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ABSTRACT Tight junctions are cell-cell adhesion complexes that act as gatekeepers of the paracellular space. Formed by
several transmembrane proteins, the claudin family performs the primary gate-keeping function. The claudin proteins form
charge and size-selective diffusion barriers to maintain homeostasis across endothelial and epithelial tissue. Of the 27 known
claudins in mammals, some are known to seal the paracellular space, while others provide selective permeability. The differ-
ences in permeability arise due to the varying expression levels of claudins in each tissue. The tight junctions are observed
as strands in freeze-fracture electron monographs; however, at the molecular level, tight junction strands form when multiple
claudin proteins assemble laterally (cis assembly) within a cell and head-on (trans assembly) with claudins of the adjacent
cell in a zipper-like architecture, closing the gap between the neighboring cells. The disruption of tight junctions caused by
changing claudin expression levels or mutations can lead to diseases. Therefore, knowledge of the molecular architecture of
the tight junctions and how that is tied to tissue-specific function is critical for fighting diseases. Here, we review the current un-
derstanding of the tight junctions accrued over the last three decades from experimental and computational biophysics
perspectives.

SIGNIFICANCE Tight junctions are multiprotein complexes that act as gatekeepers of the intercellular space in
endothelial and epithelial cells. The critical determinants of the tight junction selectivity are the claudin family of proteins
that self-assemble into strand-like architectures that form barriers and charge- and size-selective pores that regulate the
passive diffusion of molecules and ions across the cell-cell interface. This mechanism is critical for maintaining
compartmentalization and homeostasis in organs and tissues, such as the skin and blood-brain barriers. In this article, we
present the milestone breakthroughs that have informed our current knowledge of the molecular architecture of tight
junctions over the past three decades since the discovery of the first integral tight junction membrane protein.

INTRODUCTION as claudins, occludins, and junction adhesion molecules
to stabilize the cell-cell adhesion and cytosolic scaf-
folding proteins such as zonula occludens (ZO-1, ZO-2,
and ZO-3) that interact with the termini of the transmem-
brane proteins (9-13).

The permeability of the tight junctions is different in
each tissue: in the skin, tight junctions form a barrier to
the external environment (14); in the blood-testis barrier,
the tight junctions protect the germ line cells from the
body’s immune system (15); gut tight junctions allow
the selective permeability of the nutrients and water (16);
the blood-brain barrier tight junctions have highly selective
ion and water transport to protect the central nervous sys-
tem from blood-borne toxins (17); and the renal tubule
tight junctions maintain the ion balance in the body
through selective ion transport (18). These are a few exam-

Cell junctions are multiprotein complexes that maintain
contact or adhesion between neighboring epithelial or
endothelial cells. These adhesion complexes include tight
junctions, gap junctions, adherens junctions, and
desmosomes (Fig. 1). Each junction serves a distinct
function: paracellular diffusion (1-3), intercellular
signaling (4,5), actin cytoskeleton regulation (6), and
mechanical stress maintenance (7,8). The primary func-
tion of the tight junctions, located in the apical region
of the cell, is to regulate the charge and size-selective
permeability across this intercellular (or paracellular)
space. The tight junctions have complex molecular archi-
tecture composed of many transmembrane proteins such
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Epithelial cell-cell adhesion complex. The (leff) schematic shows adjacent epithelial cells (cell A and cell B) in contact through junction adhe-

sion molecules (JAM), claudins (CLD), adherens junctions (AJ), desmosomes (DS), and gap junctions (GJ). The (right) schematic shows the zoomed-in view
of the tight junctions (TJ strands) located on the apical side of the cells. Tight junctions are formed when proteins such as claudins form cis (within a cell) and
trans (across the cell) structures, causing the plasma membranes of the two cells to come closer to form kissing points and seal the paracellular space. The
transport of water, ions, and small nutrients occurs in the direction perpendicular to the kissing points (red arrows). In the cytosol, the tight junction proteins
interact with scaffolding proteins such as zonula occludens (ZO-1, ZO-2, and ZO-3). To see this figure in color, go online.

The molecular architecture of the tight junctions con-
sists of rows of claudin proteins from two adjacent cells
that fasten the paracellular space like a zipper (Fig. 1).
The epithelial cells, as in the intestinal lumen, are polar-
ized in the apical and basolateral regions. The tight junc-
tions in the apical region form a network of zippers,
fastening the adjacent cells at multiple points, referred
to as kissing points (9). The transport of ions and small
nutrients occurs in the direction perpendicular to the kiss-
ing points (Fig. 1). The endothelial cells, as in blood cap-
illaries, are not organized into distinct apical and
basolateral domains but still show a network of inter-
woven claudin zippers (19,20). The micrographs of the
apical view of the epithelial cells show tight junctions lin-
ing the cell borders, while in endothelial cells these
appear as a meshwork of strands (19).

