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Background: Biotin ligase tagging with ZO-1 was applied to identify a more complete tight junction proteome.

Results: Identical but also different proteins and functional networks were identified near the N and C ends of ZO-1.
Conclusion: The ends of ZO-1 are embedded in different functional subcompartments of the tight junction.

Significance: Biotin tagging with ZO-1 expands the tight junction proteome and defines subcompartments of the junction.

The proteins and functional protein networks of the tight
junction remain incompletely defined. Among the currently
known proteins are barrier-forming proteins like occludin and
the claudin family; scaffolding proteins like ZO-1; and some
cytoskeletal, signaling, and cell polarity proteins. To define a
more complete list of proteins and infer their functional impli-
cations, we identified the proteins that are within molecular
dimensions of ZO-1 by fusing biotin ligase to either its N or C
terminus, expressing these fusion proteins in Madin-Darby
canine kidney epithelial cells, and purifying and identifying the
resulting biotinylated proteins by mass spectrometry. Of a pre-
dicted proteome of ~9000, we identified more than 400 proteins
tagged by biotin ligase fused to ZO-1, with both identical and
distinct proteins near the N- and C-terminal ends. Those prox-
imal to the N terminus were enriched in transmembrane tight
junction proteins, and those proximal to the C terminus were
enriched in cytoskeletal proteins. We also identified many unex-
pected but easily rationalized proteins and verified partial colo-
calization of three of these proteins with ZO-1 as examples. In
addition, functional networks of interacting proteins were
tagged, such as the basolateral but not apical polarity network.
These results provide a rich inventory of proteins and potential
novel insights into functions and protein networks that should
catalyze further understanding of tight junction biology. Unex-
pectedly, the technique demonstrates high spatial resolution,
which could be generally applied to defining other subcellular
protein compartmentalization.

Tight junctions of epithelial and endothelial cells form
charge- and size-selective barriers that regulate the paracellular
movement of ions and solutes (1, 2) and function in cell polarity
(3) and cytoskeletal regulation (4). To date, about 40 proteins
have been localized to the tight junction (5), but identification
approaches have not been systematic, and the list is likely to be
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incomplete. Trying to identify a complete and informative set
of these proteins is complicated by the difficulty of isolating the
tight junction. Biochemical fractionation of junction-enriched
membrane fractions allowed identification of a number of crit-
ical tight junction proteins, including, for example, ZO-1 (6),
occludin (7), and claudins (8, 9) among others. Co-immunopre-
cipitation with known proteins has identified a few additional
components (e.g. ZO-2 (10) and ZO-3 (11)). However, most
protein assignments to the junction have been made by co-
immunolocalization with ZO-1 or occludin, two of the hall-
mark tight junction proteins. Because these approaches depend
somewhat on serendipity, it seems unlikely that the full set of
relevant tight junction proteins has been identified. In addi-
tion, the functional tight junction probably includes many
proteins not strictly limited to the junction, including, for
example, actin, myosin, kinases, phosphatases, and signaling
and trafficking proteins. Some of these may be transiently
but critically associated with junctions; for others, only a
small fraction of the total cell amount may be physically at
the tight junction.

With the goal of identifying a more complete set of tight
junction-associated proteins and to begin to define junction-
associated protein networks, we took advantage of a recently
published technique (12) to identify proximal proteins in living
cells. In this method, a biotin ligase engineered to have lowered
substrate specificity is fused to a protein of interest and
expressed in cells. When exposed to additional biotin, the ligase
portion of the fusion protein releases highly reactive BioAMP,
which reacts readily with primary amines (protein N termini
and e-amino groups of lysine residues) on proximal neighbor-
ing proteins. Biotin-tagged proteins can be captured on
Streptavidin beads and purified for proteomic or other analy-
ses. Roux et al. (12) demonstrated that fusion of biotin ligase to
the nuclear membrane protein lamin A tagged both known and
novel nuclear membrane constituents. To apply this method to
the tight junction, we fused biotin ligase with ZO-1, which is a
functionally important, well characterized scaffolding protein
(13, 14) and a ubiquitous component of tight junctions. ZO-1 is
a 220-kDa multidomain protein member of the MAGUK
(membrane-associated guanylate kinase) homolog family. Its
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N-terminal half contains three PDZ domains, an SH3? domain,
and a region with homology to guanylate kinase (15). The first
PDZ domain is the binding site for the strand-forming claudin
family of proteins (16); PDZ2 is the site for heterodimerization
with the ZO-1 homolog, ZO-2 (17); and PDZ3 is the binding
site for the adhesive Ig superfamily tight junction protein, JAM
(junctional adhesion molecule) (18). The guanylate kinase
domain is the binding site for occludin (19, 20). The C-terminal
end of ZO-1 contains an actin filament binding site (21) and
interacts with the signaling and cytoskeletal adaptor protein,
cingulin (22). Because these and other unique protein-protein
interactions have already been defined for the N- and C-termi-
nal halves of ZO-1, we separately fused biotin ligase to each end
of ZO-1 to ask whether the radius of activity of the fused ligase
(12) was sufficiently limited to allow selective tagging of pro-
teins proximal to each end. Overall, we expected that the ZO-1
biotin ligase fusions might allow us to identify new proteins and
functional networks at the junction and possibly near each end
of ZO-1.

With the caveat that this method is dependent on both the
presence of and access to lysines on target proteins, our results
suggest that the use of biotin ligase tagging from ZO-1 provides
a more complete set of functionally relevant proteins and
thus insights into potentially pertinent networks than previous
methods. Proteins identified by this method include many rec-
ognized tight junction and adherens junction proteins. We also
find many signaling, adhesion, cytoskeletal, polarity, and traf-
ficking proteins that probably play roles in different aspects of
junction regulation. Consistent with the idea that this method
provides a high degree of spatial resolution, a number of pro-
teins are biotinylated exclusively or predominantly by biotin
ligase fused to either the N or C terminus of ZO-1. Finally, along
with the expected tight junction proteins, we identify a number
of proteins that might not have been predicted based on current
understanding of the tight junction; study of these proteins may
provide new insights into the role of ZO-1 and functions of the
tight junction.

EXPERIMENTAL PROCEDURES

Constructs—Myc-biotin ligase plasmid (pcDNA3.1 mycBiolD)
was a gift of Kyle Roux (Addgene plasmid 35700); the Myc-
biotin ligase insert (BL) was excised and subcloned into
pTRE2hyg (BD Biosciences); full-length human ZO-1 was sub-
cloned 3’ to the biotin ligase coding region (BL-ZO-1) using the
In-Fusion PCR-based cloning kit (BD Biosciences). ZO-1-BL
was made by cloning full-length ZO-1 5’ to the biotin ligase
coding sequence and moving the Myc tag to the C-terminal end
of the fusion protein. Human EGFP-RN-tre (US6NL) was a
kind gift from Dr. Letizia Lanzetti (University of Turin, Italy).
Mouse EFR3A from Open Biosystems (clone ID 3495608) was
subcloned into EGFP-N1 using InFusion-based PCR cloning
(Clontech). All constructs were verified by DNA sequencing.

