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Tight junctions of the proximal tubule and their channel proteins

Michael Fromm1
& Jörg Piontek1

& Rita Rosenthal1 & Dorothee Günzel1 &

Susanne M. Krug1

Received: 3 May 2017 /Revised: 13 May 2017 /Accepted: 16 May 2017 /Published online: 9 June 2017
# Springer-Verlag Berlin Heidelberg 2017

Abstract The renal proximal tubule achieves the major-
ity of renal water and solute reabsorption with the help
of paracellular channels which lead through the tight
junction. The proteins forming such channels in the
proximal tubule are claudin-2, claudin-10a, and possibly
claudin-17. Claudin-2 forms paracellular channels selec-
tive for small cations like Na+ and K+. Independently of
each other, claudin-10a and claudin-17 form anion-
selective channels. The claudins form the paracellular
Bpore pathway^ and are integrated, together with purely
sealing claudins and other tight junction proteins, in the
belt of tight junction strands surrounding the tubular
epithelial cells. In most species, the proximal tubular
tight junction consists of only 1–2 (pars convoluta) to
3–5 (pars recta) horizontal strands. Even so, they seal
the tubule very effectively against leak passage of nu-
trients and larger molecules. Remarkably, claudin-2
channels are also permeable to water so that 20–25%
of proximal water absorption may occur paracellularly.
Although the exact structure of the claudin-2 channel is
still unknown, it is clear that Na+ and water share the
same pore. Already solved claudin crystal structures re-
veal a characteristic β-sheet, comprising β-strands from
both extracellular loops, which is anchored to a left-
handed four-transmembrane helix bundle. This allowed

homology modeling of channel-forming claudins present
in the proximal tubule. The surface of cation- and
anion-selective claudins differ in electrostatic potentials
in the area of the proposed ion channel, resulting in the
opposite charge selectivity of these claudins. Presently,
while models of the molecular structure of the claudin-
based oligomeric channels have been proposed, its full
understanding has only started.
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Introduction

About two-thirds of the renally filtered load is reabsorbed in
the segments of the proximal tubule. As luminal (primary
filtrate) and basolateral (plasma) concentrations are similar
for ions and water, this absorption takes place against almost
no relevant concentration gradients, but for larger solutes this
is different: monosaccharides and amino acids can be
absorbed against large gradients until they are virtually absent
in the lumen. The transport of ions and water is achieved by
sophisticatedly arranged channels, carriers, transporting
ATPases in the apical, and basolateral membranes of the epi-
thelial cells. For a multitude of larger molecules, including the
abovementioned nutrients, carriers exist in both cell
membranes.

A structural prerequisite for any active transport across the
epithelial layer to become effective is that immediate back-
leakage through the space between the cells is prevented. This
is achieved by a sealing structure found in all epithelia, the
tight junction (TJ) or Zonula occludens. The sealing effect,
however, is by far not equal in all epithelia. In epithelia
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classified as Btight^ (e.g., large intestine, renal distal tubules,
urinary bladder, and skin), the transcellular pathway is more
permeable to ions than the paracellular one through the TJ. In
contrast, in Bleaky^ epithelia (e.g., small intestine, proximal
tubules, gallbladder, and capillary endothelia), this is the other
way around, meaning that the TJ is more permeable to ions
than the cell membranes with their specific transporters [8,
16]. In consequence, leaky epithelia cannot produce or main-
tain strong ion or osmotic gradients.

For the proximal tubule, this means that luminal con-
centrations, e.g., for sodium and osmoles (the sum of all
solutes) are not significantly reduced during the passage
through the proximal tubule. Since in this nephron seg-
ment a huge amount of water and solute is reabsorbed,
the question is how this can work. The simple answer is
that transcellular transport produces an electrochemical
gradient which drives ions (and water) through that
paracellular path, which by that acts as a Bforward leak^
enhancing overall reabsorption.

