning, 2011; Zhou et al., 2013), but there is less understanding of 
how tight junction proteins are functionally and dynamically coupled 
to actin organization. In the present study we provide the unex-
pected observation, based initially on BioID proteomics, that an 
alternatively sliced PDZ-binding motif on TOCA-1 binds it to ZO-1, 
bringing N-WASP and its actin-regulatory activity directly to the 
tight junction. Knockout of TOCA-1 results in increased paracellular 
flux and suppression of junction membrane contact dynamics, which 
we speculate is required to maintain the cell-to-cell seal. There is 
ample evidence that endocytosis (Marchiando et al., 2010) and 

cell-type differences or reflect a difference in tension at the adher-
ens and tight junctions as detected by behavior of the different lo-
calizations of the GFP-tagged protein markers. The latter would be 
consistent with the idea that adherens and not tight junctions are 
the major sites for apical contractility (Sawyer et al., 2010). In 
TOCA-1–knockout cells, there was even less robust separation than 
that seen in controls after membrane scission (Figure 10, A, bottom, 
and B, closed circles), suggesting that the straight membranes and 
lack of membrane dynamics seen in knockout cells are not due to 
increased junctional tension within the monolayer. The finding of 
decreased vertex separation seen in the knockout cells is instead 
consistent with decreased activity of Arp2/3, since Arp3 knockdown 
in Caco-2 cells also results in diminished membrane expansion 
(Verma et al., 2012).

TOCA family member formin-binding protein 1 but not 
Cdc42-interaction protein 4 has a similar isoform with a 
putative PDZ- binding motif
TOCA-1 is a member of a subfamily of closely related F-BAR 
domain–containing proteins (Ho et al., 2004) that includes formin-
binding protein 17 (FBP17; Kamioka et al., 2004) and Cdc42-
interacting protein 4 (CIP4; Aspenstrom, 1997). FBP17 but not CIP4 
was identified as proximal to ZO-1 in our original BioID screen 
(Van Itallie et al., 2013). Inspection of sequence databases revealed 

FIGURE 10: TOCA-1 knockout results in decreased tension along the 
tight junction. (A) Image sequence of tight junctions labeled by GFP 
ZO1 after laser scission reveals that the tight junction in control cells 
(top) is under a small degree of tension, as indicated by separation of 
the adjacent cell vertices; the red lines indicate the starting positions 
of the vertices, and vertex separation is evident at 60 s (top, yellow 
arrows); quantified in B (open circles, n = 34). In contrast, laser scission 
of junctions in TOCA-1– knockout cells shows little separation of cell 
vertices: image sequence in A, bottom; quantified in B (closed circles, 
n = 24; *p < 0.05).
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FIGURE 11: Double knockout of TOCA-1 and the TOCA-1 relative FBP17 does not further impair barrier function or 
adherens junction actin accumulation. (A) Comparison of isoform sequences of members of the TOCA-1 subfamily of 
F-bar proteins shows that FBP17 but not CIP4 has splice forms that contain putative PDZ-binding motifs (in red). 
(B) Immunofluorescence analysis of MDCK cells stained for ZO-1 (right) and FBP17 (top middle) reveals weak colocalization 
(merge, top right). In contrast, CIP4 (middle bottom ) fails to colocalize with ZO-1 (merge, bottom right ). Bar, 10 μm. 
(C) qRT-PCR shows greater expression of FBP(+) than FBP(–) isoforms (approximately twofold) in MDCK cells, whereas two 
nonepithelial cell lines (primary human dermal fibroblasts and HEK 293 cells) had fivefold higher expression of FBP(–) mRNA 
than FBP(+) mRNA. (D) Sequencing of PCR products amplified from genomic MDCK cell showed knockout cells had a 
2–base pair deletion upstream of the PAM site (red GG), resulting in a frameshift in the FBP17 coding sequence with a 
premature stop codon at amino acid 75. (E) Immunoblot analysis confirms the loss of TOCA-1 and FBP17 in double-knockout 
cells, with no change in CIP4 levels. Asterisk indicates nonspecific band. (F) Comparison of dextran flux in control, TOCA-1 
single-knockout cells, and TOCA-1/FBP17 reveals no significant different in flux between single- and double-knockout cell 
lines. (G) Membrane tracings from live-cell imaging from GFP ZO-1–transfected control and double-knockout cells reveals a 
similar decrease in tight junction membrane dynamics as seen in TOCA-1–knockout cells. Bar, 5 μm. (H) TEM reveals similar 
accumulation in adherens junction actin (arrow) in double-knockout cells as seen in TOCA-1–knockout cells. Bar, 100 nm.
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occludin or GFP ZO-1 in our TOCA-1 knockouts compared with 
MDCK control cells, suggesting that TOCA-1 does not regulate 
short-term dynamics of tight junction protein interactions but more 
likely works by controlling actin dynamics.