Cell Culture, Immunoblots, and Immunofluorescence—Tet-
off MDCK II cells (BD Biosciences) were cultured under stand-

2 The abbreviations used are: SH3, Src homology 3; PSM, peptide spectrum
match; MDCK, Madin-Darby canine kidney; CXAR, Coxsackie and adenovi-
rus receptor; OCLN, occludin; KC1A, casein kinase 1 «.
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ard conditions in DMEM (4.5 g/liter glucose), 10% fetal bovine
serum, and penicillin/streptomycin. Transfections with BL-,
BL-ZO-1-, ZO-1-BL-, EGFP-RN-tre-, and GFP-EFR3A-encod-
ing plasmids were performed by nucleofection (Lonza, Allen-
dale, NJ). GFP-expressing cells were analyzed by immunofluo-
rescence 48 h after transfection, and stable antibiotic-resistant
ZO-1 fusions and biotin ligase-expressing cells were selected
using hygromycin (250 pg/ml). Stable clones were screened for
transgene expression by immunoblot using a Myc antibody
(9B11, Cell Signaling Technology (Danvers, MA)) with anti-vy-
tubulin antibody (11317, Abcam (Cambridge, MA)) used as a
loading control. All immunoblots were performed as described
previously (23). The rat monoclonal anti-ZO-1 antibody (23)
does not recognize human ZO-1. ZO-2 (catalog no. 38-9100),
claudin-2 (catalog no. 32-5600), and occludin (catalog no.
33-1500) antibodies were from Invitrogen; CK1 (KC1A) anti-
body (catalog no. 2655) was from Cell Signaling Technology;
and cingulin antibody was a kind gift from Dr. Sandra Citi (Uni-
versity of Geneva, Geneva, Switzerland). The antibody against
TOCA-1 (ABS70, FBPL1) was from Millipore (Temecula, CA).
Secondary antibodies for immunoblot were from Rockland
(Gilbertsville, PA), and secondary antibodies for immunofluo-
rescence were from Jackson Immunoresearch (West Grove,
PA) except for Streptavidin 568 (Invitrogen).

Localization of transgene products was assessed by immuno-
fluorescence microscopy. Stably expressing cells were cultured
in the absence of doxycycline for 7-10 days on Transwell per-
meable supports (0.4-um polyester membrane, 12-mm inserts,
Corning); transiently transfected cells were plated on glass cov-
erslips and tested 48 h post-transfection. Immunofluorescence
was performed as described previously (24); unless otherwise
noted in the figure legends, cells were fixed with ethanol.
Images were taking using a Zeiss LSM UV confocal microscope,
X40 oil lens, and images were generated using Zeiss Zen soft-
ware. Contrast adjustment and montages were made using
Adobe Photoshop.

Culture of Cells in Low Calcium—Cells were washed three
times with Ca?" - and Mg? " -free PBS and incubated overnight
in SMEM supplemented with 50 um biotin (Sigma-Aldrich), 2%
dialyzed fetal bovine serum, and penicillin/streptomycin. After
15-16 h, cells were processed for immunofluorescence, immu-
noblot, or proteomic analysis.

Purification of Biotinylated Proteins for Mass Spectrometry
and Immunoblots—MDCK I cells stably expressing transgenes
were cultured for 7-10 days in 150-mm dishes; nine dishes were
used for each proteomic analysis. Affinity capture of biotiny-
lated proteins was performed slightly modified from Roux et al.
(12). Biotin (50 wm) was added to dishes 15-16 h before cells
were collected. After three washes with PBS, cells were scraped
in PBS, pelleted, and lysed in a total of 5 ml of radioimmune
precipitation assay buffer (1% Triton X-100, 0.5% deoxycholate,
0.2% SDS, 50 mm Tris, pH 7.5, 150 mMm NaCl with protease
inhibitors). Samples were sonicated, incubated on ice for 10
min, resonicated, and centrifuged for 20 min at 12,000 X g to
remove insoluble material. Supernatants were transferred to
fresh tubes containing 500 ul of (slurry) prewashed Dynabeads
MyOne Streptavidin C1 and incubated for 4 h at 4°C in an
end-over-end mixer. Beads were washed for 8 —10 min twice
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with 2% SDS; once with 0.1% deoxycholate, 1% Triton X-100,
500 mm NaCl, 1 mm EDTA, 50 mm Hepes, pH 7.3; and once
with 250 mm LiCl, 1 mm EDTA, 0.5% deoxycholate, 0.5% Non-
idet P-40, 10 mm Tris, pH 8.0, followed by two washes in 50 mm
Tris, pH 7.5, 50 mM NaCl. Bound proteins were eluted by a
10-min incubation at 98 °C in biotin-saturated 4X SDS sample
buffer (8% SDS, 250 mm Tris, pH 6.8, 0.57 M mercaptoethanol,
40% glycerol). Eluted proteins were subjected to SDS-PAGE,
and gels were stained briefly with SimplyBlue Safe Stain (Invit-
rogen). Lanes were excised and divided into 12-16 bands,
destained, reduced, alkylated, and digested overnight with tryp-
sin (Promega, V511A Sequencing grade). Eluted peptides were
purified on ZipTips (C18, Millipore) and transferred into sam-
ple vials (Agilent, Santa Clara, CA) for mass spectrometry.

Mass Spectrometry—Liquid chromatography tandem mass
spectrometry was performed using an Eksigent nanoLC-Ultra
1D Plus system (Dublin, CA) coupled to an LTQ Orbitrap Velos
mass spectrometer (Thermo Fisher Scientific) using collision-
induced dissociation fragmentation. Peptides were first loaded
onto a Zorbax 300SB-C18 trap column (Agilent, Palo Alto, CA)
at a flow rate of 6 ul/min for 6 min and then separated on a
reversed-phase PicoFrit analytical column (New Objective,
Woburn, MA) using a 40-min linear gradient of 5-40% aceto-
nitrile in 0.1% formic acid at a flow rate of 250 nl/min. LTQ-
OrbitrapVelos settings were as follows: spray voltage, 1.5 kV;
full MS mass range, m/z 300-2000. The LTQ-OrbitrapVelos
was operated in a data-dependent mode (i.e. one MS1 high res-
olution (60,000) scan for precursor ions followed by six data-
dependent MS2 scans for precursor ions above a threshold ion
count of 500 with collision energy of 35%).

MASCOT Database Search—The raw file generated from the
LTQ OrbitrapVelos was analyzed using Proteome Discoverer
version 1.3 software (Thermo Fisher Scientific, LLC) using our
six-processor Mascot cluster at the National Institutes of
Health (version 2.3) search engine. The following search crite-
ria were set to the following: databases, Swiss Institute of Bioin-
formatics taxonomy (SwissProt) (Homo sapiens (human) and
Canis familiaris (dog)) and National Center for Biotechnology
Information (NCBI) RefSeq database (Canis lupis); enzyme,
trypsin; miscleavages, 2; variable modifications, oxidation (M),
deamidation (NQ), acetyl (protein N terminus); fixed modifica-
tion, carbamidomethyl (C); MS peptide tolerance 20 ppm;
MS/MS tolerance as 0.8 Da. Post-database search, the peptides
were filtered for a false discovery rate of 1% and rank 1 peptides
(unique to one protein). Proteins identified will have at least
two unique peptide hits based on the above criteria, but also we
accepted a unique peptide hit only if the mascot peptide score
was above a score of 40 and more than one peptide spectrum
match (PSM) for that given peptide.

