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Abstract

The tight junction creates an intercellular barrier limiting paracellular movement of solutes and 

material across epithelia. Currently many proteins have been identified as components of the tight 

junction and understanding their architectural organization and interactions is critical to 

understanding the biology of the barrier. In general the architecture can be conceptualized into 

compartments with the transmembrane barrier proteins (claudins, occludin, JAM-A, etc.), linked 

to peripheral scaffolding proteins (such as ZO-1, afadin, MAGI1, etc.) which are in turned linked 

to actin and microtubules through numerous linkers (cingulin, myosins, protein 4.1, etc.). Within 

this complex network are associated many signaling proteins that affect the barrier and broader 

cell functions. The PDZ domain is a commonly used motif to specifically link individual junction 

protein pairs. Here we review some of the key proteins defining the tight junction and general 

themes of their organization with the perspective that much will be learned about function by 

characterizing the detailed architecture and subcompartments within the junction.
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Introduction to Tight Junctions

Transporting epithelia require a paracellular seal to allow the directional transport of ions 

and solutes across cell layers. This seal is formed by the tight junction, the apical-most 

junction of a series of cell contacts that form lateral connections between adjacent cells. The 

ultrastructure of epithelial junctions was first described in a seminal paper by Farquhar and 

Palade over 50 years ago [1]. A few years later, freeze fracture electron microscopy (FFEM) 

was used to visualize the tight junction-containing plasma membranes, Fig. 1; using this 

method, tight junctions were observed to consist of rows of membrane contacts [2] that 
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varied in number and morphology among different tissues [3]. In parallel, there was a 

gradual recognition among physiologists studying epithelial transport that the tight junction, 

which had been considered to be an impermeable structure, was actually variably permeable 

to ions and solutes [4]. These observations together led to a remarkable period of 

investigation in which tight junctions in different tissues were compared and characterized 

by electron microscopic and physiologic methods and led to the conclusion that the barrier 

varied widely among epithelia in its physiology. It was assumed that tissue-specific barrier 

differences were the result of the variations in protein composition and architecture.

However, it was not until 1986 that ZO-1, the first protein component of the tight junction 

was identified and localized to the tight junction by immuno-electron microscopy (immuno 

EM), Fig.2A [5]. This discovery was soon followed by the identification of two ZO-1-

related proteins that could co-immunoprecipitate with ZO-1, termed ZO-2 [6] and ZO-3 [7] 

and by the discovery of an unrelated protein termed cingulin [8]. However, since all four of 

these were found to be peripheral membrane proteins, none could directly create the 

intercellular barrier. In a tour de force, the Tsukita laboratory, using a similar biochemical 

fractionation method as had Stevenson and Goodenough, identified the first tight junction 

transmembrane protein, occludin [9]. When mouse knock-out studies demonstrated occludin 

was dispensable for barrier formation [10], this group went on to identify several members 

of the claudin family of proteins [11]. Morphologic and functional studies subsequently 

demonstrated that claudins were the critical barrier forming proteins [12].

The identification of these proteins was just the beginning of an extensive enumeration of 

tight junction components that continues today. Identification of proteins has occurred 

though both systematic efforts to enumerate the junction proteome [13-15] and from 

serendipitous discovery of single proteins. Some cataloging represents isolated reports of an 

antigen that co-localized with ZO-1 or another known tight junction protein. Others 

represent recognition that previously characterized proteins are also at the junction, for 

example, many well-defined junctional signaling or cytoskeletal proteins. The current list of 

proteins is likely incomplete and the 3-dimensional architecture and functional interactions 

of these proteins are not well defined.

