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Abstract
Paracellular transport through the tight junction shows selectivity for both ionic charge and solute
size. It is known that charged residues on the extracellular loops of claudins control charge
selectivity. It is also known that inducible expression of claudin-2, but not claudin-4, will
selectively increase the permeability for PEG molecules which are <4Å in radius, but it is not
known whether permeability is controlled by the same regions of claudins which control charge
selectivity. Using inducible expression of chimeras of claudin-2 and claudin-4 in monolayers of
MDCK II cells we show that the extracellular loops alone are responsible for controlling the
permeability for noncharged PEGs as well as for charge selectivity. Further, the cytoplasmic C-
terminal PDZ-binding motif is required for wild type claudin-2 to control permeability, suggesting
a requirement for attachment to the PDZ scaffold in order to form pores. These observations
support a model where the loops form pores controlling permeability for both charged and
noncharged solutes which are smaller than 4Å. They leave unanswered why both claudin-2 and -4
can influence electrical properties while only -2 can selectively increase permeability for small
PEGs.
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Introduction
Epithelial tight junctions limit the paracellular flux of charged and non-charged solutes1,2.
Many recent studies have demonstrated that alterations in the expression levels of individual
claudins, members of a large family of integral membrane proteins of the tight junction, can
influence paracellular ionic conductance and thus transmonolayer electrical resistance
(TER)3,4. However, the role that claudins play in the regulation of permeability of nonionic
compounds is less well understood. In fact, in many cases, changes in the levels of
individual claudins, mediated by transfection or siRNA methods, results in increases or
deceases in TER with little effect on paracellular flux of mannitol or fluorescent dextrans,
the most commonly used markers to measure nonionic solute flux. However, mannitol and
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fluorescent dextrans have considerably larger hydrated radii (4.4 Å and 10Å or larger,
respectively) than do Na+ and Cl− ions (less than 2Å,5), the relevant ions in conductance
measurements. In fact, a number of studies have demonstrated that there is a
disproportionately higher permeability for both ionic and nonionic compounds with radii
less than 4Å when compared with the permeability of solutes with radii above 4Å6,7. These
results suggested the possibility that small (<4Å) and larger (>4Å) solutes may travel
through physically different paracellular pathways. This idea was supported by an elegant
study published by Watson and coworkers8, who used a continuous series of PEG oligomers
with increasing radii to demonstrate the presence of a high capacity paracellular pore
pathway for compounds below 4Å and a lower capacity pathway for larger solutes.

It was previously shown that charged amino acid residues on the first extracellular domain
of claudins influence the paracellular permeability for ions. Mutational studies performed on
several different claudins all support the hypothesis that the first loop forms a selectivity
filter lining the tight junction pores (reviewed in 4.) For example, increasing the expression
of a claudin with low permeability for Na+ can increase TER9, and vice versa10. To
determine the ability of claudins to influence the flux of noncharged solutes, we adapted the
PEG assay described by Watson et al. 8 and in a previous study found that induction of
claudin-2 but not claudin-4 could selectively increase permeability of PEGs with radii less
than 4Å, while the permeability of larger PEGs was unaffected 11. In the present study,
chimeric claudins were used to define the regions of claudin-2 that were responsible for the
ability to increase PEG permeability; the results suggest that the extracellular domains are
sufficient to mediate the increase in permeability, but also that the carboxy-terminal PDZ-
binding motif is required. Taken together with the ability for the extracellular loops to
control permeability for small ions, these results suggest that claudins form the pores
controlling the permeability of all small solutes.

Materials and Methods
Cell culture, immunoblots, immunofluorescence microscopy and permeability
measurements

Tet-off MDCK II cells (Clontech) expressing wild type claudin-2, claudin-4 and chimeras
were cultured as described previously 12. Claudin-2 lacking the C-terminal PDZ binding
motif (GYV) was constructed, transfected and expressed as described previously13. Protein
induction, determination of transepithelial electrical resistance (TER), immunoblots and
immunofluorescence microscopy were performed as described elsewhere 12; polyethylene
glycol permeability measurements were also performed as previously described and reported
as the apparent permeability (Papp) for each size11.