All samples were analyzed in triplicate. Although peptides
were screened against the SwissProt human and dog databases
and the NCBI RefSeq dog database, we only used the results
from the human database for further analysis. The SwissProt
dog database is extremely small, and although the NCBI RefSeq
dog database gave us more proteins, the most abundant pro-
teins were the same as those identified in the human database.
More important, the SwissProt human database is better
curated and more completely annotated, facilitating functional
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classification. As well, a larger number of proteins in the RefSeq
dog database are uncharacterized, including, for example,
JCAD (25). For purposes of comparison, the RefSeq protein lists
are included as supplemental File S7. After lists of all proteins
were compiled, keratins and other epidermal proteins, his-
tones, and endogenously biotinylated carboxylases were dis-
carded. Additionally, for the purposes of functional analysis, we
removed ribosomal proteins, because they were also prevalent
in the samples from cells expressing the biotin ligase alone.
Although itis possible that their biotinylation may reveal a hith-
erto unappreciated function for ZO-1, given the extended
period of biotinylation, it seemed more likely that they repre-
sent co-translational biotinylation, and thus they were not con-
sidered functionally relevant. The ribosomal proteins are
included as a separate list in supplemental File S6. Criteria for
inclusion in the final protein lists were appearance in at least
two or three sample runs. UniProt descriptors and literature
searches were used to classify proteins into functional catego-
ries. To compare protein amounts from different mass spec-
trometry analyses, PSM values for individual proteins were nor-
malized by division with the total PSMs for each run. This
normalized PSM value for each run was used to generate the
results presented in Fig. 4. Differences between samples were
determined by analysis of variance followed by Dunnett’s test
(GraphPad Prism version 5).

RESULTS

The Biotin Ligase ZO-1 Fusion Proteins Localize to Tight
Junctions—As a first step in the analysis of proteins proximal to
Z0-1, we assessed how well our fusion proteins colocalized
with endogenous ZO-1 compared with an unfused Myc-tagged
biotin ligase protein alone. Immunofluorescence microscopy
demonstrated that Myc-tagged biotin ligase was diffusely dis-
tributed in MDCK II cells (Fig. 14, top panels). In contrast, the
Myc-tagged biotin ligase fused to either the N-terminal (BL-
Z0O-1; Fig. 1B, top panels) or C-terminal end (ZO-1-BL; Fig. 1C,
top panels) showed that both constructs were largely colocal-
ized with endogenous ZO-1 at tight junctions. Without the
addition of biotin to the medium, expression of biotin ligase
fusion proteins results in only modest levels of cellular biotiny-
lation; the level of biotinylation is greatly increased when 50 um
biotin is added to the cell culture medium for 8 —24 h (not
shown) (12). When the transgene-expressing cells were treated
with 50 uMm biotin for 15 h and the distribution of biotinylated
proteins was detected with fluorescent streptavidin, biotiny-
lated proteins were diffusely distributed in cells expressing bio-
tin ligase alone (Fig. 14, bottom panels), whereas most of the
biotinylated proteins in cells expressing biotin ligase fused to
either the N-terminal (Fig. 1B, bottom panels) or C-terminal
(Fig. 1C, bottom panels) end of ZO-1 were associated with the
tight junction. The colocalization of the biotin ligase ZO-1
fusion proteins and biotinylated proteins can be seen more
clearly in z-sections (Fig. 1D). Both N-terminal biotin ligase-
Z0-1 (Fig. 1D, top left panels) and the streptavidin-labeled
biotinylated proteins were concentrated with ZO-1 (Fig. 1D,
bottom left panels). Similarly, the C-terminal fusion protein,
Myc epitope-tagged ZO-1-biotin ligase, was colocalized with
endogenous ZO-1 (Fig. 1D, top right panels), as was most of the
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FIGURE 1.Z0O-1 biotin ligase fusion proteins but not biotin ligase alone colocalize with endogenous ZO-1. A, neither biotin ligase alone (myc, top middle)
nor biotinylated proteins in the same cells (Streptavidin, bottom middle) colocalize (Merge, right panels) with endogenous ZO-1 (left panels) in MDCK cells. In
contrast, both biotin ligase fused to the N terminus (B, BL-ZO1, myc) and C terminus (C, ZO1-BL) of ZO-1 colocalized (Merge, B and C, top right) with endogenous
Z0-1 (B and C, top left panels; the monoclonal antibody to ZO-1 recognizes the canine but not the human protein). In addition, the majority of biotinylated
proteins (Streptavidin, B and C, bottom middle panels) were also colocalized (B and C, bottom right) with endogenous ZO-1 (B and C, bottom left). D (left panels),
confocal z-sections reveal that both BL-ZO-1 (myc) and biotinylated proteins (Streptavidin) are concentrated (Merge) with endogenous ZO-1 (left). D (right
panels), similarly, ZO-1-BL (myc) and biotinylated proteins are also concentrated (Merge) with ZO-1 (right), although there is also some non-junctional immu-
nofluorescence associated with both the transgene and the biotinylated proteins. E, MDCK cells expressing biotin ligase-ZO-1 were cultured in normal (top
panels) or low calcium (bottom panels) medium supplemented with 50 um biotin for 15 h. Immunofluorescent localization of transgene (Myc) and biotinylated
proteins (Streptavidin) revealed that incubation in low calcium resulted in the loss of most of the tight junction-associated protein, although remnants remain
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(arrows); some Myc and streptavidin signal appears vesicular (arrowheads), whereas most is diffuse. Bar, 20 um.

biotinylated protein (Fig. 1D, bottom right panels). Although
the strongest streptavidin signal was associated with ZO-1,
there was always some streptavidin signal found more diffusely
within the cells. However, the concentration of streptavidin
labeling at the tight junction suggests that the majority of
labeled proteins, subsequently identified by mass spectrometry,
are ZO-1 tight junction “neighbors.”

To test whether the profile of proximal proteins changed
following structural disassembly of the junction, we cultured
MDCK cells in low calcium medium; this is known to result in
Z0O-1 endocytosis and loss from tight junctions (26). As
expected, when MDCK cells expressing N-terminal biotin
ligase-ZO-1 fusion protein were cultured overnight in low cal-
cium in the presence of biotin, the transgene was mostly lost
from tight junctions (Fig. 1E, compare top and bottom left pan-
els), although remnants of junctional plaques remained (white
arrows). Most of the biotin ligase fusion protein was distributed
diffusely throughout the cell, with concentration evident in
occasional vesicular structures (white arrowheads). The bulk of
the biotinylated proteins as detected with fluorescent
streptavidin (Fig. 1E, middle panels) also relocalized from
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the plasma membrane to both a vesicular and diffuse intra-
cellular distribution.