The goal of this review is to develop a more complete and nuanced model of tight junction 

functional and structural compartments based on the variety of techniques that have been 

used to probe protein interactions and localization. To do this, we will consider interactions 

among and spatial compartmentalization of the core tight junction proteins and some 

relevant cytoskeletal proteins. Mixed within this network are dozens of signaling proteins 

that control junction function and provide differentiation signals to the cell. We will not only 

highlight the relationships between these different groups of proteins but also pose important 

unanswered questions in tight junction structure and function.
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1. Core components of the Tight Junction: Integral membrane and 

scaffolding proteins

1.1 Integral Membrane Proteins: Claudins, TAMPs and JAMs

1.1.1 Claudins—There is overwhelming evidence that the main freeze-fracture fibril 

forming proteins are the 25-plus members of the claudin family [16]. When expressed in 

fibroblasts which do not normally form tight junctions and the transfected cells are 

examined by FFEM, these small, 20-25kDa, integral membrane proteins can recapitulate 

fibrils similar to those of epithelial cell tight junctions [11]. In addition, much physiologic 

evidence supports the idea that claudins form the paracellular seal (reviewed in [17]).

1.1.2 Claudin architecture—Although tight junction strands that can be visualized by 

FFEM are a hallmark of epithelial tissues, the appearance of these strands differs in different 

tissue in terms of their number and the degree of crosslinking between strands [18]. Within 

most tight junctions, there exists a polarity to strand organization. FFEM images typically 

reveal one continuous apical-most strand, variably cross-linked medial strands and looser, 

less well organized and sometimes discontinuous basal strands [19, 20], Fig. 1. How these 

strands are organized and the basis for their structural gradients is not well understood, but 

the strand organization may reflect a maturation process from basolateral to apical. As early 

as 1973, this gradient of organization led Staehelin to suggest that the seal formed by a 

“zippering up” of cell-cell contacts in the lateral to apical direction [19]. All claudins (except 

claudin-12) end in a carboxyl terminal PDZ binding motif; these motifs interact with the 

first of the three PDZ domains of the tight junction scaffolding proteins ZO-1, -2 and -3 [21] 

and this interaction contributes to strand organization. Binding to other PDZ domain-

containing proteins has also been reported, including MPDZ (MUPP1, Multi PDZ domain 

protein 1) [22] and PatJ (Protein associated with tight junctions) [23]. In addition, 

preferential interactions between distinct claudins and different PDZ domain-containing 

proteins have been reported [23, 24], although this remains to be more fully investigated. 

There does appear to be a requirement for PDZ-dependent interactions in setting up a tight 

junction, since for example in the mouse breast epithelial cell line, Eph4 cells, the 

scaffolding proteins ZO-1 and ZO-2 are required to create the claudin-based tight junction 

strands [25]. It is notable however, that depletion (as opposed to knockout) of greater than 

90% of ZO-1 and ZO-2 does not result in major tight junction fibril disruption [26], 

suggesting that only a small amount of ZO protein is required for nucleating claudin strand 

assembly. It is possible that an apical/basal gradient in localization of ZO (or other) 

scaffolding proteins within the junction or the fact that different claudins may have variable 

affinities for their scaffolds may contribute to a nonhomogeneous strand organization, but 

there is no direct evidence for this. Additionally, it is also possible that posttranslational 

modification of either claudins or the scaffolding proteins may factor into their relative 

affinities and thus organization [27].

Although scaffolding proteins may be required to set up tight junctions, it is also clear that 

claudins have the capacity to self-organize into different strand architectures [28], an ability 

that has not only structural but physiologic and pathologic consequences [29]. Claudins 

lacking PDZ binding motifs form patches of tight junction fibrils when expressed in 
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fibroblasts and, in epithelial cells, claudins lacking this motif will still accumulate at tight 

junctions, suggesting claudin oligomerization is not dependent on interaction with 

scaffolding proteins [30]. Differing affinities for both cis and trans homo and hetero-

oligomerization among different claudins have been well documented [31-33], so that stand 

maturation might result in claudin “sorting”. This could result in different strand architecture 

in more mature strands where claudin-claudin interactions with the highest affinity would 

dominate. Differing affinities may explain one dramatic example seen in hybrid junctions 

formed between sensory and nonsensory cells in the inner ear [34]. In this special case, 

immuno-EM demonstrates ZO-1 expression extends all the way down the hybrid junction, 

while claudin-14 distribution is limited to very apical, mostly parallel tight junction strands. 