Results
Expression of claudin-2/claudin-4 chimeras reveals that the extracellular domains of
claudin-2 increase permeability for small PEG species

In a previous study 11, we demonstrated that inducing increased levels of claudin-2 in
MDCK cell monolayers increased the permeability for PEGs which have radii of <4Å. The
increase in permeability for small PEGs appeared to be specific, since there was little no
significant effect on permeability for larger PEG species up to 7Å in radius, the largest size
studied. In contrast, expression of claudin-4 had no effect on the permeability for PEGs
either below or above 4Å. To define regions in claudin-2 that were responsible for the
ability to increase permeability for the smaller PEGs, we examined PEG flux in monolayers
which were induced to express chimeras of claudin-2 and -4. These had either the
extracellular domains of claudin-2 on the transmembrane and cytosolic domains of
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claudin-4, or the converse, that is the extracellular domains of claudin-4 on a claudin-2
background; these constructs are diagrammed in Fig. 1. Successful induction of claudin
chimeras is demonstrated in the immunoblots shown in Fig.2A. Expression of either the wild
type or chimeric proteins had little effect on the levels of other claudins measured (not
shown) or on levels of occludin, which is another type of transmembrane protein also found
in tight junction strands, Fig 2A.

Induction of claudin-4 and the chimera consisting of the extracellular loops of claudin-4 on
the claudin-2 background have both previously been demonstrated to alter paracellular
charge selectivity and increase TER 12; this was verified in the present study (not shown).
Conversely, as previously shown, neither induction of claudin-2 nor a chimera with the
extracellular domains of claudin-2 on the background of claudin-4 had much effect on either
charge selectivity or TER when compared with uninduced MDCK II cells. Our conclusions
from these previous studies were that the extracellular domains of claudin-4, rather than
transmembrane segments or cytosolic domains, contained the necessary information for
altering charge selectivity and TER. In an analogous fashion, we asked if the extracellular
domains of claudin-2 were the determinants responsible for the observed increase in
paracellular flux for small PEGs seen after induction of wild-type claudin-2. As can be seen
in Figures 2B and C, expression of a chimera with both extracellular loops of claudin-2 on
the claudin-4 background results in a similar increase in flux to that seen with wild-type
claudin-2 expression. This increase in flux is specific for small PEGs (below 4Å in radius,
Fig. 2B). Neither claudin-4 nor a chimera with the extracellular domains of claudin-4 on a
claudin-2 background alters paracellular flux for PEGs of any size, Figures 2B and C.

PDZ-dependent interactions are required for claudin-2 to increase PEG permeability
Claudins have been demonstrated to interact with ZO-1, -2 and other PDZ-containing tight
junction proteins via a carboxy- terminal PDZ-binding motif; there are some data indicating
that this interaction may be required for proper localization and function of claudins 14. To
test whether the ability of claudin-2 to alter paracellular flux requires interaction with PDZ-
containing proteins, PCR-based mutagenesis was used to remove the last three amino acids,
which are required for PDZ-binding, from the cytoplasmic tail of claudin-2. When expressed
in MDCK II cells, as shown, this construct is inducible, Fig. 3A, and expression results in
decreased expression of occludin and claudin-4, as has been previously noted 12. Claudin-2
lacking the PDZ-binding motif localizes to the tight junction in a similar fashion as wild-
type claudin-2 at the immunofluorescent light microscopic level (not shown). However,
unlike wild-type claudin-2, when MDCK II monolayers are induced to express the truncated
construct, there is no alteration in paracellular PEG permeability, Fig, 3C. This finding
points to a functional requirement for attachment to the tight junction scaffolding proteins
through this PDZ-binding motif.

Discussion
The results presented here define two critical regions required for the ability of claudin-2 to
increase permeability for small uncharged solutes (PEGs): namely, the extracellular domains
and the cytoplasmic PDZ-binding motif. Our previous results demonstrated that chimeras
expressing the first extracellular domains of claudins in MDCK tet-off cells were sufficient
to cause the changes in paracellular charge selectivity observed after expression of the wild-
type claudin 12. In addition, we 12 and others 15,16,17 have also shown that paracellular
charge selectivity can be modified by mutating selected positively or negatively charged
amino acids in the first extracellular domains of several claudins; together, the results
suggest that the extracellular domains of claudins line paracellular space. However, how the
claudins are organized in the paracellular space is unclear. The findings in the present study
demonstrate that the extracellular domains of claudin-2 were sufficient to mediate the
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increase in non-charged solute permeability observed with the wild-type claudin. This
suggests that the extracellular domains may be key structural components of the paracellular
pore, since the increase in permeability is specific for small PEGs and does not alter overall
paracellular permeability for larger solutes. However, it is worth noting that claudin-2 is
unusual, since it is the only claudin that we have found to date that can increase permeability
for small PEGs 11; claudins 4, 11 and 18 [11] and 6 (unpublished) can not..