Coomassie-stained Protein Gels of Samples from Cells
Expressing BL-ZO-1 and ZO-1-BL Reveal Differences in the
Biotinylation Patterns—To examine the proteins biotinylated
by the biotin ligase alone and the ligase fused to the N- or C-ter-
minal end of ZO-1, expressing cells were incubated with biotin
for 15 h; in addition, one set of cells was cultured with biotin in
low calcium medium overnight. Cells were lysed, and biotiny-
lated proteins were purified on streptavidin beads; purified pro-
teins were separated by SDS-PAGE and stained with Coomas-
sie Brilliant Blue (Fig. 2). All samples contained complex
mixtures of proteins that were dependent on the presence of
the specific transgene and on the addition of biotin (not shown).
The heaviest signal in each lane (arrowheads) marked the posi-
tion of the transgene, indicating that the fusion protein is most
effective at self-biotinylation. Inspection of the pattern of Coo-
massie-stained bands reveals both similarities and differences
among the different conditions, with the most different pattern
being in the biotin ligase alone and the most similar N-terminal
biotin ligase-ZO-1 (BL-ZO-1) cultured in normal and low cal-
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FIGURE 2. Coomassie-stained SDS-PAGE reveals that streptavidin-puri-
fied biotinylated proteins from MDCK cells expressing different trans-
genes show differing protein patterns. Shown are proteins purified from
biotin-treated cells expressing biotin ligase alone (BL), biotin ligase fused to
the N terminus of ZO-1 (BL-ZO1), cells expressing the same construct but
incubated in low calcium medium overnight (BL-ZO1, low Ca®"), and cells
expressing biotin ligase fused to the C terminus of ZO-1 (ZO1-BL). The posi-
tions of the transgenes are marked with arrowheads; the protein pattern for
BL-ZO-1 in normal, and low calcium is quite similar. Triplicate samples gave
very similar protein patterns. MWM, molecular weight markers.

cium (BL-ZO-1, low Ca®>*). The pattern of staining with Coo-
massie was quite similar among the three protein preparations
for each construct and in the low calcium samples, suggesting
that both the biotinylation and the extraction methods were
very reproducible (not shown).

Proteomic Analysis of Biotinylated Proteins Reveals Differ-
ences in Protein Functional Categories among BL-, BL-ZO-1-,
and ZO-1-BL-expressing Cells—The entire lanes from triplicate
Coomassie-stained gels for each condition were cut into equal
sized bands and used for proteomic analysis by mass spectrom-
etry. Triplicate analyses of cells expressing BL alone identified
peptides assigned to 906 unique proteins (supplemental File
S1), whereas triplicate analyses of cells expressing BL-ZO-1,
BL-ZO-1 cultured in low calcium, and ZO-1-BL identified 350,
224, and 247 proteins, respectively, in at least two of three sep-
arate tagging experiments (supplemental Files S2—S4). For ref-
erence, the transcriptome of rat renal proximal tubule includes
~9000 transcripts (27), suggesting that BL tagging is not ran-
dom but is quite selective for a small reproducible set (2—3%) of
the total proteome.

Seeking biologic insight into the tagged proteins, we initially
analyzed protein lists using standard functional annotation cat-
egories based on gene ontology terms with common Web-
based tools (e.g. DAVID Bioinformatics Resources version 6.7
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(28), IPA-Ingenuity® Systems). However, because there is some
misannotation in these databases and we had a relatively small
number of proteins and were asking in some cases about known
interactions at cell junctions, we found that it was more inform-
ative to construct our own functional categories based on both
UniProt (29) and searching for functional characterizations in
the primary literature. Using these modified functional catego-
ries (Fig. 3, top left chart), the control background of proteins
tagged in BL-expressing cells was predominantly involved in
cell cycle regulation, DNA and RNA processing, transcription,
and energy metabolism (“other” category). A significant frac-
tion was also identified in cytoskeletal, signaling, and trafficking
pathways as well as kinases or phosphatases. A small fraction
(1.3%) was identified as tight or adherens junction proteins; 5%
were of unknown function.

In contrast (Fig. 3, top middle), proteins tagged in BL-ZO-1-
expressing cells contained a higher fraction of tight and adher-
ens junction proteins; those identified as cytoskeletal, polarity,
or signaling protein; and a similar fraction of kinases, phospha-
tases, and proteins with unknown function. Protein categories
tagged in cells expressing ZO-1-BL (Fig. 3, top right) had a func-
tional distribution similar to those tagged by BL-ZO-1 but with
small differences in the fractions of some categories. Cells
grown in low calcium were nearly identical to cells expressing
the same vector in normal calcium (not shown).

Both ZO-1 biotin ligase fusion proteins together tagged over
400 ZO-1 “neighbors” (supplemental Files S2—S4). However, it
was obvious by lining proteins up by total spectral counts that
some proteins were more heavily represented than others in the
total group of tagged proteins. These heavily tagged proteins
could be grouped in several categories. Some proteins were
heavily tagged both in cells expressing biotin ligase alone and in
Z0O-1 fusion protein-expressing cells (e.g. filamin A, myosin 24,
and cortactin). Although both myosin 2A (30) and cortactin
(31) have been reported to be important at cell junctions, their
high recovery from cells expressing the biotin ligase alone does
not allow us to infer any specific role that is enriched at the
junction. We chose instead to concentrate on proteins that
were exclusively present or more abundant (at least 3-fold
enriched; see “Experimental Procedures”) in samples from cells
expressing the ZO-1 fusions compared with cells expressing BL
alone. We recognize, however, that this approach could result
in our discarding some proteins that could be relevant to the
tight junction but are found elsewhere in the cell.

Proteins exclusive to or more abundant in ZO-1 fusion pro-
tein-expressing cells included many expected tight junction-
and adherens junction-associated proteins (Table 1); this list
comprises ZO-1, -2, and -3, transmembrane proteins, and other
scaffolding and cytoskeletal proteins. More interesting was a
second group that included some proteins that we would not
have predicted to be heavily tagged by ZO-1 (a selected list is
included as Table 2); these include some polarity and/or Wnt-
signaling proteins, cytoskeletal proteins, and signaling proteins.
Several of these have been associated with tight or adherens
junctions in one or two publications, but they do not appear in
review articles on tight junction proteins (5).