This review focusses on the discoveries and advances in
the past three decades that have led to our current under-
standing of the molecular architecture and function of clau-
din proteins critical to tight junctions. Like other research
fields, tight junction research has undergone technological
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advancements and has been a focus of multiple research
groups worldwide.

The claudin family of transmembrane proteins

The claudins belong to the pfam00822 protein superfamily,
recognized for their four-pass transmembrane regions. With
a molecular weight in the 21-34 kDa range, the claudin pro-
teins comprise 207-305 amino acids (21). Claudins have
been reported to be present in vertebrates and predicted in
several lower invertebrates (22). To date, 27 claudin genes
have been found in mammals, among which at least 23
have been reported in humans. Claudin family members
are classified into classic (claudins 1-10, 14, 15, 17, and
19) and nonclassic (claudins 11, 12, 13, 16, 18, and 20—
24) based on their phylogenetic relationships (23). An in-
depth genetic profile of the human claudins has been
presented earlier (24).

A claudin protein has three structural regions relative to
the cell membrane—extracellular, transmembrane, and
cytoplasmic (Fig. 2). The extracellular region has two
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FIGURE 2 Claudin structure and assembly. (A) Schematic of a claudin protein embedded in a lipid bilayer membrane. The extracellular region has two
domains (ECL1 and ECL2), four transmembrane helices (TM1, TM2, TM3, and TM4), and three cytoplasmic domains composed of an intracellular loop, an
N-terminal tail, and a C-terminal tail. (B) A cartoon depiction of cis and trans claudin interactions in homo or hetero combinations. The homo interactions
may take place either in a cis (homomeric) or trans (homotypic) manner. Likewise, the hetero interactions can occur in cis (heteromeric) or trans (hetero-
typic) configurations. Together these interactions can form barrier or pore architectures that control paracellular permeabilities. To see this figure in color, go

online.

domains (ECL1 and ECL2), four transmembrane (TM) he-
lices (TM1-4), and three cytoplasmic domains composed
of an intracellular loop, an N-terminal tail, and a C-terminal
tail. The ECL domains form extracellular intermolecular in-
teractions with neighboring claudins to facilitate cell-cell
adhesion. Both ECL domains can vary in length and amino
acid composition among members of the claudin family,
which ultimately confers each claudin its unique charge
and size-selective permeability (25-28). The four-helix
TM bundle lies partially embedded in the lipid bilayer.
The TMs are of unequal lengths, with TM3 being the
longest (Fig. 2). It extends to the extracellular region and
can interact intermolecularly with other claudin neighbors.
The membrane-embedded portions of the TMs are hydro-
phobic and interact with lipids (29). Proximal to the cyto-
solic leaflet of the lipid membrane, most claudins have
one or two pairs of cysteine residues that can undergo post-
translational lipid modifications, which have been shown to
play a role in tight junction formation (30-32).

The N- and C-terminal tails of claudins lie in the cell
cytoplasm are of unequal lengths; the N-terminal tail is
shorter (1-10 residues) compared with the C-terminal tail
(26-114 residues), although both tails lack secondary struc-
ture. The unstructured C-terminal tails of claudins bind to a
hydrophobic pocket of the PDZ (initials of three proteins—
postsynaptic density protein, Drosophila disc large tumor
suppressor, and ZO-1) domains of the scaffolding proteins
(33). The rest of the PDZ domains bind to each other to
form a multiprotein complex in the cytosol just below the
base of the tight junction proteins. The ZO proteins have
been shown to enable a cholesterol-rich environment in
the plasma membrane to facilitate tight junction formation
(34,35). Moreover, these cytosolic scaffolding proteins an-

chor the transmembrane proteins and bridge them with actin
filaments (36). A rich literature on the interaction of clau-
dins with cytoplasmic scaffolding protein has been pre-
sented in earlier reviews (37).

Although each structural component of claudin has a spe-
cific role, these proteins do not function in isolation. The
molecular structure and self-assembly of claudins enable
their paracellular permeability function. Claudins assemble
laterally (cis) and head-on (trans) across the cell-cell inter-
face (23). The cis assembly is facilitated by residues in the
TM and ECL domains, while the trans assembly is primarily
through the ECL domains (38-40). The cis- and trans-
assembled claudins zip together to form contiguous strands
that can be observed via freeze-fracture electron microscopy
(FFEM), immunostaining of proteins, and other high-reso-
lution microscopy techniques (19,36,41-43). Based on the
relative orientations of cis/trans assembled claudins, the
zippered strand can seal the paracellular or have subnanom-
eter-sized pores (Fig. 2 B). The chemical nature of the pore-
lining amino acid residues determines the pore’s size and
charge selectivity (26,44,45).