It is informative that like wild type claudin-4, expression of the chimera with the
extracellular domains of claudin-4 and the transmembrane domains and cytosolic domains
of claudin-2 did not change permeability. Previous studies have shown that the
transmembrane and cytosolic domains are responsible both for the characteristic subcellular
localizations detected by immunofluorescent light microscopy and the intramembrane strand
architecture seen using freeze-fracture electron microscopy12. The present results are
consistent with the idea that interactions between the extracellular domains across cells are
critical in determining the physiologic characteristics of the tight junction, while other
domains likely serve organizational and regulatory functions.

The requirement for the PDZ-binding motif in the ability of claudin-2 to alter permeability
demonstrates the necessity of an interaction with tight junction scaffolding proteins
(possibly ZO-1, -2, -3 or MUPP-1). Although the PDZ-binding motif is not required for
strand formation 18 or adhesive cell-to-cell interactions, it is likely required for localization
to authentic apical tight junction strands 14. Lack of proper localization may be the reason
for the lack of effect on PEG permeability, although an additional possibility is that
interaction with the cytoplasmic scaffold may be required for inducing an effective
extracellular pore conformation.

The unusual ability of claudin-2 to influence permeability may have implications for
pathology. There is considerable evidence that intestinal inflammation is accompanied by a
relatively unique induction in the levels of claudin-2 compared to other claudins. This is
accompanied by an increase in paracellular ion permeability and decrease in epithelial
resistance 19,20,21 which has been proposed to contribute to so-called, ”back leak
diarrhea”, for example in Inflammatory Bowel Disease 22. As noted, claudin-2 also appears
to be unusual among claudins in its ability to increase overall permeability for small ions
and noncharged solutes 11. More comprehensive understanding of normal and
pathologically disrupted paracellular permeability will depend on a better understanding of
how claudins and other proteins organize to form the paracellular barrier and specifically
how claudin-2 controls the small tight junction pores.
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Fig. 1.
Diagram of claudin loop chimeras. Constructions of chimeras has been reported elsewhere
12,13; briefly the extracellular domains were exchanged by creating unique restriction sites
by mutagenesis at the ends of the extracellular domains which allow for their exchange
between claudin-4 (black) and claudin 2 (red); where necessary, inadvertent amino acid
changes created during the construction were changed back to parental sequence by
mutagenesis. Removal of the PDZ binding motif was also carried out by mutagenesis, with
replacement of the last three amino acids with a stop codon. Endogenous epitopes used for
antibody detection are in the normal claudin carboxyl terminal domain (internal to the PDZ
binding domain) such that the chimera Cldn2/Loops4 is detected with an anti-claudin-2
antibody and Cln4/Loops2 with an anti-claudin-4 antibody; these can be distinguished from
wild type by the inducibility of the constructs.
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Fig. 2.
The extracellular domains of claudin-2 are responsible for the increase in permeability of
small PEGs seen after expression of wild-type claudin-2. A. Chimeric claudins are inducible
in MDCK II cells. Left: immunoblots of cells uninduced (U) or induced (I) to express cldn4/
loops2 demonstrate induction of the chimera (as detected by the claudin-4 antibody; see
legend for Fig 1) and relatively little effect on either occludin or endogenous claudin-2.
Right: similarly, induction of cldn2/loops4 chimera (as detected with the claudin-2 antibody)
has little effect on occludin expression, but does result in a small decrease in endogenous
claudin-4 expression, as has been previously demonstrated. B. PEG profiling demonstrates
that (top) expression of cldn4/loops2 results in increased Papp for PEGs smaller than 4Å,
with little effect on larger PEGs; induction of cldn2/loops4 (bottom panel) has no effect on
PEG permeability. C. When Papp for PEG 3.5Å is compared in cell lines induced to express
claudin-2, -4 or chimeric claudins, only expression of claudins containing the extracellular
domains of claudin-2 result in significant increases in PEG permeability. (N=3 or greater for
each construct; *P<0.05).
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Fig 3.
Claudin-2 lacking the PDZ-binding motif does not increase permeability for small PEGs. A.
Immunoblot of MDCK II tet-off cells uninduced (U) or induced to express claudin-2 without
the last three amino acids. Left panel, probed for claudin-2, middle panel occludin and right
panel for claudin-4. Overexpression of claudin-2(-3) results in decrease levels of occludin
and claudin-4 expression, as has been described elsewhere accompanying wild-type
claudin-2 induction (Colegio et al. 2003). B. Papp using PEG permeability profiling indicates
no change following induction of claudin-2(-3).
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