Direct comparison of proteins biotinylated in cells express-
ing either BL-ZO-1 or ZO-1-BL revealed that the majority of
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FIGURE 3. Functional analysis of proteins recovered from MDCK cells expressing biotin ligase alone and ZO-1 biotin ligase fusion proteins. Top,
streptavidin-purified proteins identified by mass spectrometry from cells expressing biotin ligase alone (left chart) or biotin ligase fused to the N terminus
(Biotin Ligase-ZO1, middle) or C terminus of ZO-1 (ZO1-Biotin Ligase, right). Functional classification revealed similar distribution for the two ZO-1 constructs,
whereas the largest fraction of proteins tagged from cells expressing biotin ligase alone were classified as “other,” including proteins involved in DNA and RNA
synthesis, metabolism, etc. TJ+AJ, tight junction and adherens junction proteins. Bottom, in contrast, functional analysis of proteins recovered exclusively or
>3-fold enriched (as determined by the averaged normalized PSMs) from ZO-1-BL-expressing (left) and BL-ZO-1-expressing (right) cells reveals differences in
several categories, including tight junction and adherens junction, signaling, polarity, and other membrane proteins and kinases and phosphatases. For the
purposes of this analysis, DVL1 and DVL3 were included with polarity proteins because of their interactions with VANG1, VANG2, and MARK2.

TABLE 1

Tight junction and adherens junction proteins tagged by biotin ligase fused to ZO-1

UniProt ID Name Localization/Function (UniProt) Reference

ACTN Actin Involved in various types of cell motility, concentrated at adherens junctions 68

AFAD Afadin, Af6, MLLT4 Interacts with actin, nectins, essential for nectin/e-cadherin association, 69
Z0O-1 (possibly indirect)

CGNL1 Paracingulin, JACOP Involved in Rho signaling, implicated in junction assembly 70

CING Cingulin Involved in Rho signaling, response to mucosal injury, CLDN2 expression 71

CLDN2 Claudin-2 Integral membrane-sealing protein of tight junction, interacts with PDZ1 of ZO 72
proteins

CIDN3 Claudin-3 Integral membrane sealing protein of tight junction, interacts with PDZ1 of ZO 9
proteins

CTNA1 a-Catenin Adherens junction protein 73

CTND1 8-Catenin, p120 catenin Adherens junction protein 74

CXAR Coxsackie and adenovirus receptor, CAR Involved in cell-cell adhesion 32

JAM1 Junctional adhesion molecule A, JAM-A, F11R Involved in cell-cell adhesion, interacts with PAR3 75

MAGI1 MAGUK, WW, and PDZ domain-containing Scaffolding protein, interacts with actin, synapdopodin, CXAR, SH3K1 in neurons 76

protein 1
MAGI3 MAGUK, WW, and PDZ domain-containing  Scaffolding protein, involved in Wnt signaling, LPA receptor signaling 77
protein 3

OCLN Occludin Integral membrane protein of tight junction, interacts with ZO-1 via GUK domain 7

PAR3L Partitioning-defective 3 homolog B Tight junction/polarity protein 58

PLAK Junction plakoglobin, y-catenin Adherens junction protein 73

PVRL2 Polio virus-related receptor 2, nectin-2 Involved in cell-cell adhesion 78

SHRM2 Shroom?2 Involved in morphology changes, binds actin 79

SYNPO Synaptopodin Actin-associated protein, interacts with MAGI1 80

701 Tight junction protein ZO-1 Scaffolding protein of tight junctions, also localized to adherens junctions in non- 15
epithelial cells

702 Tight junction protein ZO-2 Scaffolding protein of tight junctions, also localized to nucleus, forms 10
heterodimers with ZO-1

703 Tight junction protein ZO-3 Peripheral membrane protein of tight junctions, interacts with ZO-1 11

proteins were common to both sets. However, some proteins
were uniquely tagged by either BL-ZO-1 or ZO-1-BL or much
more abundant in one set or the other (supplemental File S5).
Analysis of functional categories of these proteins revealed
striking differences between the two groups (Fig. 3, bottom). Of
the tight and adherens junction proteins tagged in BL-ZO-1
cells, 15 are unique to or much more heavily tagged in (>3-fold,
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average normalized PSMs) cells expressing this construct. Sim-
ilarly, eight polarity proteins and 15 kinase/phosphatases are
uniquely or more heavily tagged in the BL-ZO-1 cells (Fig. 3,
bottom left). In contrast, only one tight or adherens junction
protein (JCAD), one polarity protein (SCRIB), and one kinase/
phosphatase (PP1G) are uniquely tagged in the ZO-1-BL-ex-
pressing cells (Fig. 3, bottom right). In contrast, a slightly larger
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TABLE 2

Analysis of ZO-1 Proximal Proteins

Selected non-tight junction proteins tagged by biotin ligase fused to ZO-1

UniProt ID Name Localization/Function (UniProt) Reference
PP1A Ser/Thr protein phosphatase 1 « catalytic Protein phosphatase, interacts with and regulates phosphorylation of PAR3, subset 59
subunit colocalizes with ZO-1, influences TJ form
ANXA2 Annexin A2 Involved in tight junction assembly 81
ARF6 ADP-ribosylation factor 6 A GEF for ARF6 affecting kinetics of T] assembly 82
ASPP2 Apoptosis-stimulating of 53 protein 2, IRSp53 Regulator of cell growth, polarity protein 36,37
BAIP2” Brain-specific angiogenesis inhibitor 1- Adapter protein that links membrane-bound small G-proteins to cytoplasmic 53
associated protein 2 effector protein, phosphorylated by MARK?2, involved in cell/matrix/polarity
signaling by MARK2
BIN3 Bridging integrator 3 Cytoskeletal protein, BAR domain-containing 83
COF1“ Cofilin-1 Regulates actin dynamics, PAR3 mediates inhibition of LIM kinases regulates cofilin = 84
phosphorylation and TJ assembly
DCI1L2 Dynein component Dynein interacts with B-catenin, may tether microtubule at adherens junction 85
DVL1,2 Dishevelled-1, -2 Wnt signaling, planar cell polarity, affects cell contact maturation 60
EPS8” EGEF-R pathway substrate 8 Regulates cell and barrier function in testis 86
FBP1L Formin-binding protein-like 1, TOCA-1 Cytoskeletal protein, F-bar, involved in endocytosis and CDC42-induced actin 38
polymerization, localizes to cell junctions in C. elegans
FGD4 FYVE, RhoGEEF, and pleckstrin homology Cytoskeleton, activates CDC42 87
domain-containing protein 4
JCAD Junction protein associated with coronary Associated with adherens junctions in endothelial cells 25
artery disease
KC1A Casein kinase 1 « Serine/threonine protein kinase, phosphorylates OCLN, co-localizes with e-cadherin 34
LAP2 LAP2, Erbin, ERBB2-interacting protein Interacts with 8-catenin and ARVCF 88
LMO7 Lim domain-only protein 7 Involved in nectin/e-cadherin interaction 44
LPP Lipoma preferred partner Polarity protein, interacts with Scrib 57
MARK?2 Serine/threonine-protein kinase MARK?2, Serine/threonine protein kinase, involved in microtubule dynamics and cell polarity, 89
Parlb phosphorylates DVL, BAIP2
NHS Nance-Horan syndrome protein One isoforms colocalizes with ZO-1, may play role with SCRIB /VANG] in polarity ~ 90, 91
PAR3L/D3  Partitioning-defective homolog 3B/3 Localizes to tight junctions, PAR3L does not bind aPKC 58
RAB5A,B,C Ras-related protein 5A, -B, -C GTPase, early endosomes, plasma membrane fusion 92,93
RASF8 Ras-associated domain-containing protein 8 ~ Forms a complex with ASPP2, regulates cell-cell adhesion in Drosophila 51
RHG12 Rho GTPase-activating protein 12 Positive regulator of GTPase activity 48
RHG23 Rho GTPase-activating protein 23 Positive regulator of GTPase activity 43
SCRIB Protein scribble homolog Polarity protein/interacts with VANGL2, LPP 55
SDCB1 Syntenin-1 Adherens junction protein, colocalizes with e-cadherin, scaffolding protein 94
SH3K1 SH3 domain-containing kinase-binding Adaptor protein involved in many diverse signaling pathways 95
protein 2, CIN85
SRBS2 Sorbin and SH3 domain-containing protein 2  Adaptor protein involved in signaling pathways 49
US6NL USP6 N-terminal-like protein, RN-tre GTPase-activating protein for RAB5A. Involved in receptor trafficking 50
VANG1/2  Vang-like protein 1, Stabismus 2 Membrane protein, polarity protein, co-localizes with e-cadherin in intestinal 62
epithelial cells
WIPF2 WAS/WASL-interacting protein family Cytoskeleton, may cooperate with WASP and WASL in actin reorganization 96