Furthermore, cells express multiple members of the clau-
din family; as a result, claudin cis and trans assembly can
occur between the same (homo) claudins or different (het-
ero) members of the claudin family (Fig. 2). The homo in-
teractions can be cis (homomeric) or trans (homotypic).
Similarly, the hetero interactions can be cis (heteromeric)
or trans (heterotypic). Although a claudin strand can be
created using multiple members of the family, the stability
of homo versus hetero interactions can vary significantly
among the claudin family. Ultimately, the coexpression
level of the different claudins in a cell influences the para-
cellular permeability (40).
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Techniques for visualizing and analyzing claudin
strand meshworks in tight junctions

Claudin strand meshworks can be observed using techniques
ranging from static high-resolution imaging to live-cell dy-
namics. FFEM has long been the gold standard for visual-
izing tight junction strands (41,42,46). This technique
offers high-resolution, micron-scale images of the two-
dimensional architecture of strands within the membrane
plane, enabling detailed analysis of properties such as strand
width, curvature, branch points, and density (46). Despite its
advantages, FFEM is expensive, suited for specific cell lines,
and does not provide time-resolved information on the dy-
namic behavior of strands in live cells (47). Confocal micro-
scopy of fluorescently tagged claudins is a more accessible
and cost-effective alternative to studying strand dynamics
in live cells. However, it has a lower resolution than electron
microscopy, making it challenging to visualize the fine de-
tails of tight junction strands at the nanometer scale.

Stimulated emission depletion (STED) microscopy, a
more effective technique, has been successfully used in
several studies to image tight junction strands in live cells
(19,43). This technique, which offers higher resolution
than confocal microscopy, provides real-time insights into
how tight junction strands change. For instance, in a study
by Sasaki et al., STED microscopy was used to observe
the redistribution of claudins during tight junction remodel-
ing (48). STED images enable precise quantitative analysis
of tight junction properties, including strand density, distri-
bution, and organization. In addition, STED microscopy can
be combined with other imaging techniques and molecular
biology methods to gain comprehensive insights into tight
junction structure and function.

Fluorescence recovery after photobleaching (FRAP) is
another valuable tool for evaluating tight junction strands.
This technique involves tagging claudin proteins with fluo-
rescent markers, photobleaching a specific region of the
tight junction strand, and then monitoring the rate of recov-
ery of fluorescence as unbleached proteins move into the
area. The FRAP data of reconstituted claudin meshworks
in fibroblasts revealed that individual claudins are immobile
(36,48), with the meshwork growing through the incorpora-
tion of claudins at strand ends (36). Studies of strand dy-
namics in epithelial tight junctions confirmed that claudins
within the strands have small mobile fractions, ranging
from 20 to 35% (49,50), with FRAP recovery occurring
through lateral diffusion within the membrane. In addition,
FRAP has been used to study the mobility of other tight
junction-associated proteins, which display different
mobility characteristics compared with claudins.

To quantify the paracellular permeability, transepithelial/
transendothelial electrical resistance (TEER) experiments
are performed in vivo or in vitro on monolayer epithelial
or endothelial cell culture models (51). Because TEER mea-
surements are nondestructive to the cells, they provide an
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easy assay to evaluate the transport of ions and solutes for
different claudins expressed in cell models. However, distin-
guishing between the permeabilities of individual claudins
is difficult in cells coexpressing multiple claudins. There
are two strategies to overcome this limitation. First, non-
claudin-expressing cells (such as fibroblasts) are used, and
specific exogenous claudin is transfected to form tight junc-
tion strands and measure the decrease in permeability
(higher TEER) (48,52-54). Second, the knockdown or
knockout (KO) of specific claudin alters the paracellular
permeability of cells with preexisting tight junctions (53).
For example, if the preexisting tight junctions are formed
by barrier-forming claudin; in that case, the knockdown of
specific claudin should increase the permeability (lower
TEER) and, conversely, the knockdown of a pore-forming
claudin should decrease permeability (higher TEER). Based
on a large set of experiments, it has been established that
claudin-2, -10b, and -15 are cation pores (39,44,45,55—
62); claudin-10a and -17 are anion pores (57,61,63,64);
and claudin-1, -3, and -5 are barrier-forming (19,60,65-72).

Recent advances in computational hardware and software
have significantly enhanced the visualization and analysis of
claudin strand meshworks in tight junctions, covering scales
from Angstroms to nanometers (19,73). Molecular dy-
namics (MD) simulations provide atomic-level insights
into how claudin residues interact in both cis and trans con-
formations and with membrane lipids, ions, and other small
molecules. An accurate starting structure typically solved
using cryogenic electron microscopy or x-ray crystallog-
raphy (74,75), is crucial for MD simulations. These studies
have reported on conformational changes, stability, and in-
teractions of claudin proteins within lipid bilayers, predicted
tight junction pore models, ion permeability profiles, and the
effects of specific mutations (28,29,32,38,76). In addition,
MD simulations help study lipid-protein interactions and
drug binding, offering valuable information for therapeutic
design and optimization. Over the past decade, MD simula-
tions have provided insights that complement experimental
studies and are increasingly utilized in tight junction
research (38,77-82).