Unexpectedly, examination of tight junction dynamics over a 
much longer scale uncovered a dramatic difference between MDCK 
control cells and TOCA-1–knockout cells. Using GFP ZO-1 as a 
probe, we found that over 12 h, the tight junction membrane con-
tacts undergo continual small shape changes, forming constant 
small convex and concave inflections. The constant mobility of 
these small shape changes is lost in the TOCA-1–knockout cells; in 
these cells, the membrane at the level of the tight junction tends to 
maintain very smooth borders over the same time period. These 
constant tight junction membrane movements may depend on the 
ability of TOCA-1 to recruit and activate N-WASP and thus stimulate 
Arp2/3-dependent branched actin nucleation.

Although N-WASP has been reported to localize to tight junc-
tions (Ivanov et al., 2005), by immunofluorescence we see little en-
dogenous N-WASP at either tight or adherens junction in MDCK 
cells. However, both N-WASP and its binding protein WIPF2 were 
identified as ZO-1–proximal proteins in our earlier BioID screen (Van 
Itallie et al., 1995), and exogenous TOCA-1(+) expression is capable 
of recruiting them to tight junctions. We thus speculate that the 
TOCA-1(+)/N-WASP/WIPF2 complex is physiologically relevant at 
tight junctions but present at low levels; this is supported by the 
finding that decreased membrane dynamics in knockout cells can 
be rescued by expression of GFP TOCA-1(+) but not by a construct 
with a mutation in its SH3 domain that blocks binding to N-WASP. 
However, it is possible that tight junction–associated N-WASP may 
have other roles beyond induction of actin polymerization. A recent 
article by Yap and coworkers (Kovacs et al., 2011) found that 
N-WASP was important in actin stabilization rather than nucleation. 
Instead of or along with N-WASP, TOCA-1 could be interacting with 
another SH3-binding protein, for example, the N-WASP family 
member WAVE2 (Fricke et al., 2009; Giuliani et al., 2009). However, 
although WAVE2 is readily detectable in MDCK cells, unlike  
N-WASP and WIPF2, it was not recovered in the ZO-1 BioID assays 
(Van Itallie et al., 2013) nor did it accumulate with GFP TOCA-1(+) at 
apical cell contacts. Others have demonstrated a role for WAVE2 in 
actin organization at adherens junctions (Verma et al., 2012; Han 
et al., 2014), and we find that its distribution in MDCK cells would be 
more consistent with a role at adherens junction than at the tight 
junction. The contribution of WIPF2 to the observed tight junction 
membrane dynamics is unclear, but the related protein WIP has 
been reported to suppress N-WASP activity in the absence but not 
the presence of TOCA-1 (Martinez-Quiles et al., 2001; Ho et al., 
2004; Takano et al., 2008), and WIPF2 itself has been reported to 
mediate effects of N-WASP at the adherens junction (Kovacs et al., 
2011).

Although we were unable to show directly that knockout of 
TOCA-1 caused specific changes in tight junction actin incorpora-
tion rates, the use of the Arp2/3 inhibitor CK666 supported a role 
for this protein complex, since CK666 administration to MDCK con-
trol cells resulted in both increased flux and in decreased tight junc-
tion membrane dynamics similar to that seen in the TOCA-1–
knockout cells. Arp2/3-mediated membrane dynamics were 
previously implicated in VE-cadherin–based junctions of endothelial 
cells (Abu Taha et al., 2014). Activation of Arp2/3 would be expected 
to stimulate branched actin assembly (Rotty et al., 2013); this activ-
ity, when focused at the tight junction through TOCA-1(+)/N-WASP 
activation, could explain the observed local membrane deforma-
tions. Branched actin assembly is associated with the formation of 

myosin ATPase activity (Cunningham and Turner, 2012) are impor-
tant regulators of the barrier. Our results support a further require-
ment for branched actin growth under the junction facilitating 
dynamic cell-to-cell contact remodeling to maintain the paracellular 
barrier.