In contrast, claudins-6 and -9 are found in a looser, more basal network below claudin-14 

but still within the domain of the ZO-1 distribution, Fig.3(left panel). Occludin distribution 

follows ZO-1 and thus is not specifically associated with either claudin-14 or claudin-6/9 

localization. There is co-distribution of claudin-6 and -9 and α-, β- and p120 catenins and 

increased junctional actin, Fig. 3(right panel). The authors postulate that this unusual 

organization is a specific response to the continuous shear stress to which this junction is 

exposed.

Overall, it seems most likely that scaffolding and self-organization both contribute to tight 

junction architecture. A minimal scaffold at the junction may be sufficient to set up the 

initial claudin fibrils, while further refinement of this organization may be more dependent 

on claudin-claudin interactions than on their continued binding to scaffold proteins. The idea 

that claudin organization may be partially independent of scaffold proteins is consistent with 

FRAP (Fluorescence recovery after photobleaching) data showing different recovery times 

for ZO proteins compared with claudins, suggesting that a majority of claudins are not 

tightly linked to scaffolding proteins once they are at tight junctions [35]. Additionally, it 

has been demonstrated that claudins can be endocytosed transcellularly unaccompanied by 

ZO-1 or occludin [36].

The structure of a single claudin was recently solved [37] and although it gives insights into 

residues that line the paracellular pore space, it does not provide clear evidence as to how 

this protein forms oligomers. The size of individual freeze fracture particles is 

approximately 10nm (for example see Fig. 3) [38] and seems likely to consist of a higher 

order claudin multimer. Retaining protein interactions in Blue Native PAGE electrophoresis 

reveals a fundamental claudin unit is the dimer [39, 40] but the higher order assembly above 

dimers has not been defined.

Although claudins are the strand-forming proteins, there is considerable evidence for extra-

junctional claudin distribution. Several claudins are localized to basolateral cell membranes, 

including claudin-7 [41] and in some tissues, claudin-1 [42] and -4 [43] among others. 

Claudin-7 is competent to form tight junction strands [28], but when localized to the 

basolateral membrane, it does not contribute to strand formation [44]. It is restrained on the 

basolateral surface via an interaction with the cell adhesion protein, Ep-Cam [45], since Ep-

Cam depletion results in claudin-7 relocalization to tight junctions [46]. Claudin-1, which is 

found in tight junctions but also along lateral membrane in some cells, is associated with the 

tetraspanin CD81 at the lateral membrane but not at tight junction [47]. The biologic 
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function of the non-tight junction claudins is unclear at present, but it would be a mistake to 

think of claudins as purely tight junction proteins.

1.2 The TAMPs: Occludin, Tricellulin and MarvelD3

TAMPs, or Tight Junction-Associated Marvel domain-containing proteins are characterized 

by the four transmembrane domains that share some homology with MAL (Myelin and 

lymphocyte-associated protein); this homology was observed by the Matter and Balda 

laboratories [48] and the Turner laboratory [49]. The three members of this family that are 

associated with tight junctions include occludin [9], tricellulin [50] and MarvelD3 [48]. 

Occludin was the first transmembrane protein identified [9], but its role at the tight junction 

is still controversial. Occludin knockout animals have normal paracellular permeability and 

normal appearing junctions, although they also exhibit some unexplained phenotypes that 

may represent an indirect role for this protein in permeability regulation [51]. The occludin-

related protein, tricellulin, is concentrated at tricellular junctions, a specialized domain of the 

tight junction where freeze-fracture fibrils extend more basally than they do at bicellular 

junctions [50] (see Fig. 3 left) and variably distributed along bicellular junctions, [52]. It is 

an essential tight junction protein for hearing [53] but its mechanistic contribution to barrier 

function in epithelial cell lines is controversial [49, 54, 55]. MarvelD3, expressed as two 

splice forms in cells and tissues, is widely expressed in epithelia and in part co-localizes 

with occludin at bi-cellular junctions [48, 49]. It has a longer N-terminal and shorter C-

terminal domain relative to occludin and can be co-immunoprecipitated with occludin and 

with tricellulin; in contrast, occludin does not immunoprecipitate with tricellulin [49]. 