Role of claudin proteins in cancer and disease
pathophysiology

Aberrant expression of claudin proteins has been reported in
malignant tumors. Claudin overexpression or downregula-
tion in tumor cells has been implicated in uncontrolled
growth and metastasis. The tumor cells have dysfunctional
cell-cell contacts, causing the claudins to spread over the
entire tumor cell surface instead of being limited to tight
junctions in paracellular space. This surface presence,
however, makes claudins suitable markers for cancer prog-
nosis and therapeutic targets (83-90). In recent years, clau-
din-18.2 has been a target for diagnosing calcitrant
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metastatic gastric cancer. Claudin-18.2 is a lineage-specific
marker observed in many gastric, pancreatic, and lung can-
cers (88). Claudin-1, -2, -3, -4, -7, and -18 are overexpressed
in gastrointestinal tumors (90). In contrast, decreased
expression of claudin protein results in the disruption of
tight junction structures and the activation of downstream
signaling pathways, leading to diseases such as claudin-
low breast cancer, where reduced claudin results in poor
maintenance of water and electrolyte balance in mammary
glands (91).

Claudins are not only a factor in cancers but also in dis-
eases such as hepatitis C (92-94), deafness (46,95-97), irri-
table bowel syndrome (98-101), and irritable bowel disease
(89,98,99,101). The paracellular permeability of the gut
tight junctions with healthy and diseased physiologies was
reviewed in a recent publication (89). There is evidence
that downregulation of claudin-1 is observed in human
atopic dermatitis (102). A defect in claudin-16 and -19
expression is implicated in inherited human renal disorder
familial hypomagnesemia with hypercalciuria and nephro-
calcinosis (Fig. 3) (103,104). Similarly, mutations in clau-
din-14 cause autosomal recessive deafness (DFNB29) due
to loss of compartmentalization in the organ of Corti located
in the inner ear (Fig. 3) (46,96,105). In addition, a mutation
in claudin-11 is implicated in the loss of fertility in mice due
to disruption in the blood-testis barrier (106).

Several claudin family members do not have monoclonal
antibodies capable of targeted binding to a specific claudin
in the tight junction complex. However, the bacterium Clos-
tridium perfringens enterotoxin (CPE) is known to bind to
the extracellular domains of claudins to disrupt tight junc-
tion strands, especially claudin-3 and -4, inducing leaky
pathways in the gut and causing general food poisoning
(107-109). The extracellular CPE-claudin binding has
been used as a claudin biomarker in tumor cells (109-
113). For example, in pancreatic cancer, one of the most ma-
lignant human diseases, claudin-4 is upregulated and is a re-
ceptor for CPE. The CPE/claudin-4 binding is a promising
therapeutic tool against pancreatic cancer (111).

These studies demonstrate that the claudin family is
closely connected to the pathophysiology of various dis-
eases. While disrupting the barrier can sometimes facilitate
drug delivery, it can also inadvertently allow toxic mole-
cules to pass through. The cases presented reveal that de-
fects in claudins can significantly alter strand architecture,
sometimes preventing their formation entirely, even due to
changes in a single residue. Thus, understanding the specific
roles of different claudins is critical and can provide valu-
able insights into potential therapeutic targets for treatment.

DISCOVERY AND FUNCTIONAL DIVERSITY OF
CLAUDINS IN TIGHT JUNCTIONS

The first tight junction protein discovered was ZO-1 in 1970
(41). However, the first tight junction transmembrane pro-
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tein to be discovered was occludin in chicken liver cells
by Furuse et al. in 1993 (10). Five years later, Furuse
et al. found other peptide sequences from the original
chicken liver cells that differed from occludin and later
named them claudin-1 and -2 (Fig. 3). Derived from the
Latin word “claudere” or “to close,” Furuse et al. character-
ized the first claudins to have occludin-like structures with
four pass transmembrane helices and two extracellular
loops. The hydropathy analysis of these proteins revealed
the hydrophobic character of the first extracellular loop,
implicating the loop for the barrier function of the tight
junctions (114). Soon after, evidence of a few other clau-
din-like proteins emerged (114—117), and the investigations
to understand the structure, function, and disease implica-
tions of claudins began (Fig. 3).

Members of the claudin family were found to have spe-
cific roles in the organ in which they are expressed. For
example, claudin-5 is expressed in the blood capillaries in
the brain (66), claudin-16 is expressed in the kidney neph-
rons (116,118), claudin-2 in the small intestines (119,120),
and claudin-1 in the skin (65,67,121). Moreover, claudin-5
was believed to be a very specific endothelial claudin and
a critical factor in conferring barrier properties at the
blood-brain interface (66). In contrast, claudin-1 was
thought to be a significant contributor to skin epithelial bar-
rier function. Furuse et al. tested claudin-1’s barrier function
by knocking out claudin-1 in rats to show that water was not
retained in the skin, killing the rats soon after birth
compared with their counterparts with intact claudin-1
gene (67). Experiments like this and others provided evi-
dence for the role of claudin proteins in maintaining the bar-
rier function in various tissues.