In detail, in the proximal tubule, Na+ is taken up
transcellularly by the Na+/H+ antiporter NHE3, the
Na+-glucose symporters SGLT2 and then SGLT1, and
several Na+-amino acid symporters, and basolaterally taken
out by the Na+/K+-ATPase. The osmotic gradient produced
by this transport drives trans- and paracellular water reabsorp-
tion. The water transported along this way carries additional
Na+ (classically called Bsolvent drag^), so that even more
water is transported which again carries some ions, and so
forth. Since the luminal Cl− concentration increases along
the axis of the proximal tubule, a concentration gradient for
Cl− emerges and drives this anion through the paracellular

pathway too. The resulting lumen-positive potential provides
in turn a driving force for further paracellular cation reab-
sorption. Altogether, this causes the paracellular pathway to
boost the transcellular net transport in a dramatic way without
consuming excess ATP energy [7].

While the physiological mechanism—as well as the exis-
tence of Btight junctions^—were known for decades [21], it
much later emerged whichmolecular fabric provides the tight-
ness and, at the same time, the graded leakiness of the
paracellular cleft between the tubular cells [15]. A first step
was the identification of the first TJ proteins, Boccludin^ and
several Bclaudins^ [24, 26, 54]. Their names were suggestive
for their supposed sealing properties. It was a big surprise
when it turned out that some of the claudins arrange in such
a way that they form channels for small ions and for water [3,
64]. These channels are distinct from classical channels which
perforate the cell membrane, as they lead strictly extracellular
through the TJ and are orientated parallel to the lateral cell
membranes.

The molecular basis of these paracellular channels is
provided by specialized members of the 26-member
family of human claudins. Together with the other
four-transmembrane-domain (tetraspan) TJ protein fami-
ly, the three TAMPs (TJ-associated MARVEL proteins)
occludin, tricellulin, and marvel-D3, the claudins form
typical arrangements of strand meshworks which inter-
connect the lateral cell membranes of neighboring epi-
thelial cells (Fig. 1a). By this, they are capable to form
a general seal against unlimited passage of solutes and
water through the epithelial wall [54, 77] but simulta-
neously form a pathway for paracellular transport

Fig. 1 Tight junction (TJ) skeleton, paracellular pathway, and
arrangement of claudins. a Strand meshwork of the bicellular and
tricellular TJ. Cells were omitted so that the skeleton of TJ strands re-
mains. Taken with permission of the publisher from [48]. b Magnified
detail showing strands of TJ proteins. In the presence of channel-forming
TJ proteins, paracellular transport driven by electrochemical gradients
takes place. c Magnified detail showing strand formation by claudins of

two adjacent lateral cells (scheme is based on a claudin-15 polymer model
[79]). Claudins consist of two extracellular loops, four transmembrane
regions, and a short intracellular loop and N- and C-terminals. They
either form pure barriers or paracellular channels for cations, anions, or
water. TJ proteins interact with each other within the same cell
membrane (cis-interaction) and across neighboring cell membranes
(trans-interaction)
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(Fig. 1b). All of these tetraspan TJ proteins, including all
claudins (Fig. 1c), feature two extracellular loops. Their con-
tribution to formation of TJ strands depends on cis-interaction
(within one membrane) and trans-interaction (between
opposing plasma membranes) between the single proteins
[59]. Most epithelial cells express an assortment of different
claudins forming mainly heteropolymeric TJ strands [27, 58].
However, not all claudins are compatible with each other. For
instance, claudin-1 interacts in trans with claudin-3 but not
with claudin-2 while claudin-16 and claudin-19 interact in
cis but not in trans (for overview [31]). For the claudins
expressed in the proximal tubule, the pattern of compatibility
is not investigated so far.

As mentioned above, the paracellular channels are not
crossing membranes, as transmembranal channels do but are
orientated parallel to the lateral membranes allowing
permeation through the TJ. They are formed by the
extracellular loops of TJ proteins interacting with extra-
cellular loops of TJ proteins located in the opposing cell
membrane. To present knowledge, channel-forming
claudins are selective either for small cations or for
small anions, and in at least one case also for water [43].

Tight junction proteins of the proximal tubule

TJ proteins described to be present in the proximal tubule [36,
37] are claudin-2 [20, 37], claudin-10a [30, 83], claudin-11
[19, 37], and claudin-17 [42], and the TAMPs occludin [33]
and tricellulin [34].