MarvelD3 knockdown has been reported to have variable physiological effects, but it seems 

likely that occludin, tricellulin and marvelD3 have both independent and overlapping 

functions [49].

1.2.1 TAMP architecture—Although most occludin is concentrated at the tight junction, 

a smaller fraction of it is also distributed on the lateral membrane; it is a phosphoprotein and 

tight junction localization is positively correlated with the degree of phosphorylation [56]. 

Extra-junctional localization could represent a step in occludin trafficking, since occludin is 

first delivered to the lateral cell membrane and from there traffics laterally to the tight 

junction [57], possibly after being phosphorylated. This lateral targeting is reported to 

require the occludin MARVEL domain which also mediates cis-oligomerization [58]. Like 

claudins, the carboxyl terminal sequences of occludin binds to ZO-1 but not through a PDZ-

dependent interaction. Instead, a positively charged surface in the last 150 amino acids of 

occludin, identified by structural analysis, contains the binding site for ZO-1, and charge 

reversing mutations on this surface disrupt its co-localization with ZO-1 at cell contacts in 

fibroblasts [59]. However, as is the case for claudins, deletion of the ZO-1 binding region 

does not alter trafficking to preformed epithelial tight junctions [60], suggesting that other 

interactions are sufficient to recruit it to the junction.

When transfected into fibroblasts, none of the TAMPs can form freeze fracture strands but 

when co-transfected with claudins, they are then recruited to the continuous claudin-based 

strands [33, 61]. Occludin, but not tricellulin or marvelD3 forms homophilic transcellular 

interactions [61], and tricellulin shows neither cis nor trans interactions with occludin 
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although marvelD3 can interact in cis with both [49, 61]. This is consistent with the co-

distribution of marvelD3 with both occludin and with the segregation of tricellulin to 

tricellular contacts. In some cell types, siRNA-mediated depletion of occludin results in 

redistribution of tricellulin to bi-cellular junctions [62]. FRAP analysis has demonstrated 

that recovery kinetics for claudins, occludin and ZO-1 are all different, suggesting that their 

interactions are quite labile or that only a small fraction of each is in a stable complex [35]. 

The reason for this disconnect in protein dynamics is unclear but may allow for dynamic 

remodeling among junction proteins during cell-cell movements.

The Furuse laboratory has recently identified a family of integral membrane proteins that is 

required for localization of tricellulin to tricellular contacts [63, 64]. These proteins, called 

angulins, are single span immunoglobulin superfamily members and include LSR (the 

Lipolysis-Stimulated Lipoprotein Receptor), ILDR1 and ILDR2 (Immunoglobulin-like 

domain-containing receptor 1 and 2). The three members of this family are differentially 

expressed at tricellular junctions in most epithelial tissues and knockdowns/overexpression 

have variable effects on barrier function [64]. All three co-immunoprecipitate with 

tricellulin and their knockdown disrupts tricellulin localization.

Although as stated above, expression of the TAMPs in fibroblasts does not result in fibril 

formation, co-expression of any of the three with claudins can alter the morphology of the 

freeze fracture fibrils relative to those seen in cells expressing claudins alone [61]. For 

example, co-expression of tricellulin with claudin-1 in fibroblasts induces the formation of 

sharply angled branches between the freeze fracture fibrils, suggesting that this TAMP in 

particular is involved in strand organization [61, 62]. Therefore, although strands are 

differentially nucleated depending on the claudin composition [28, 34], the TAMPs are 

capable of modifying strand organization [61, 62], and both scaffolding proteins and the 

angulins also likely confer specific architectural features to the tight junction.