In contrast to sealing barrier function, claudins found in the
kidney nephrons allowed Na* and Mg>" transport (66,122
124), demonstrating that claudin tight junctions were charge
and size selective (Fig. 3), which was confirmed by additional
experiments (1,55,116,118,120,122,123,125,126). Amasheh
et al. found that claudin-2 expressed in kidney and gastroin-
testinal tissue is cation-selective (55). In parallel, Colegio
et al. found that, in claudin-4, the pore-lining residue K65
has a substantial effect on the selectivity of ions passing
through the paracellular space, presenting the first conclusive
evidence that claudins directly influence the charge selec-
tivity of the paracellular pathway (1). These discoveries
helped recognize that the claudin family was diverse in indi-
vidual function within the tight junctions.

Claudin-1, -3, and -5 tight junctions showed high resis-
tance to permeability for all cations and anions (3,53,65—
68,70,127-135). To further test this result, Nitta et al.
created claudin-5-deficient mice and observed “loosened”
tight junctions that allowed molecules <800 Da to diffuse
through the blood-brain barrier tight junctions (53).
Through these studies, claudin-1 and claudin-5 were
classified as barrier-forming claudins. Van Itallie et al.
showed that specific ECLI residues influence paracellular
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permeability, like K65 in claudin-4 (56). The impact of
ECL2 residues on permeability was observed, but the evi-
dence is not as straightforward as for ECL1 residues. Later,
Rossa et al. investigated TM3 and ECL2 residues for
claudin-3 and -5 and found that specific charged and hydro-
phobic residues in TM3 helix and ECL2 impacted folding
and assembly. This result demonstrated that ECL2 residues
could contribute to dimer assemblies (136).

It was discovered that some tight junctions required the
coexpression of two claudin family members for stable
strand formation (103,104,137,138). For example, in the
thick ascending limb of the nephron, hetero interactions be-
tween claudin-16 and -19 were found to be essential for
forming tight junctions. Interestingly, claudin-16 functions
as a cation pore, while claudin-19 functions as an anion bar-
rier (137,139). When Hou et al. knocked down claudin-19,
claudin-16 failed to form tight junctions, even though clau-
din-16’s expression level was unaltered (103). These results
indicated that, despite the differing roles in paracellular
permeability, maintaining a specific barrier can require
more than a single claudin. The claudin-16/19 obligate
hetero interactions are atypical compared with homo
claudin-2 (25,55,56,58,59,140-142) or claudin-15 cation
pores (1,3,56,143,144). Other examples of hetero interac-
tions have been reported for anion pores formed by
claudin-4 and -8 (138).

In contrast, claudin-11 and -14 did not form stable inter-
action partners (145). These coexpression rules can also
be observed in heterotypic interactions. Daugherty et al.
first investigated the significance of heterotypic interactions
between claudin-1, -3, -4, and -5, finding that claudin-1 and
-5 interact heterotypically with claudin-3 but not claudin-4.
However, a single-point mutation, N44T in claudin-3, al-
lowed heterotypic binding to claudin-4, showing that hetero-
typic binding can be highly residue specific (146). These
observations demonstrated that the claudin family has coex-
pression rules, where specific hetero interactions are favored
over others.

Moreover, there was a focus on examining the role of
C-terminal tails and various posttranslationally modified
claudins (2,30,128,147—-158). Van Itallie et al. examined
claudin-2 and -4 chimeras and found that replacing clau-
din-4’s shorter C-terminal tail with longer claudin-2’s tail
promotes tight junction stability (148). Similarly, Riiffer
and Gerke conducted an experiment that showed claudin-1
and -5 C-terminal tails were essential for apical localization
(147). Furthermore, posttranslational modifications were
examined, which included phosphorylation of claudin-1,
-2, -3, -4, and -5 (128,149,151-156,158), palmitoylation
of claudin-14 (30), and SUMOylation of claudin-2 (157).
Later, Van Itallie and Henderson’s work demonstrated that
claudins undergo posttranslational modifications such as
palmitoylation and phosphorylation to correctly localize
to the plasma membrane instead of sequestering in lyso-
somes (158).

Milestone discoveries in the last 30 years

These studies provided greater context on how the struc-
ture of claudin can affect its function in assembly and
small-molecule transport. Because claudin is a multi-
domain protein, each domain showed an individual func-
tion. For instance, the extracellular loops greatly
influence the selective permeability of the tight junctions,
while the tails provide claudins with higher stability in
the tight junction. It was also found that claudins were
coexpressed in various tissues and dependent on other clau-
din family members to perform specific functions. Overall,
these studies provided a deeper understanding of claudin
structure, coexpression, and the introduction of live cell
experiments.