TOCA-1 interaction with ZO-1 was verified using both immuno-
localization of GFP TOCA-1(+) and biochemical assays. Recognition 
of this PDZ-targeting mechanism suggests a previously unappreci-
ated, spatially focused role for TOCA-1; most published results in 
mammalian systems have depended on exogenous expression of a 
TOCA-1 isoform lacking the PDZ-binding motif (Kakimoto et al., 
2006; Bu et al., 2009, 2010). Junction localization of TOCA-1 has 
been described in C. elegans, which has two isoforms, one of which 
is enriched at cell junctions (Giuliani et al., 2009) and required to 
organize junctional actin and the junction-associated protein AJM-
1. However, it lacks a PDZ-binding motif, and the mechanism of its 
localization to cell contacts is not clear. The expression of both (+) 
and (–) isoforms was confirmed by qRT-PCR, which also demon-
strated that in epithelial cells, the relative expression levels of the (+) 
isoform were higher than those of the (–) isoform. In contrast, tran-
script levels for both (+) and (–) isoforms were lower but equivalent 
in nonepithelial cells. These results are consistent with a specific 
 epithelial role for the TOCA-1(+) isoforms, presumably requiring its 
localization to tight junctions by binding ZO-1.

Of the three members of the TOCA family in mammals (Ho et al., 
2004; TOCA-1, FBP17, and CIP4), FBP17, like TOCA-1, has similar 
splice forms containing and lacking PDZ- binding motifs; it too was 
identified in the ZO-1 proteomics screen, although it was recovered 
at a considerably lower level (Van Itallie et al., 2013). Like TOCA-1, 
transcript levels for FBP17(+) are relatively enriched in MDCK cells, 
whereas in contrast, FBP17(–) transcripts predominate in the two 
nonepithelial cells tested. The colocalization of FBP17(+) with ZO-1 
is less robust than that of TOCA-1, and knockout of FBP17 on top of 
the TOCA-1 knockout did not further enhance the flux and move-
ment defects. Despite our inability to make an FBP17 single knock-
out, the evidence does not suggest that FBP17 is separately critical 
for the functions we characterized. The third mammalian TOCA 
 family member, CIP4, was not identified in any of the tight junction 
proteomic screens (Van Itallie et al., 2013; Fredriksson et al., 2015) 
and lacks a similar PDZ-binding motif–containing splice form; in 
contrast, it has well-characterized roles at the adherens junction 
 (Rolland et al., 2014; Zobel et al., 2015). Thus addition of the PDZ-
binding motif appears to be a mechanism for targeting two of these 
three highly homologous WASP-binding BAR-domain proteins 
specifically to the tight junction.

Comparison of TOCA-1–knockout cells with controls did not 
reveal any obvious differences in the static organization of tight 
junction proteins or their levels. In addition, TER between control 
and knockout cells was similar. However, finding that TOCA-1 
knockout resulted in the increased paracellular flux underscores 
much previous data (Balda et al., 1996; Shen et al., 2011) demon-
strating different mechanisms regulating instantaneous barrier func-
tion, as measured by TER, and those regulating longer-term barrier 
dynamics as measured by flux. TER is largely influenced by the clau-
din protein profile (Van Itallie and Anderson, 2006), whereas changes 
in actin organization and actomyosin contractility have been 
implicated in controlling paracellular flux (Zolotarevsky et al., 2002; 
Clayburgh et al., 2005). In addition, increased flux has in some cases 
shown to be dependent on occludin endocytosis (Marchiando et al., 
2010), and recent studies have linked this to alterations in occludin 
dynamics detectable by FRAP analysis (Buschmann et al., 2013). 
However, we saw no difference in the FRAP behavior of GFP 
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2007); we are thus interested in exploring whether TOCA-1 senses 
curvature produced by tension at barrier contacts and whether this 
activity is important in the promotion of actin assembly (Takano 
et al., 2008). Alternatively, TOCA-1(+) may influence membrane 
lipid composition; a recent study demonstrated that F-Bar domains 
can create distinct lipid microdomains in artificial membranes and 
cells (Zhao et al., 2013). This may contribute to formation of the 
distinct lipid microdomains known to exist at the tight junction 
(Nusrat et al., 2000). Finally, the identification of several other BAR 
domain–containing proteins as proximal to tight junctions, including 
BIN3 (Van Itallie et al., 2013), pacsin2, and IRSp53 (Fredriksson et al., 
2015), suggests that there may be common themes in barrier regu-
lation to be uncovered.