1.3 JAMs

We will focus on JAM-A (Junctional Adhesion Molecule-A) which is a member of the 

immunoglobulin superfamily; junction-associated relatives include JAM-B, -C and the more 

distantly related JAM-4, JAM-L and CAR (Coxsackie and Adenovirus receptor), reviewed 

in [65]. Although many of these proteins have been implicated in regulation of barrier 

function, most published studies have focused on the junctional role of JAM-A. This protein 

is concentrated at epithelial and endothelial tight junctions [66, 67], with some localization 

to lateral cell membranes [67]. By immuno-FFEM, it localizes to claudin-based tight 

junction fibrils in epithelial cells [68]. It has been implicated in regulation of endothelial cell 

migration and it is also expressed on immune cells, where expression mediates immune cell 

transcytosis across epithelia though the junctions [66]; cis-dimerization is required for these 

functions. JAM-A protein contains two extracellular immunoglobulin-like loops, a single 

transmembrane and a cytoplasmic domain ending in a PDZ binding motif. The more 

membrane distal extracellular Ig loop mediates homodimerization between JAM-A proteins 

on the same cell and might mediate trans interactions [69, 70]. The PDZ binding motif of 

JAM-A has been reported to interact with Afadin, ZO-1 [71], ZO-2 [72] and with PDZ-

GEF2 (Guanine exchange factor-2)[73]; the ZO-2/Afadin/PDZ-GEF2 interactions are 
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required for Rap activation and physiologic effects [72, 73]. JAM-A also interacts with some 

members of the cell polarity complex [68, 74] and has thus been implicated in the 

establishment of cell polarity. Phosphorylation of JAM-A at serine 285 by atypical protein 

kinase C (aPKC) is associated with exclusive tight junction localization and phosphorylation 

at this site is required for normal kinetics in the formation of fully functional tight junctions 

[75]. JAMs do not appear critical for regulation junction architecture but contribute to 

adhesion and signaling.

1.4 Scaffolding proteins of the tight junction: ZO-1, -2, -3, Cingulin and Cingulin-like 
protein 1 and others

1.4.1 ZO-1, -2 and -3—ZO-1 was the first identified tight junction protein [5] and it 

remains one of the best studied. ZO-1 and its relatives, ZO-2 and -3 are multidomain 

proteins each with three N-terminal PDZ domains, a central SH3 (Src homology 3) domain 

and a region with homology to guanylate kinase [6, 7, 76]. ZO-1 can dimerize with itself, 

ZO-2 or ZO-3; dimerization is mediated through interaction (domain-swapping) at the 

second PDZ domain [77]. The members of the ZO family of proteins are peripheral 

membrane proteins; immuno-EM of ZO-1 shows that it is positioned immediately below the 

tight junction membrane contact points [5] (Fig. 2A, top). Ultrastructural localization of 

ZO-2 and ZO-3 are indistinguishable from that of ZO-1 [6, 7]. The ZO proteins may be in 

part targeted to or stabilized at the plasma membrane by the ability of their second PDZ 

domains to bind membrane phosphoinositides [78], but they are well characterized for their 

binding to the transmembrane claudins and occludin. All three ZO proteins bind actin [79, 

80], which in the case of ZO-1 has been localized to a 220 amino acid region in the carboxyl 

half of the protein [81]. In addition, ZO proteins bind a number of actin binding proteins 

(reviewed in [82]).

1.4.2 Cingulin—Cingulin [8] is a coil-coiled domain containing peripheral membrane 

protein that binds directly to ZO-1. It clearly has both structural and signaling roles at the 

tight junction; for example, cingulin phosphorylation promotes the junctional association of 

microtubules [83]. Cingulin is also involved in the junction recruitment of GTPase 

regulatory proteins and in junction formation [84, 85]. Comparison of the immuno-EM 

localization of cingulin (Fig. 2A, bottom) with that of ZO-1 (Fig. 2A top) reveals that it 

extends further from the membrane than do the ZO proteins (Fig. 2A). Although this 

difference in localization is not detectable by conventional light microscope 

immunofluorescence [86], the lateral displacement of cingulin from the ZO proteins is 

evident by super resolution, SIM (Structured Illumination Microscopic) analysis (Fig. 2B, 

top). Nonmuscle myosin 2A appears similarly, but slightly farther displaced from the 

membrane than cingulin (Fig. 2B, bottom) supporting the idea that ZO-1 forms a link 

between the transmembrane proteins and the cytoskeletal compartment.