member 2

interacts w/Tuba

“ Proteins present at approximately equal levels in biotin ligase alone and ZO-1 fusion protein samples but were included because they were part of the function network de-
scribed here; all other proteins were enriched at least 3-fold (as determined by the average of normalized PSMs from three samples) in ZO-1 samples compared with biotin

ligase alone or were not present in biotin ligase alone samples.

number of cytoskeletal proteins (28 compared with 24) are
tagged by ZO-1-BL. The preferential tagging by the N-termi-
nally fused ZO-1 with junction proteins compared with the
C-terminally fused ZO-1 is generally consistent with what is
known about the roles of different protein interaction domains
in ZO-1. However, the differential enrichment in kinases, traf-
ficking, and polarity proteins between the two ends was not
expected. These results suggest that there are further functional
distinctions between the N and C terminus of ZO-1 yet to be
explored.

Despite the large differences in localization, there were
only minor differences between the functional categories of
proteins tagged in the BL-ZO-1 cells cultured with and with-
out calcium (not shown). It seems likely that even in low
calcium, the proximity of ZO-1 to many neighboring pro-
teins is maintained.

Specific Proteins Are Differentially Tagged in Cells Expressing
ZO-1 with Biotin Ligase Fused to the N or C Terminus—Beyond
the differences in functional categories of proteins tagged when
BL is at the N or C terminus of ZO-1, there were clearly differ-
ences in the tagging of specific proteins (Fig. 4) as detected by
mass spectrometry. Consistent with the ability of the biotin
ligase fusion protein to self-biotinylate with high efficiency,
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ZO-1 had the highest spectral counts in all mass spectrometry
experiments, and recovery was equivalent when BL was fused to
the N or C terminus or cells were grown in low calcium medium
(Fig. 4, top row, left). In contrast, the recovery of tagged ZO-2 is
higher in samples from the N-terminal BL-ZO-1 fusion protein
compared with C-terminal fused ZO-1-BL protein (Fig. 4, top
row, middle), consistent with its known interaction with PDZ2,
which is closer to the N terminus (17). This same pattern is
observed for another tight junction scaffolding protein, MAGI3
(Fig. 4, top row, right). More dramatic are the findings for the
integral membrane proteins of the tight junction; the Coxsackie
and adenovirus receptor (CXAR) is very poorly tagged by
Z0-1-BL (Fig. 4, second row, left), and neither occludin (OCLN;
second row, middle) nor any of the claudins (claudin-2
(CLDN?2) is shown here; second row, right) are present in any of
the samples from cells expressing biotin ligase positioned at the
C-terminal end of ZO-1. As described previously, the C-termi-
nal PDZ-binding motif on claudin-2 interacts with the first
PDZ domain of ZO-1 (16), whereas occludin interacts with the
GUK domain (20). CXAR has been shown to co-immunopre-
cipitate with ZO-1 (32) and ends in a C-terminal PDZ binding
motif that is likely to interact with one of the three N-terminal
PDZ domains in ZO-1.
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Not just transmembrane proteins were enriched in the BL-
Z0-1 samples compared with ZO-1-BL samples. Two kinases
were markedly better recovered in the BL-ZO-1 samples:
MARK? (Fig. 4, third row, left), which is involved in microtu-
bule dynamics, Wnt signaling, and cell polarization (33) and
casein kinase 1 o (KC1A; third row middle), which partially
colocalizes with E-cadherin in MDCK cells (34). Phosphoryla-
tion of E-cadherin by KC1A inhibits its localization to cell con-
tacts, negatively regulating cell adhesion (34). In addition,
KC1A can phosphorylate occludin in vitro, but the functional
significance of this is unknown (35). ASPP2 (apoptosis stimu-
lating of 53 protein 2) (Fig. 4, third row, right), which interacts
with the tight junction protein MAGI1 and polarity protein
PAR3 and has been implicated both in cell polarity and in tight
junction function (36, 37), and the F-BAR domain-containing
protein, TOCA-1 (FBP1L) (Fig. 4, fourth row, left) are also
enriched in samples from BL-ZO-1- compared with ZO-1-BL-
expressing cells. TOCA-1 binds to and remodels lipid bilayers
and localizes to cell junctions in Caenorhabditis elegans (38)
and to some extent in A431 cells (39).

In general, the proteins isolated from cells incubated in low
calcium were not qualitatively different from cells expressing
the same construct (BL-ZO-1) in normal calcium. There
tended to be lower recoveries of neighboring proteins but a
similar pattern. One of the few proteins consistently more
heavily tagged in BL-ZO-1-expressing cells grown in low cal-
cium than in normal calcium is YAP1 (Yorkie Homolog, Yes-
associated protein; Fig. 4, fourth row, middle). YAP1 has been
reported to play a key role in cell proliferation in response to cell
contact (40) and has been reported to interact with angiomotin
at tight junctions and ZO-2 in the nucleus (41, 42). It seems
possible that the loss of tight and adherens junctions in low
calcium might thus trigger changes in the proximity to ZO-1/2
and YAPI.

Finally, a number of proteins are more heavily tagged in cells
expressing ZO-1-BL, including uncharacterized protein Rho
GTPase-activating protein 23 (RHG23; Fig. 4, fourth row, right)
(43), cingulin (fifth row, left), Lim domain only protein 7
(LMO?7) (fifth row, middle), and cytoplasmic actin (ACTB) (fifth
row, right). Consistent with this differential tagging, cingulin
(22) and actin (21) are known to interact with the C terminus of
Z0-1. LMO?7 is known to interact at cell junctions with nectin
and afadin and to shuttle to the nucleus, where it functions as a
transcriptional regulator (44).