MATERIALS AND METHODS
Cell culture and transfections
MDCK II and Caco-2 cells were obtained from the American Type 
Culture Collection (ATCC, Manassas, VA) and maintained at 37°C, 
5% CO2. MDCK II cells were maintained in high-glucose DMEM 
(Mediatech, Manassas, VA; 4.5 g/l), supplemented with 10% fetal 
bovine serum (Atlanta Biological, Norcross, GA) and penicillin-strep-
tomycin (Mediatech); Caco-2 medium was further supplemented 
with nonessential amino acids (Mediatech) and 10 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Media-
tech), pH 7.4; cells were subcultured every 4–5 d. Human primary 
dermal fibroblast cells were purchased from ATCC and cultured ac-
cording their guidelines in fibroblast basal medium (PCS-201-030; 
ATCC) supplemented with fibroblast growth factor, l-glutamine, 
ascorbic acid, hydrocortisone, insulin (ATCC), and 2% fetal bovine 
serum (Sigma-Aldrich, St. Louis, MO). siRNA targeting Caco-2 ZO-1 
(Silencer select s14155; Life Technologies, Frederick, MD) or non-
specific siRNA (4390843) was transfected into subconfluent cells 
cultured on collagen-coated coverslips using RNAiMAX (Life Tech-
nologies) transfection reagent and processed for immunofluores-
cence analysis 72 h posttransfection. Transient transfection of MDCK 
cells with GFP-labeled constructs was performed in cells plated on 
glass coverslips or for live-cell imaging on double-chambered glass-
bottomed tissue culture wells (Lab-Tek II, Campbell, CA) using Lipo-
fectamine 2000 (Life Technologies) according to the manufacturer’s 
directions; cells were imaged or processed for immunofluorescence 
48–96 h posttransfection. Stable knockout cell lines were made by 
transfecting pSpCas9(BB)-2A-Puro (PX459) V2.0 (62988; Addgene, 
Cambridge, MA; Ran et al., 2013) using Lipofectamine 2000. Indi-
vidual clones were isolated after initial selection for 48 h in 2 μg/ml 
puromycin (Life Technologies), followed by dilution cloning to single 
cells into 96-well plates. Clonal lines were expanded and tested 
2–3 wk after transfection by immunoblot.

HEK293 cells (Tet-off advanced; Clontech, Mountain View, CA) 
were maintained in high-glucose DMEM supplemented with 10% 
Tet-qualified fetal  bovine serum (Atlanta Biologicals) and penicillin-
streptomycin.  FuGENE transfection reagent (Promega, Madison, 
WI) was used for transfection of GFP- and myc-tagged constructs 
according to the manufacturer’s instructions; cells were collected 48 
h after transfection and samples processed for immunoprecipitation 
experiments as described later.

MDCK II Tet-off cells knocked down for ZO-1 and ZO-2 expres-
sion have been previously described (Fanning et al., 2012).

DNA constructs
Sequences for all oligonucleotide primers used for cloning and PCR 
are shown in Supplemental Table S1. GFP-ZO-1 has been previously 
described (Fanning et al., 2012). A plasmid encoding myc-tagged 

lamellipodia (Chhabra and Higgs, 2007), and thus the increased 
membrane dynamics could be primarily due to Arp2/3 branched 
actin assembly pushing on the membrane, similar to lamellipodia 
formation, but constrained to the tight junction. Alternatively, 
branched actin assembly is also associated with endocytosis 
(Mooren et al., 2012), so although we see no obvious difference in 
ZO-1 endocytosis in control and knockout cells in our time-lapse 
studies or in the FRAP behavior, we cannot rule out a role for altered 
endocytosis contributing to the observed changes. This will be a 
focus for further studies.