1.4.3 Afadin—Afadin is a PDZ domain-containing protein that plays a critical role in the 

early polarization of the apical junctional complex [87]. It has been localized both to tight 

[88] and adherens [89] junctions by immuno-EM: its distribution likely overlaps both 

junctions. Afadin interacts with JAM-A [73] and with elements of the polarity complex; 

these proteins together with nectin and ZO-1 appear to be required for the proper apical 
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positioning of the tight junction relative to the adherens junction [90]. Afadin can interact 

with ZO-1 when tight junctions are disrupted as after calcium removal, but this interaction is 

not detectable in polarized cells [91]. As afadin binds both to transmembrane proteins and to 

actin, its distribution means it is unusually well positioned for functional coordination 

between tight and adherens junctions, particularly during junction development and dynamic 

remodeling.

1.4.4 MAGI-1 and -3—Both MAGI-1 (membrane-associated guanylate kinase inverted-1) 

[92] and MAGI-3 [93] are PDZ domain-containing scaffolding proteins concentrated at 

epithelial tight junctions. MAGI1 [92] and MAGI3 [93] were localized at tight junctions by 

immuno-EM, but MAGI3 was found in other cellular locations as well. MAGI-3 has been 

implicated as a phosphoprotein scaffold and as a scaffold for the WNT signaling pathway 

receptor, Frizzled-4 [94], while MAGI-1 interacts with JAM-4 [95], the lipid phosphatase 

PTEN (Phosphatase and tensin homolog) [96], the rap activator PDZ-GEF1 [97] and the 

actin binding proteins α-actinin-4 and synaptopodin [98]. In spite of their tight junction 

localization and demonstration of numerous protein interactions, the role of MAGI-1 and -3 

in tight junction physiology is yet not clear.

1.4.5 MPDZ—MPDZ (Multiple PDZ domain protein, aka MUPP-1) is yet another PDZ 

domain scaffolding protein that has been localized to tight junctions [22]; it contains 13 PDZ 

domains and interacts with a large number of tight junction proteins, including claudins and 

JAMs [22, 24]. MPDZ plays a clear role as a synaptic scaffold and is variably associated 

with tight junctions. One unusual interaction is that it apparently acts to scaffold 

somatostatin receptors at some epithelial tight junctions [99].

2. Cytoskeletal proteins of the tight junction

Actin [100-102], non-muscle myosin 2A, 2B, 2C [103] and microtubules [83, 104] all 

clearly play critical roles in tight junction architecture and physiology. Coupling to the 

perijunctional cytoskeleton is required for assembly of the junction and for maintenance of 

the barrier. A common feature of physiologic and pathologic alteration of the barrier is 

alteration of the junction-associated actin cytoskeleton; not surprisingly the number of 

cytoskeletal proteins at the junction is large. Cytoskeletal connections scaffold the forming 

contacts, provide stability against shear and serve as a matrix for signaling pathways.

A number of actin polymerizing proteins have been localized to tight junctions, including 

Arp2/3 [105], N-WASP [106], cortactin [107] and VASP [108]. In addition, many regulators 

of actin organization have been implicated in tight junction biology, including members of 

the RhoA, Rac and Cdc42 family of small GTPase; their roles at the junction have been the 

subject of excellent recent reviews [109, 110] as has trafficking of tight junction components 

[111], so these proteins will not be explicitly covered here. In addition to actin effectors, 

numerous tight junction-associated actin binding proteins have been identified and their 

importance implicated in tight junction biology, these have been recently reviewed as well 

[112]. Many of these proteins are involved in linking the transmembrane proteins of the 

junction to the cytoskeleton; these include the ZO proteins themselves, which bind actin 

directly and also a number of actin binding proteins [82]. Examples of ZO interacting actin 
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binding proteins include the actin-crosslinking protein, α-actinin-4 [113], the tension 

sensitive actin-binding relatives vinculin [114] and α-catenin [115], and actin/spectrin 

interacting protein 4.1 [116]. A recently described role for the protein anillin involves 

regulation of actin and myosin at the tight junction [117]; anillin binds MgcRacGAP which 

interacts with cingulin and has been shown to play a role in the coordination of junctional 

GTPase activities [85]. Another particularly important actin regulatory protein is shroom2, 

which interacts with ZO proteins and regulates apical actin, myosin and microtubule 

organization with significant consequences for junctional organization and cell shape [118].