What one may miss in that list is claudin-1, as this pure
barrier former is present in many other epithelia. On mRNA
level, claudin-1 and also claudin-12 were detected in proximal
tubules [1, 11]. However, there is no study so far claiming
their presence on protein level. Thus, it may be rather ques-
tionable whether claudin-1 is involved in tightening the
proximal tubule.

In conclusion, all but one of the claudins identified in the
proximal tubule are channel formers, namely claudins 2,
claudin-10a, and claudin-17 [31], and only claudin-11,
occludin, and tricellulin function as sole barrier formers [29].

Cation-selective paracellular channels

Claudin-2 is typically expressed in all leaky epithelia of
the body, including the proximal tubule. Using Madin-
Darby Canine Kidney (MDCK) type I cells, a Btight^
renal tubular cell subclone naturally devoid of claudin-2,
it was shown that introducing claudin-2 into these cells
converted them from high- to low-resistance cells [25]. The
channel properties of claudin-2 were then discovered in a cell
line analogous to MDCK I, MDCK C7, where the Na+

conductivity of the cell layer was 0.2 mS/cm2 in vector con-
trols, but when transfected with claudin-2, it reached 1.7 mS/
cm2. The Cl− conductivity was 0.2 mS/cm2 in both cell lines,
and the permeability for mannitol, lactulose, and 4 kDa-dex-
tran was unchanged.

Thus, claudin-2 forms paracellular channels selective for
small cations like Na+ and K+ but seals against the passage
of anions and larger solutes [3]. This feature proved to be of
paramount importance for the proximal tubule explaining its
leakiness. After all, claudin-2 represents the long sought-after
molecular component for paracellular cation reabsorption.

Several years later, it was found that the same claudin-
based channel is also permeable to water [64]. This feature
is detailed in a following chapter on paracellular water
transport.

Claudin-15 is a major paracellular ion channel former
which, however, is not present in the kidney. Being
functionally comparabtle to claudin-2, it constitutes
cation-selective channels. It was the first claudin of
which a crystal structure was solved [78]. From this
information, molecular channel models for this and oth-
er claudins have been derived (Fig. 1c) [14, 79]. These
models are detailed in the final chapter of this review.

Claudin-10 is expressed throughout the entire kidney tu-
bule; however, it exists in at least two functionally relevant
splice variants [30, 83] which exhibit distinct localization and
function, claudin-10a and claudin-10b. Local discrimination
is not easy, because isoform-specific antibodies discriminating
between the a and b variant are lacking. Thus, distinction
between claudin-10a and claudin-10b was achieved by
RTPCR or in situ hybridization so far [30, 83].

Claudin-10b is expressed in many epithelia, unlike
claudin-10a which is specific for the kidney and uterus [30].
Like claudin-2 and claudin-15, it forms paracellular cation
channels [30, 83]. Its functionally most important site is the
thick ascending limb of Henle’s loop (TALH), where it acts in
spatial neighborhood with two other claudins involved in the
reabsorption of divalent cations, claudin-16 and claudin-19
[50]. It is emphasized here because of its kinship to claudin-
10a (see below).

Anion-selective paracellular channels

The proximal tubule is also the main nephron site of Cl− re-
absorption. A major part of that transport is paracellular and
passively driven by the lumen-negative transepithelial voltage
in the early proximal tubule and the outwardly directed con-
centration gradient for Cl− in the later proximal tubule [6].
Therefore, one would expect anion-selective channel-forming
TJ proteins in the proximal tubule. Indeed, two claudins were
identified so far to possess this feature, claudin-10a and
claudin-17.

Pflugers Arch - Eur J Physiol (2017) 469:877–887 879



Claudin-10a deviates from claudin-10b only in its first
transmembrane segment and first extracellular segment [49,
83]. As a result, it differs in charge selectivity from claudin-
10b and represents one of the two major anion channels of the
TJ. It is localized mainly in the proximal tubule.