The mechanism for increased flux could be directly or indirectly 
a function of the differing membrane dynamics. We hypothesize 
that these small membrane fluctuations could constantly and flexi-
bly adjust the tension on tight junction seals as the cells move 
against each other in a monolayer or in response to cell division or 
apoptosis. One possibility then is that the more static membranes of 
the TOCA-1–knockout cells may be less adaptable to changes in 
monolayer tension, resulting in temporary breaks in the tight 
junction barrier and increased paracellular flux. An alternative 
explanation is that these are two separable processes and that the 
flux increase is due to apical junctional actomyosin contraction, a 
mechanism that has been described previously (Cunningham and 
Turner, 2012; Fanning et al., 2012). This is also consistent with the 
accumulation of adherens junction actin we observe by electron 
microscopy. However, the decreased degree of vertex separation in 
the knockout cells relative to control cells after laser scission and the 
findings that both myosin 2B levels and localization and phospho-
myosin staining were similar in control and knockout cells (Supple-
mental Figure S6) are not consistent with increased tension on the 
junctions within the monolayer. It is possible that differing mem-
brane motility and increased adherens junction actin could both be 
responses to decreased Arp2/3-dependent actin nucleation at the 
tight junction. Several studies have suggested that TOCA family 
members can participate in reciprocal inhibition of branched and 
linear actin formation (Yan et al., 2013). Thus removal of tight junc-
tion TOCA-1 may disinhibit other local actin polymerization path-
ways, such as formin-dependent pathways, leading to increased 
linear actin at the adherens junction. However, this is highly specula-
tive, and it is clear that there are multiple pathways of actin assembly 
at the adherens junctions such that it is difficult to implicate a single 
one in the increased actin seen in the TOCA-1 knockouts.

Many of the results observed in the TOCA-1–knockout cells re-
capitulate findings in the ZO-1/ZO-2 double-knockdown cells 
 (Fanning et al., 2012), which also lack TOCA-1(+) at cell contacts; 
this includes normal TER and increased flux. Strikingly, ultrastruc-
tural analysis demonstrates that the TOCA-1 knockout, like the 
ZO1/2 double knockdown, also results in actin accumulation at 
the adherens junction (Fanning et al., 2012). Together these results 
suggest the possibility that TOCA-1 may be downstream of ZO-1 in 
this aspect of tight junction regulation. However, the ZO-1/2 double 
knockdown shows increased apical constriction and more obvious 
Myo2B and phosopho-myosin staining than is seen in the TOCA-1–
knockout cells, suggesting that ZO proteins play roles in additional 
pathways.

In this study, we demonstrate that TOCA-1(+) is recruited to tight 
junctions and can influence actin organization, likely through recruit-
ment of N-WASP. However, TOCA-1 is a multidomain protein, and 
other domains, specifically the F-BAR domain, may also act to regu-
late the tight junction. Although TOCA-1(+) is recruited to tight 
junctions by its interaction with ZO-1, it presumably can bind mem-
branes and may influence membrane shape. In addition to bending 
membranes, BAR domains can sense curvature (Shimada et al., 
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crose, 2 mM MgCl2, and 2 mM ethylene glycol tetraacetic acid) at 
room temperature for 20 min, permeabilized with 1% Triton X-100 
for 10 min, quenched with 50 mM NH4Cl, and incubated in 2% nor-
mal goat serum in phosphate-buffered saline (PBS) for 60 min and in 
primary antibodies for 60 min. After washing, samples were incu-
bated with fluorescence-labeled secondary antibodies; in some 
cases rhodamine or Alexa Fluor 647–phalloidin was added with the 
secondary antibodies. In some cases, cells were fixed with 100% 
cold ethanol, washed twice with Dulbecco’s PBS, and blocked and 
incubated in primary and secondary antibodies as described. After 
washing, samples were mounted with Mowiol (EMD, Billerica, MA) 
containing 1% n-propyl gallate (Sigma-Aldrich). Frozen tissue sec-
tions from mouse kidney were obtained from the National Heart, 
Lung, and Blood Institute Pathology Core; animal procedures were 
carried out in accordance with the guidelines of the National Heart, 
Lung, and Blood Institute Animal Care and Use Committee. Tissue 
sections were fixed in 1% paraformaldehyde and immunofluores-
cence procedures carried out as described. Fixed samples were 
 imaged on a Zeiss (Thornwood, NY) 710 confocal microscope, using 
either 20×/numerical aperture (NA) 0.8 air or 63×/NA 1.4 oil objec-
tives, with 488-, 561-, and 633-nm laser lines.