ADVANCES IN CLAUDIN STRUCTURE
ELUCIDATION AND THEIR IMPACT ON
UNDERSTANDING TIGHT JUNCTIONS

The elucidation of the x-ray crystal structures of some mem-
bers of the claudin family has spurred a substantial increase
in studies focused on tight junction proteins. These studies
have collectively enhanced our understanding of the cell-
cell adhesion complexes (Fig. 3). The first structure of a
claudin family of proteins was reported in 2014. Suzuki
et al. reported the structure of mouse claudin-15 (PDB:
4P79) at 2.4 A resolution (74). In 2015, Saitoh et al. solved
the structure for mouse claudin-19 (PDB: 3X29) at a resolu-
tion of 3.7 A, incorporating the CPE with an S313A muta-
tion (159). CPE was included to demonstrate precisely
how enterotoxin can disrupt the epithelial barrier by binding
to both extracellular domains of the claudin. It is worth
noting that three membrane-proximal cysteines, responsible
for palmitoylation, were replaced with alanine to facilitate
crystallization. The mouse claudin-19 and -15 are structur-
ally similar, except for the orientation of the extracellular
domains and the longer length of [ sheet 5 in mouse clau-
din-19 (159). Next, in 2016, Shinoda et al. solved the struc-
ture of human claudin-4 (PDB: 5B2G) at 3.5 A, including
CPE (160). In early 2019, mouse claudin-3 (PDB: 6AKE,
6AKF, and 6AKG) was solved at 3.6 A by Nakamura
et al. using CPE with a S313A mutant (161). This claudin
is known to bind to CPE endogenously, although the muta-
tion was included for thermostability (162). It was observed
that mouse claudin-3, compared with other claudins, had a
unique bend due to the presence of P134 in the TM3 helix.
Point mutations, P134G and P134A, reduced or eliminated
the bend, confirming the role of the proline residue in
wild-type claudin-3. Because TM3 is usually the largest of
the TMs, it is assumed that this bend can affect the cis
and trans interactions. Nakamura speculated that this TM3
bend was significant in strand formation (161). Most
recently, in 2019, Vecchio et al. solved the human
claudin-9 crystal structure (PDB: 60V2 and 60V3) at
3.2 A resolution, also with CPE (75).
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IN SILICO COMPUTATIONAL ADVANCES IN
STUDYING CLAUDINS PROVIDE NANOSCOPIC
DETAIL OF CLAUDIN ASSEMBLY AND ION
TRANSPORT

The availability of molecular structures has enabled in silico
modeling of a subset of claudins 1-5, 9, 10a, 10b, 15, 17, and
19 (28,32,38,39,44,46,62,64,72-77,79-81,159-161,163-175)
and, more recently, nonclassic claudin-23 (40). Broadly,
these studies have focused on conformational analysis of
the homomeric assembly of claudin dimers and homotypic
pore structures (28,38,40,44,46,64,72,73,77,79-81,160,
163—-171,173), ion permeability across the pores (28,38—
40,44,62,64,72,76,77,80,163,166,174,175), and tight junc-
tion strand formation (28,38,40,46,72,79-81,159,163—
171,173). The effect of lipid composition (73,81,167),
posttranslational modifications (73), and point mutations
on claudin assemblies have also been reported. The compu-
tational studies are based on static x-ray crystal structure of
homology-modeled structures but offer insights into the dy-
namic nature of the claudins in the tight junction architec-
ture. The simulations have been performed at all-atom,
coarse-grain, hybrid resolution, nanometer-length scales,
and microsecond timescales. Some of the computational ad-
vances have been summarized in earlier review articles
(73,79,163).

CLAUDIN-15 COMPUTATIONAL INSIGHTS LEAD
TO INITIAL PORE CHANNEL PREDICTIONS AND
STRAND ASSEMBLY MECHANISMS

To date, mouse claudin-15 is computationally the most well-
studied tight junction protein (Fig. 4). The mouse claudin-15
crystal structure (74) led to a pore model (166), referred to as
the Suzuki model or pore I. To develop the model, Suzuki
et al. utilized FFEM micrographs to determine the dimen-
sions of the claudin-15 strand that had a width consistent
with a claudin dimer. Then, using crystal structure conforma-
tion, Suzuki et al. proposed that claudins form an antiparallel
double-row arrangement to create a pore channel through the
claudin “wall.” Each pore is composed of homomeric-homo-
typic interaction of claudin-15 tetramers. Since then, the
Suzuki model has been used as a general guideline for molec-
ular simulations (40,64,76). Suzuki et al. hypothesized that
claudin strand formation could be driven by residues found
in the B sheet domains due to favorable hydrogen bonding,
especially by incorporating the claudin’s extracellular helix
found in ECL1. Alberini et al. utilized MD simulations to
later characterize the size of the pore to be between 5 and
6 A in diameter (77,78). This result was in agreement with
a previous experimental study conducted on claudin-2,
showing a 6.5 A diameter at the narrowest point (176). Sa-
manta et al. further investigated the claudin-15 pore using
in silico mutational analysis. They identified the four aspartic
acid residues (D55), located in the center of the pore, for
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facilitating the cation permeability (80). Fuladi et al. used
MD simulations to investigate the dynamics of claudin-15
strands composed of 36-300 monomers and with length
ranging from 30 to 225 nm over microsecond timescales
(Fig. 3). They reported a persistence length of 137 nm,
consistent with experimental studies (81).