Immunoblot analysis was used to verify selected proteomic
findings (Fig. 5). Lysates (Fig. 5, left) and streptavidin-purified
samples (right) from BL, BL-ZO-1, ZO-1-BL, and BL-ZO-1
cells grown in low calcium were probed for the Myc tag on the
fusion proteins (top). Myc-tagged constructs in streptavidin-
eluted samples show some degradation, but it appears that deg-
radation happens during the purification on or elution from the
beads, because the lysate samples are mostly intact. The same

Analysis of ZO-1 Proximal Proteins
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FIGURE 5. Immunoblot of selected proteins purified on streptavidin resin
from MDCK cells expressing biotin ligase alone (BL), biotin ligase fused
to the N-terminal (BL-ZO1) or C-terminal end of ZO-1 (ZO1-BL), or BL-ZO-
1-expressing cells incubated in low calcium. Shown are samples from cell
lysate before (left side, total) and after purification on streptavidin resin (right
side, SA-bound). Cells were probed for the fusion protein with an anti-Myc
antibody (top panel; white arrowheads mark the location of the biotin ligase
alone fusion protein); the same samples were also probed for ZO-2 (second
panel), claudin-2 (third panel), occludin (Ocln; fourth panel), CK1A (fifth panel),
and cingulin (bottom panel).

samples were probed for ZO-2 (second panel), claudin-2 (third
panel), occludin (fourth panel), KC1A (fifth panel), and cingulin
(bottom panel). ZO-2, claudin-2, occludin, and casein kinase 1
a are all present in markedly lower amounts in samples from
cells expressing ZO-1-BL, and cingulin is present in higher
amounts than in samples from cells expressing BL-ZO-1. Cul-
ture of cells in low calcium results in decreased levels of most of
the proteins, but the differences are less dramatic than is seen
between the N- and C-terminal fusion proteins. Although lim-
ited examples, these data strongly support the differential tag-
ging observed by mass spectrometry in Fig. 4.

FIGURE 4. Comparison of the relative amounts of specific proteins recovered from cells expressing biotin ligase fused to the N-terminal end of ZO-1
incubated in normal (BL-ZO1) or low calcium (BL-ZO1, lo Ca) or to the C-terminal end of ZO-1 (ZO1-BL). ZO-1 was recovered equally from all samples (top
left), whereas differing amounts of other proteins were recovered from MDCK cells treated with 50 um biotin for 15 h and expressing the different constructs.
Normalized PSMs were calculated as described under “Experimental Procedures”; n = 3 for each bar, mean = S.E (error bars). *, p < 0.05 by analysis of variance

followed by Dunnett’s test.
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Analysis of ZO-1 Proximal Proteins

FIGURE 6. Confocal microscopy reveals that several proteins identified by
biotinylation as ZO-1 neighbors partially colocalize with ZO-1 in MDCK
cells. Top panels, endogenous FBP1L (TOCA-1; middle panel) is localized both
intracellularly and at cell contacts. ZO-1 immunofluorescence (left panel)
demarcates the tight junction; FBP1L staining overlaps with ZO-1 signal at the
tight junction (right panel, Merge; green, ZO-1; red, FBP1L). Middle panels, sim-
ilarly, ZO-1 (left panel) and GFP-EFR3A (middle panel) are partially colocalized
(Merge, right panel; red, ZO-1; green, GFP), although GFP-EFR3A is also found
inside cells and somewhat on the lateral membrane. Bottom panels, ZO-1 (left
panel) also partially colocalizes with GFP-RN-tre (US6NL (middle panel) and
Merge (left panel); red, ZO-1; green, GFP). In this case, colocalization can be also
seen in several intracellular vesicles (white arrows). Bar, 10 um.

To test if some of the unexpected proteins identified by MS
were partially associated with cell junctions, we analyzed the
localization of FBP1L (TOCA-1), EFR3A, and US6NL (RN-tre)
(Fig. 6). FBP1L and US6NL were chosen because they are both
identified more in BL-ZO-1 than in ZO-1-BL samples and were
recovered at relatively high levels. EFR3A was detected at lower
levels, but a literature search suggested that it might play an
important role in membrane identity (45). The availability of an
antibody that could detect canine FBP1L allowed us to assess
localization of endogenous FBP1L (Fig. 6, top middle panel).
Although the FBP1L signal is localized throughout the cells,
there is some clear colocalization with ZO-1 (Fig. 6, top left);
this colocalization is evident in the yellow signal in the merged
images (top right). In contrast, we were unable to identify anti-
bodies to either EFR3A or US6NL that gave us clear signals on
immunoblots from MDCK cells, so in these cases, we investi-
gated the localization of GFP-tagged proteins. Transient trans-
fection with a GFP-EFR3A-encoding plasmid (Fig. 6, second
row, middle panel) showed that GFP-EFR3A clearly partially
overlapped with the ZO-1 signal (second row, left panel); this
can be seen in the merged signals (right panel), although the
GFP-EFR3A is also distributed somewhat along the lateral
membrane. Similarly, the distribution of GFP-US6NL (RN-tre)
(Fig. 6, bottom row, middle panel) is also partially colocalized
with ZO-1 (left panel, merge, right panel). In this case, both
proteins are also present in occasional intracellular vesicles
(white arrows).
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DISCUSSION

Our findings identify a large set of proteins as ZO-1 neigh-
bors, confirming known proximities and providing a rich set of
proteins for further study of tight junction biology. In addition,
fusing biotin ligase separately to the N- and C-terminal ends of
Z0-1 allowed unexpected discrimination in identification of
both shared and distinct proximal proteins at each end of ZO-1.
This reveals the existence of distinct functional compartments
within the junction and supports the notion that this labeling
method is specific and can provide high spatial resolution. As
expected, we identified many known tight junction proteins,
but we also found many other unexpected, but in most cases
easily rationalized, proteins that are likely to play a role in the
regulation of tight junction structure and function. Others have
used proteomics approaches to enrich the list of tight junction
proteins, notably Yamazaki et al. (46). By first isolating junc-
tion-enriched membranes and then stripping peripheral pro-
teins, they identified several novel transmembrane proteins
that do not appear on our list presumably because they are not
close to ZO-1 or do not have accessible lysines. The different
outcome between our studies highlights the need to employ a
variety of technically distinct approaches to identify the entire
tight junction proteome.