Live samples were imaged using a Zeiss 780 confocal micro-
scope using a 63×/1.4 NA lens and heated stage in 5% CO2; for 
live-cell imaging, normal medium was supplemented with 20 mM 
HEPES, pH 7.4. Imaging in dual chambers was of MDCK controls 
matched with knockout cell lines, each transfected with the same 
GFP construct; in most cases, GFP–ZO-1 was used. Transfected cells 
that were in the middle of medium- or large-sized islands were cho-
sen for imaging. Full-section z-stacks were imaged at 12 positions 
(six control, six knockout) every 4 min for 12 h; images were acquired 
and maximum intensity projections made using Zen 2009. Time-
lapse movies were viewed in ImageJ (National Institutes of Health, 
Bethesda, MD) and cell membrane traces made using the ImageJ 
plug-in QuimP11b (R. Tyson and T. Bretschneider, Warwick University, 
Coventry, United Kingdom; warwick.ac.uk/fac/sci/systemsbiology/
staff/bretschneider/quimp/). For time-lapse imaging of Arp2/3 inhi-
bition, cells were treated with vehicle (dimethyl sulfoxide [DMSO]) 
or CK666 (100 μM; Sigma-Aldrich) overnight.

FRAP was performed on a Nikon (Melville, NY) A1R with 63×/NA 
1.4 oil objective; bleaching of GFP signal was done with the 405-nm 
laser line (100% power) in a defined region of interest. Subsequent 
images were taken at the same focal plane to monitor recovery of 
fluorescence; images were analyzed using Nikon Elements software; 
intensity measurements from flanking unbleached membrane re-
gions were used as controls for background intensity changes with 
time. Subsequent analyses of recovery kinetics were performed us-
ing GraphPad Prism.

Laser scission was performed using a Leica (Buffalo Grove, IL) 
SP5 Multi-Photon (dual beam with OPO)/ Confocal Microscope; im-
ages were obtained using a 63×/1.2 NA water immersion lens. Pin-
hole was adjusted to 3 Airy units and ablation (modified from Verma 
et al., 2012) performed using a pulsed, femtosecond Ti-sapphire 
laser (Chameleon; Coherent Scientific, Santa Clara, CA) tuned to 
790 nm for 10 m with transmission and gain each set to 60%. GFP 
fluorescence was detected using a 488-nm laser before and at four 
15-s intervals after ablation. The distance between adjacent vertices 
was measured before and after ablation and the preablation mea-
surement subtracted from the postablation measurements. Values 
presented are from two independent experiments; n = 34 for MDCK 
control cells and 24 for TOCA-1–knockout cells. Statistical analysis 
(t tests) was performed using Prism with corrections for multiple 
comparisons using the Sidak–Bonferroni method.

TOCA-1 (plasmid 33030; Addgene; Ho et al., 2004) was transferred 
by infusion cloning into the HindIII/BamHI sites in pEGFP-C1 (BD 
Biosciences, San Jose, CA) and PDZ-binding motif added at the 
same time; this construct is referred to as GFP TOCA-1(+). To make 
GFP TOCA-1(–), site-directed mutagenesis was used to replace the 
C-terminal AVTYI PDZ-binding motif with –GS. The coding region of 
TOCA-1(+) was subcloned into mApple (C1) using BamHI and 
HindIII sites. SH3-binding-site mutations W518K in GFP and 
mApple TOCA-1(+) were generated by site-directed mutagenesis 
using the same sequences described by Bu et al. (2009). Monomeric 
red fluorescent protein–TOCA-1(–) was kindly provided by Andrew 
Craig (Queen’s University, Kingston, Canada). Myc-tagged TOCA-
1(+) was cloned with infusion primers back into the EcoRI/KpnI sites 
of the original pCS+MT vector. GFP FBP17 was obtained from Ad-
dgene (plasmid 22229; Itoh et al., 2005).