Non-muscle myosin II (NMII) is enriched at the apical junction [119] and plays a critical 

role both in maintenance of normal junctional tone [120] and in driving junction assembly 

and disassembly (reviewed in [121]). The anatomic relationship between NMII and apical 

junctions was recently elegantly described by Kachar and co-workers [122]. They 

demonstrated that junctional NMII was arranged in a periodic array of bipolar NMII 

filaments interwoven with actin and α-actinin; this was organized into sarcomeric-like units 

arranged in a belt around the apical pole of epithelial cells. The sarcomeres were aligned 

across cell membranes to allow organized contraction across a monolayer. This structure 

overlapped the basal half of the tight junction and apical end of the adherens junctions.

Links between microtubules and tight junctions were most clearly demonstrated in a recent 

study [83], in which the use of super resolution microscopy was revealed a previously 

undescribed planar apical network of microtubules at the tight junction. These microtubules 

bound to phosphorylated cingulin and their association with junctions was compromised in 

cingulin knockdown cells. While control cells formed spherical cysts in three dimensional 

cultures, cingulin knockdown cells or cell expressing non phosphorylatable cingulin formed 

asymmetric anisotropic cysts, supporting a previously unappreciated role for junction-

associated microtubules in normal epithelial architecture.

3. Subdomains of tight junction

When viewed at low resolution, for example by immunolocalization of its core proteins, the 

tight junction appears to be a homogeneous zone of cell-cell contact. However, similar to the 

synapse [123] or to focal adhesions [124], the architecture of the tight junction is likely to 

contain structurally and functionally segregated zones. In fact, using a range of higher 

resolution methods including immuno-EM, FFEM and super-resolution light microscopy 

another picture emerges in which the junction is compartmentalized along the apical to 

lateral axis and from the plasma membrane to the cell’s interior. For example strand 

morphology can vary between the most apical strands compared to more basal fibrils, 

corresponding with the segregation of individual claudins toward top or bottom of the 

junction (Fig.1). Other proteins and complexes are concentrated at the bottom of the tight 

junction and the top of the adherens junction [91, 122], and still others proteins are 

apparently equivalently distributed along the entire tight junction and into adherens 

junctions [34]. Par3 represents an unusual case; it is found localized to the top and the 

bottom (but not the middle) of tight junctions [125]. A second gradient of localization is in 

the x-y plane, that is laterally from the transmembrane sealing proteins (e.g. claudin), to 
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their scaffolds (e.g. ZO-1) to intermediate linkers (e.g. cingulin) to actin filaments and 

microtubules.

In order to gain more insight into these positional subtleties, and expand knowledge of the 

tight junction proteome, we recently employed a proximity-based proteomic method to find 

proteins near known junction proteins [13]. In this method an engineered form of biotin 

ligase is fused to a junction protein, expressed in cultured epithelial cells, and proteins 

within about 25Å of the fusion protein become labeled and can be recovered on a 

streptavidin–matrix and identified by mass spectrometry. When this method was applied to 

ZO-1 several hundred proteins were tagged although when ranked by frequency of recovery, 

many of those previously known to be close to ZO-1 were at the top of the list, for example 

ZO-1, ZO-2, claudins and occludin. Unexpectedly we found integral membrane proteins 

more heavily tagged when the ligase was fused to the N-terminus of ZO-1 while cytoskeletal 

proteins were more heavily tagged when the ligase was fused to the C-terminus. In 

retrospect this is consistent with known binding sites for claudins, occludin and JAM-A in 

the N-terminal half while actin and cortactin binds in the C-terminal half of ZO-1. The 

unexpected spatial resolution of tagging suggests the approach could be used to map the 

location of many proteins around the junction. When we positioned the ligase at the C-

terminus of E-cadherin, the core protein of the adherens junction [126], the most highly 

tagged proteins were the catenins while very few tight junction proteins were tagged. 