Some methodological issues require that the proteins identi-
fied using biotin ligase fusion proteins be interpreted with a
degree of caution. First, although biotinylated proteins appear
to be concentrated at the tight junction (Fig. 1), the extended
period (15 h) of exposure to biotin required for maximal label-
ing means the biotin ligase is also active during protein synthe-
sis, trafficking to the tight junction, and at least the initial
phases of degradation. Proteins proximal to ZO-1 during these
processes will thus also be labeled with biotin. For example, a
large number of ribosomal proteins were identified as proximal
to ZO-1 (see “Experimental Procedures” and supplemental File
S6). Because many of the same ribosomal proteins were tagged
by the biotin ligase fusion protein alone, we assume that their
identification may represent co-translational tagging; similarly,
trafficking or other proteins may interact with ZO-1 in a non-
junctional setting. In order to study dynamic as opposed to
steady state proximities, this method would need to be refined
to allow detectable labeling to occur during a much shorter
time interval. Second, although MDCK cells are canine in ori-
gin, for reasons described above (see “Experimental Proce-
dures”), we used the better curated and annotated SwissProt
human database to identify peptides. The use of this human
database meant that not all identified proteins were included in
these analyses, but comparison of the human and dog results
confirmed the identity and relative abundance of the proteins
discussed above. Using the human database, we did not find
some expected proteins (e.g. apical polarity proteins, E-cad-
herin, and B-catenin), but the absence of these proteins was
verified in the protein lists from the RefSeq dog database. Third,
detection of a neighbor requires that the neighbor have primary
amines and that these primary amines be accessible to the
ligase. In addition, the level of tagging cannot be assumed to be
directly proportional to proximity because value is also influ-
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enced both by the cellular protein level and the number of
lysines in the target.

Finally, the activity radius of the active BloAMP is unknown.
Roux et al. (12) conservatively estimated that roughly 50% of
the detected proteins were likely to reside within 20 -30 nm of
lamin A, their biotin ligase fusion protein. Our results suggest
that the activity radius of BioAMP may be smaller, because
purified ZO-1 has a Stokes radius of 8 —9 nm (47) and yet we see
differential and even exclusive recovery of proteins from ZO-1
tagged at the N or C terminus. However, definitive studies to
define the active radius of the BioAMP have not yet been
performed.

Despite these caveats, the use of ZO-1 biotin ligase fusion
proteins appears to be an extremely useful method to identify
proteins proximal to ZO-1 at the tight junction. The finding
that a large number of tight and adherens junction proteins are
tagged lends support to the overall specificity of this method.
Previously recognized scaffolding, integral membrane, and
cytoskeletal proteins were all found (Table 1). In addition, we
confirmed reports for several proteins that had been localized
to the tight or adherens junction on the basis of a single publi-
cation (e.g LMO7 (44), KC1A (34), RHG12 (48), and SRBS2
(49)). Other proteins have not previously been specifically asso-
ciated with tight junctions but were heavily tagged by ZO-1 (e.g.
the F-bar-containing protein, FBP1L (38), US6NL (50), and the
ASPP2-interacting protein, RASF8 (51)), suggesting that these
proteins may be functionally important at this site. Partial colo-
calization of two of these proteins, FBP1L and US6NL, with
ZO-1 was demonstrated by immunofluorescent confocal
microscopy, as was colocalization of EFR3A, a palmitoylated
protein that targets PI4KIIa to the plasma membrane (45).
Finally, a number of uncharacterized proteins were tagged,
including some transmembrane proteins with unknown func-
tions (e.g. CL023, IGS11 (immunoglobulin superfamily mem-
ber 11), and SLIT4 (Slit and Trk-like protein 4)); further inves-
tigation of these proteins may identify a contribution to tight
junction structure or function.

In addition to single tagged proteins, we also find tagged pro-
teins to cluster into groups of proteins with reported interac-
tions that suggest they are components of local functional net-
works. One example of such a network is the subset of polarity
and/or Wnt-signaling proteins tagged by ZO-1. Unexpectedly,
none of the polarity proteins typically reported as associated
with tight junctions and apical-basal polarity (reviewed in Ref.
52) was tagged by either ZO-1 fusion protein; this absence
included Crbl to -3, PALS1, and the PAR6-atypical protein
kinase C-PAR3 complex. Instead, more laterally distributed
polarity and associated proteins were identified, including
MARK?2 (full names and annotations appear in Table 2) and
several MARK2 substrates, including the IBAR protein BAIP2
(53) and DVL1 and DVL3 (54); these latter proteins are mem-
bers of the Wnt-signaling and planar cell polarity pathways. In
addition, SCRIB, which co-immunoprecipitates with ZO-1 (55,
56), the SCRIB-interacting protein, LPP (57), and the planar cell
polarity proteins VANG1 and VANG2 were identified. The
only isoform of PAR3 tagged to a significant extent was PAR3L,
which, unlike some other PAR3 splice forms, does not bind
atypical PKC (58) but is recruited to tight junctions via an inter-
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action with JAM; PAR3L recruits PP1A, which was also identi-
fied. Finally, ASPP2, which partially localized to tight junctions
and interacts with MAGI1, PAR3, and RASF8 (51) was tagged;
ASPP2 has been implicated both in cell polarity and in tight
junction function (36, 37). Many of these proteins interact and
also have effects on tight junction organization (53, 55, 56,
59— 64).

Although tight junctions demarcate the apical and basolat-
eral domains of polarized epithelia, they are not required for
setting up these domains (65), and the interplay between tight
junctions and polarity complexes is incompletely understood.
However, it seems likely that at least in stable monolayers, the
interactions with the basolaterally positioned polarity complex
proteins are quantitatively more important than interactions
with apical members. In addition, based on the localization of
the streptavidin signal in Fig. 1D, ZO-1 fusion proteins have
access to basolateral membrane domains but not the apical
domain, which probably reveals dynamic interactions with
adherens junction proteins (66). The role of the laterally distrib-
uted polarity proteins that we did find is less well defined than
in those of the apical complex. However, recent data suggest
that along with a minor function in apical/basolateral polarity
(52), a number of the identified proteins, notably SCRIB,
VANG, and DVL, are implicated in control of planar cell polar-
ity and directed cell migration (reviewed in Ref. 67).

Finally, our findings that the two ends of ZO-1 are associated
with different although overlapping neighborhoods of proxi-
mal proteins confirms the hypothesis that ZO-1 functions as a
scaffold protein linking the transmembrane proteins of the
tight junction to cytoskeletal proteins. In addition, the biased
association of other types of proteins with the N and C terminus
of ZO-1 suggests that these domains may also be differentially
involved in subjunctional networks for signaling, polarity, and
trafficking. For example, we found not only that claudins and
occludin were enriched in samples tagged by the ligase fused to
N-terminal end of ZO-1 but also that many of the above men-
tioned polarity proteins were also enriched in these same sam-
ples. Conversely, the proteins preferentially tagged by ZO-1-BL
support the idea that this end is positioned within the cortical
cytoskeleton. Even within “signaling” proteins, we find distinc-
tions with most kinases and phosphatases near the N terminus
and the erbin adaptor LAP2 and RhoGAP23 near the C termi-
nus. Together these spatial distinctions point to a significant
level of functional compartmentalization within the small
dimensions of the tight junction. We are currently perform-
ing similar tagging methods with other known tight junction
proteins with the goal of visualizing other functional
subcompartments.

The biotin ligase tagging has provided a large and relatively
unbiased list of ZO-1-proximal proteins. Many proteins on this
list invite further investigation regarding their putative roles at
the junction. As proof of principle, we have verified that three
new proteins colocalize with ZO-1 and deserve further study of
their biologic role at the junction. Overall, the use of this
method will allow us to ask more informed questions about
junction structure and regulation based on a more complete
definition of the tight junction proteome.
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