Stable knockout clones were made using the CRISPR-Cas9 
system (Ran et al., 2013); two separate vectors targeting different 
exons were designed for each TOCA-1 and FBP17. Oligonucle-
otides were phosphorylated, annealed, and cloned into the BbsI 
site of pSpCas9(BB)-2A-Puro vector (62988; Addgene) according to 
the Zhang laboratory protocols (F. Zhang, MIT, Cambridge, MA). All 
constructs were verified by sequencing. After cloning, DNA was iso-
lated from knockout cell lines and mutations verified by PCR using 
primers upstream and downstream of the putative mutation sites. 
GFP-occludin was made by subcloning human occludin (Medina 
et al., 2000) from pTRE into pTOPO1 and then EGFP C2 with HindIII. 
ZO-1 constructs were as previously described (Rodgers et al., 2013); 
mApple C1 and mEmerald-E-cadherin were gifts from Michael 
 Davidson (Florida State University, Tallahassee, FL).

Antibodies
Mouse anti–ZO-1 (33-9100), claudin-2 (32-5600), and rabbit ZO-2 
(38-9100) antibodies were from Life Technologies; rabbit anti-TOCA 
antibodies were from Bethyl Laboratories (Montgomery, TX; A303-
470A) and Millipore (Billerica, MA; ABS70); rabbit anti–N-WASP 
(30D10), rabbit WAVE2 (D2C8), myosin light chain-S19P (3671P), and 
mouse Myc-Tag (9B11) antibodies were from Cell Signaling Technol-
ogy (Beverly, MA); rabbit anti-WIPF2 antibody (HPA024467), rat 
E-cadherin (U3254), mouse anti–α-actinin, mouse anti–γ-tubulin, and 
rabbit anti–β-catenin (C2206) were from Sigma Life Science (St. Louis, 
MO); rabbit anti-Tuba (A303-074A) and FBP17 (A302-790A) antibod-
ies were from Bethyl Laboratories; rabbit anti–myosin 2B (PRB-445P) 
antibody was from Covance (Madison, WI); rabbit anti-GFP antibody 
(Ab290) was from Abcam (Cambridge, MA); mouse anti-actin anti-
body (MAB1501R) was from Millipore; mouse anti–E-cadherin 
(610181) was from BD Transduction Laboratories (San Jose, CA); 
mouse anti-CIP4 (sc-135868) was from Santa Cruz Biotechnology 
(Santa Cruz, CA); and mouse anti-occludin antibody was a generous 
gift of Jerrold Turner (University of Chicago, Chicago, IL). Antibodies 
were validated by recognizing bands of the predicted size on 
immunoblots and by immunolocalization where reported. Antibodies 
to TOCA-1 and FBP17 were validated by loss of signal in knockout 
cells. Species-specific secondary antibodies for immunofluorescence 
(Cy2, Cy3, and Cy5 conjugated) and immunoblots (IR-labeled 680 
and 790/800 antibodies) were from Jackson ImmunoResearch (West 
Grove, PA). Rhodamine–phalloidin was from Life Technologies.

Immunofluorescence microscopy
MDCK and Caco-2 cells were cultured on uncoated or collagen-
coated glass coverslips or on Transwell filters (Corning, Corning, 
NY), fixed in 1% paraformaldehyde in CSK buffer (10 mM 1,4-pi-
perazinediethanesulfonic acid, pH 6.8, 100 mM KCl, 300 mM su-
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using Superscript VILO Master Mix (Life Technologies) and PCR 
carried out with Power Sybr Green Master Mix (Life Technologies). 
Primers for qRT-PCR are as described in Supplemental Table S1. qRT-
PCR was performed using a QuantStudio 7 Flex Real-Time PCR (Life 
Technologies); levels of TOCA-1(+/–) and FBP17(+/–) are reported 
relative to ZO-1 values.

Calcium switch and transmonolayer barrier assays
Calcium switch was performed on confluent, polarized MDCK cells 
(7 d) cultured on Transwell filters; wells were washed with calcium-free 
medium and changed into S-MEM (Sigma-Aldrich) supplemented 
with 5% dialyzed fetal bovine serum and penicillin-streptomycin. 
After overnight incubation, cells were changed back into normal 
medium; TER (WPI, Sarasota, FL) was measured at the indicated 
times and filters removed for immunofluorescence analysis. Junc-
tion length was measured in ImageJ using the fluorescence signal 
for ZO-1. Flux assays were carried out as previously described (Van 
Itallie et al., 2010) using fluorescein-labeled 3-kDa dextran (Life 
Technologies). Where indicated, cells were pretreated treated with 
vehicle (DMSO) or the Arp2/3 inhibitor CK666 (100 μM; Sigma-
Aldrich) for 30 min and then through the period of the flux assay.