Afadin, however, was high on both ZO-1 and E-cadherin lists, consistent with its 

interactions with components of both junctions. In contrast, members of the WNT signaling 

pathway, like the disheveled homolog proteins were much more heavily tagged by ZO-1 

than E-cadherin, suggesting unexpected spatial compartmentalization in this signaling 

pathway.

In the future it will be important to continue to apply a range of methods to define the 

organizational subtleties of the tight junction. Beyond simple microscopic localization of 

proteins, proximity-based proteomic approaches seem a promising approach to define spatial 

compartments. Finally, there is evidence from methods like FRAP that we should be 

thinking about kinetically distinguishable compartments of junction proteins. These spatial 

and temporal compartments will have currently unappreciated consequences for function.
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Highlights

• A large number of proteins are located at the tight junction.

• General themes of their organizational architecture can be defined.

• Structural and functional compartments exist along the junction and from the 

membrane toward the cell interior.

• Much remains to be learned about the interaction and spatial organization within 

the junction.
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Fig. 1. 
Freeze fracture electron microscopic image and diagram of a tight junction. Top, FFEM 

image from rat jejunum showing a gradient of strand organization from the lateral to apical 

side of the junction. One continuous apical strand is typically followed by a network of 

interconnected strands and on the basal side the strands can be free and unconnected to the 

network. Bottom, An artist's view of a tight junction as seen in FFEM. The diagram is of 

two fracture planes in apposed tight junction membranes. (A) Rows of particles in one 

fracture plane that become a meshwork after glutaraldehyde fixation and (B) grooves, 

modeled in the front fibrils of this second fracture plane. IS, intercellular space and CMS, 

cytoplasmic membrane surface. Reproduced with permission from Staehelin, 1973.
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Fig. 2. 
Different subjunctional localization of cingulin, ZO-1, and Myo2A are revealed by immune-

gold EM labeling (A) and high-resolution Structured Illumination Microscopy (SIM) (B). 

Cingulin (Aa) labeling is chick intestine is displaced from the membrane contacts and 

decorates actin filaments that radiate out from the junction contact sites. In contrast, ZO-1 

(Ac) in cells is closely apposed to plasma membrane contacts corresponding to intermittent 

claudin-based strands. These relative positions are confirmed by immunolocalization in 

polarized Caco-2 cells by SIM (B) for cingulin (top), which in part co-localizes with ZO-1 

but is also positions lateral to the ZO-1 signal. Myo2A (bottom) which binds cingulin, like 

cingulin, is positioned farther from the contacts. EM images were reproduced with 

permission from Stevenson, et al. 1986. SIM images produced by C.M. Van Itallie. Cells 

were fixed with 1% paraformaldehyde and incubated with (top) monoclonal ZO-1 (Life 

Technologies) and polyclonal cingulin (gift from Dr. Sandra Citi, University of Geneva) 

antibodies and (bottom) monoclonal ZO-1 and polyclonal non-muscle myosin 2A (Covance) 

antibodies; secondary antibodies were from Jackson Immunoresearch. Images were acquired 

on a using a GE OMX Blaze V4 Ultrafast Structured Illumination Microscope equipped 

with 4 sCMOS cameras using a 60X 1.42NA lens using 488 and 561 laser lines; images 

were acquired using Deltavision OMX software and adjusted and cropped in Adobe 

Photoshop. Unpublished results, bar=1 μm.
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Fig. 3. 
Two subdomains (brackets) of a tricellular (a, left) and bicellular (b, right) intercellular 

junction between sensory and non-sensory cells of the mouse inner ear revealed by freeze 

fracture and transmission EM. Left, a, Strand morphology is distinctly difference at the 

apical versus basal end of the junction. This correlates with restricted expression of 

claudin-14 to the top zone and claudin-6 and -9 to the bottom zone; in contrast, ZO-1 and 

occludin are expressed in both zones. Right, b, significantly more perijunctional actin is 

accumulated in bottom zone, outlined by green dots. Modified and reproduced with 

permission from Nunes, et al., 2006.
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