CLAUDIN-5 COMPUTATIONAL INSIGHTS
DEVELOP A SECOND PORE MODEL

A series of computational studies have investigated the role
of claudin-5 tight junctions in selective permeability across
the human blood-brain barrier. In 2016, Irudayanathan et al.
reported the first homology-modeled structure of human
claudin-5 built using mouse claudin-15 (167). This work
demonstrated the dynamic assembly of claudin-5 into ho-
momeric oligomers in lipid membranes in 10 ps simula-
tions. This study reported five key dimer conformations
that were repeatedly observed in the self-assembly simula-
tions. The study also stipulated that the lipid membrane
composition can influence strand formation. These simula-
tions demonstrated that multiple dimer conformations are
required for tight junction strand formation, not just the
ones directly assembled using the static Suzuki model (167).

In a follow-up article, [rudayanathan et al. used computa-
tionally determined claudin-5 dimer conformations to char-
acterize two pore models—pore I and II (76). As in the
Suzuki model, claudin-5 pore I had ECL domains pointed to-
ward each other in the pore’s center, resulting in a 1.0 nm
diameter, whereas pore II had the ECL loops pointing outside
the pore complex with a 0.8 nm diameter. This study estab-
lished a second possible pore orientation for claudins,
showing that barrier-forming claudin-3 and -5 can form pores
(76). This study reaffirmed residues that contributed to the
pore channel function. A follow-up by Rajagopal et al.
looked at how pore I and II structures were unique to specific
claudins (28). Rajagopal et al. also commented that TMs
would be involved in assembly but not in selectivity concern-
ing the pore channel. In 2022, Berselli et al. showed that both
pores were water-permeable but disputed whether the pore 11
model could allow the transport of ions (72,174).

EACH MEMBER OF THE CLAUDIN FAMILY HAS
UNIQUE BIOPHYSICAL PROPERTIES

A large body of in vitro, in vivo, and in silico studies have
shown that each member of the claudin family has unique bio-
physical properties. For example, consider the tale of two clau-
dins, 2 and 15, expressed in the intestinal tract to regulate
paracellular ion flow (26,45,60,144,177-184). However,
Ong et al. found that, in intestinal epithelial tissue, the expres-
sion levels of claudin-2 and -15 vary with age; young mice
have higher claudin-2 expression than claudin-15, which re-
verses in adult mice (182). In 2017, Rosenthal et al. investi-
gated claudin-2’s ability to transport cations and water
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concurrently through the same pore channel (26). Irudayana-
than et al. also characterized claudin-2’s pore and showed
that the pore [Imodel hasa7.4 + 1.1 A diameter, wide enough
to facilitate simultaneous paracellular cation and water flux
(38). In 2020, Rosenthal et al. showed that, in contrast to
claudin-2, the claudin-15 pore lacks the tandem movement
of ion and water; the pore can permit either the cation’s or wa-
ter’s transport at a time (45). These studies show that function-
ally similar claudins, localized in the same tissue, have
different ion- and water-permeability mechanisms.

In 2016, Conrad et al. used homology-modeled structure
and experiments to investigate residues that contribute to
claudin-17’s anion selectivity. They showed that, as in
claudin-2, the pore-lining residue in the 65th position,
K65 in claudin-17 is critical to the channel function. Other
residues—E44, E48, and R31 in ECL1—also contributed to
claudin-17’s pore function. In addition, ECL2’s H154
showed involvement in anion permeability but not in form-
ing homotypic interactions, dispelling the perception that
ECL2 contributes only to homotypic interactions (64).

In another study, Irudayanathan et al. performed in silico
strand assemblies of homomeric claudin-1, -2, -15, and -19,
and found that the prevalent dimer conformations in the ho-
momeric strand were different in each claudin (38). A
similar conclusion was reported by Zhao et al. from a com-
bined in vitro and in silico study of claudin-15 and -14. They
showed that multiple homomeric interfaces are required for
claudins to form flexible strands (46).

The concept of multiple homomeric interfaces was
confirmed by Rajagopal et al. by developing a computa-
tional algorithm called PANEL (protein association energy
landscape) (171). PANEL takes two claudin monomers
(homo or hetero combination) embedded in a patch of lipid
membrane as input to sample the 360° x 360° rotational
space of the proteins to identify stable dimeric conforma-
tions that can potentially form tight junction strands
(Fig. 3). This method requires an order of magnitude smaller
computational cost or wall clock time compared with large
self-assembly simulations. Initially used for claudin-5
(171), PANEL was later used to investigate claudin-2, -4,
and -15 dimer conformation (44). In each homomeric sys-
tem, different stable conformations emerged, demonstrating
the structural basis of diversity in the claudin family. Raja-
gopal et al. further developed the concept of unique dimers
by directly comparing claudin-5 and -15. They utilized these
key dimers to create different double-row strand structures
in silico. This study provided context to different strand be-
haviors among the claudin family members (28).