Statistical analyses
All comparisons with three or more conditions were compared by 
one-way analysis of variance followed by Tukey’s or Dunnett’s tests. 
Comparison of two conditions were performed using Student’s 
t test. p < 0.05 was set as the level for significant difference be-
tween groups. Statistics was performed using GraphPad Prism 6 (La 
Jolla, CA).

Superresolution images were taken using a GE (Pittsburgh, PA) 
OMX Blaze V4 Ultrafast Structured Illumination Microscope 
equipped with four  sCMOS cameras using a 60×/1.42 NA lens using 
488- and 561-nm laser lines; images were acquired using Delta-
Vision OMX software; images are projections of slices (∼40) over a 
3- to 5-μm depth  centered on ZO-1 or TOCA-1.

Contrast and colors were adjusted and figures made using 
 Photoshop (Adobe Systems, San Jose, CA) CS5.

Transmission electron microscopy
Cells were grown in 35-mm dishes postconfluence, then directly 
fixed in 2.5% glutraldehyde and 1% paraformaldehyde in 0.12 M 
sodium cacodylate buffer, pH 7.4, for 20 min at room tempera-
ture and 40 min at 4°C. Cells were postfixed with 1% osmium 
tetroxide, stained en bloc with uranyl acetate, ethanol dehy-
drated, and LX112 embedded. Chemicals were from Electron 
Microscopy Sciences (Hatfield, PA) and Ladd Research Industries. 
Thin cross sections (70 nm) were cut, stained with uranyl acetate 
and lead citrate, and viewed with a JEM1400 electron micro-
scope (JEOL USA, Peabody, MA) equipped with an AMT XR-111 
digital camera (Advanced Microscopy Techniques Corporation, 
Woburn, MA).

Freeze-fracture replicas
MDCK cells were fixed in 2% glutaraldehyde in PBS for 1 h, 
washed, and gradually equilibrated to 30% glycerol as cryoprotec-
tant. The cells were lifted with a cell scraper and rapidly frozen by 
contact with a polished gold block cooled to −186°C using a Life-
Cell (Bridgewater, NJ) CF-100 device. Freeze fracture of the 
samples was performed with a Balzers (Balzers, Liechtenstein) 
freeze fracture/etch apparatus at −110°C, and samples were 
unidirectionally shadowed at 45° with platinum and stabilized with 
carbon deposited from 90°. Replicas were cleaned with sodium 
hypochlorite and collected onto copper TEM grids. Transmission 
electron microscopy of the replicas was performed using a JEOL 
2100 TEM operating at 200 kV with an Orius 832 camera (Gatan, 
Pleasanton, CA). Data collection and analysis were performed 
using the SerialEM/Etomo software suite (Mastronarde, 2005). 
Average strand number was defined as the number of strands 
across the tight junction at every 500-nm interval; n = 40; five pairs 
of cells were used for each wild type and knockout.

Pull-down assays and immunoblotting
To test interactions between TOCA-1 and ZO-1 and PDZ-domain 
deletion constructs, HEK293 Tet-off cells were transfected with in-
ducible myc-tagged ZO-1 N-terminal constructs (amino acids 
1–887) containing all three PDZ domains and the N-terminal con-
structs with the first, second, or third PDZ domains deleted (Rodgers 
et al., 2013). A second set of HEK cells was transfected with GFP 
alone, GFP TOCA-1(–), and GFP TOCA-1(+). Cells expressing GFP-
labeled constructs were lysed as described and bound to GFP-Trap 
beads (ChromoTek, Hauppauge, NY) for 60 min at 4°C; beads were 
washed and then incubated overnight at 4°C with cell lysates from 
ZO-1–expressing cells as indicated. Beads were washed four times 
as described, and proteins were eluted with SDS sample buffer and 
subjected to SDS–gel electrophoresis, transfer, and immunoblot as 
described.

Quantitative real-time PCR
RNA from confluent 100-mm dishes of Caco-2, MDCK II, and HEK 
cells and primary dermal fibroblasts were isolated using the RNeasy 
minikit (Qiagen, Germantown, MD). For qRT-PCR, cDNA was made 
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