TIGHT JUNCTION MESHWORK MORPHOLOGIES
AND FUNCTION DEPEND ON CLAUDIN
COEXPRESSION

In the past 3 years, there has been increased focus on under-
standing claudin coexpression in different cells (19,37,40,
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43,183,185-189). To facilitate in vitro coexpression studies
in epithelial cells, specialized Madin-Darby canine kidney
(MDCK) I and IT cell lines have been established with
KOs of specific claudin genes (26,45,55,56,58,63,05,
133,134,140,158,175,188,190,191). For example, claudin-4
KO MDCK I (C4KO) (43) or the quintuple knockout
(MDCK) II (quinKO) cell line devoid of claudin-1, -2, -3,
-4, and -7 (19,188). C4KO and QuinKO cell lines
have enabled morphological and functional analysis of indi-
vidual claudins and coexpression through exogenous
reconstitution.

In a recent study, Shashikanth et al. examined claudin-4
coexpression with claudin-2, -7, -15, and -19 in live C4KO
cells. The results showed that claudin-4 caused “interclau-
din interference” in claudin-2, -7, -15, and -19 by disrupt-
ing the strand meshwork over time and increasing their
mobile fractions at the tight junctions. In claudin-2,
the interference of claudin-4 also reduced the cation
permeability across the tight junction channels (43). In
another study, Gonschior et al. examined the nanoscale ar-
chitecture of tight junction strands formed by 26 mamma-
lian claudins in live and fixed cells, including quinKO (19).
The resulting tight junction strands were imaged using
STED microscopy with a 20-200 nm spatial resolution
(Fig. 3). Interestingly, only a small set of claudin family
members could form their homotypic meshwork; others
failed to self-assemble into detectable organized structures.
More importantly, pairwise coexpression of claudins re-
sulted in combinations with morphologically mixed or un-
mixed tight junction strand networks. The mixed strands
showed colocalization of claudin pairs subdivided into in-
termixing, integration, and induction. In contrast, the lack
of colocalization of claudin pairs resulted in unmixed
strands, categorized as segregation and exclusion. For
example, claudin-1 and -3 colocalized to create a peppered
pattern in the strand meshwork, while claudin-11 and -3
avoided colocalization to form exclusive strand net-
works (19).

In another coexpression study, Raya-Sandino et al. exam-
ined the role of claudin-23, a nonclassic claudin with low
sequence homology, with classic claudin-3 and -4 coex-
pressed in model human intestinal epithelial cells
(SKCOI15 and T84) (40). This work used a collaborative
experimental and computational approach to examine these
three claudins’ epithelial barrier function contributions and
provided molecular-level model pore architectures (Fig. 5).
They showed that homomeric and homotypic claudin-3, -4,
and -23 made pores of diameters 3.5-6.6 A, while hetero-
typic interactions of claudin-23 with claudin-3 and -4 re-
sulted in pore diameters less than 2 A. Interestingly, pore
formation was not observed in two heteromeric-homotypic
cases—claudin-23/3 and claudin-23/4. This work showed
that claudin-23 significantly alters gut permeability through
interactions with other claudins coexpressed in gut
epithelia (40).
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SUMMARY AND FUTURE DIRECTIONS

The last three decades have witnessed significant advances
in understanding tight junction proteins and the molecular
architecture that facilitates their function. We have
discovered that no two claudins are the same on the struc-
tural and functional level. These differences can be
attributed to the number and composition of each claudin’s
primary amino acid sequence, which in turn affects the
secondary and tertiary structures, ultimately leading to
significant biophysical differences. For example, strand
forming versus nonstrand forming, barrier versus pore-
forming, cation versus anion permeable pores, concur-
rently versus sequential water and ion permeating, and
homotypic coexpressing versus homomeric coexpressing.
It is evident that tight junctions are critical in maintaining
organ homeostasis, restricting toxins from crossing tissue
barriers, and preventing cancer from metastasizing.
Without regulated permeability, cells do not retain their
correct function, which leads to various pathological
conditions.

The next decade will rely heavily on computational
modeling as the hardware cost continues to decline and
the development of machine learning- and artificial
intelligence-based algorithms accelerates. These advances
will position simulations to match the length and time-
scales of in vitro and in vivo data. Continued advance-
ments in imaging techniques, such as superresolution
microscopy and live-cell imaging, will aid in studying
tight junction dynamics in real time, enhancing our under-
standing of the spatiotemporal regulation of tight junc-
tions. Overall, the key to understanding the complexity
of the tight junction architecture lies in adopting syner-
gistic experimental-computational approaches. The struc-
tural and functional insights from investigating claudin
proteins will aid in engineering strategies to fight cancer
and other debilitating diseases affecting many organ sys-
tems, including the kidney, intestines, ears, lungs, and
brain.
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