Claudin-17 was not analyzed functionally until 2012,
where evidence was presented that it forms anion-selective
channels [14, 42]. Unlike claudin-10a, it is permeable also
for HCO3

−. Claudin-17 protein expression is abundant in the
renal cell lines LLC-PK1, MDCK II, and MDCK C11, all of
which are generally used as epithelial cell models for the
proximal tubule. Immune-fluorescence indicated its presence
also in kidney tubules where it appears to gradually decrease
from proximal towards distal segments [42]. Other localiza-
tions known so far are brain capillaries [42], hair follicles [9],
and breast epithelium [80].

Claudin-10a and claudin-17 seem to have similar func-
tions, as both are able to contribute to absorption of anions.
Thus, both appear to represent the molecular correlate of the
high Cl− permeability of the proximal nephron. Neither regu-
lation nor function of both claudins has been elucidated so far
in vivo.

In general, the paracellular pathway of the proximal tubule
is not cation- or anion-selective as a whole but consists of
independent, parallel pathways for cations (claudin-2) and an-
ions (claudin-10a, possibly claudin-17). It is unknown so far,
whether cation- and anion-selective claudins are arbitrarily
intermixed, or arranged in a mosaic-like pattern as observed
in the TALH for claudins of different functions [50].

Tight junction freeze-fracture electron microscopy
and sites of pore and leak pathways

The ultrastructure of TJs can be analyzed by electron
microscopy (EM). In ultra-thin sections, the TJ contacts

of neighboring cells appear to fuse the membranes and
can be seen as so-called Bkissing points^ [16]. However,
these give only little information about the TJ itself.

With freeze-fracture EM (FFEM), the TJ strand network
can be visualized and further analyzed in respect to various
parameters that may be connected to the barrier properties of
the TJ [74, 76]. First of all, the TJ appears as a net-like mesh-
work of several strands or only one single strand. The number
of strands in the tight junction meshwork can vary consider-
able between epithelia, and it has been shown that this number
indeed has a logarithmic relation to transepithelial resistance
(TER) [12, 13, 46]. However, this relation does not allow
comparison of different epithelia [47], but in general, in leaky
regions of tissues, the number of strands is often lower than in
tighter tissue regions.

Besides variations in different species, it has been demon-
strated that in the proximal tubule 1–2-stranded TJs are present
in the pars convoluta (segments S1 and S2) (Fig. 2a) and 3–5
strands in the pars recta (segment S3) [62] (Fig. 2b). Besides
strand number also the depth of the total TJ network appears to
correlate with the denseness of the barrier, the distance between
single strands increases with increasing tightness [62].
However, even in the S3 segment, the strand spacing is narrow,
possessing a network depth of around 100 nm [62].

As by fracturing, the cell membranes are split into halves,
association of TJ strands or particles with one or the other
membrane leaflet can also be used to gain information about
the functional state of the barrier. The protoplasmatic fracture
face (P-face) is associated with the protoplasm and is viewed
from outside the cell. The cytoplasm is behind that fracture
plane [10]. The second plane, the exoplasmic fracture face
(E-face) is associated with the extracellular space and is
viewed from inside the cells. The P-face usually reveals
particles and strands, while the E-face usually reveals
the corresponding grooves, when standard fixation with
aldehydes is performed [60, 75]. Evaluation and

Fig. 2 Freeze-fracture electron
micrographs of proximal tubule
TJs. a Pars convoluta and b pars
recta of the proximal tubule of the
dog kidney. While in this species,
the pars convoluta, the TJ
consists of one continuous strand,
there are 4.6 ± 1.6 (mean ± SD)
particle-type strands in the pars
recta with a total mesh extension
of about 100–150 nm.
Magnification 60,000×. BB
denotes brush-border (microvilli).
Arrowheads indicate the direction
of shadowing. Image taken with
permission of the publisher from
[62]
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comparison of the ratios between E- and P-face associ-
ations may indicate changes in interaction of TJ proteins
with each other or with TJ - associated proteins that
link it to the cytoskeleton. Different compositions of TJ
proteins have been shown to shift the ratio of P- to E-face
association and also to affect the TJ barrier [45, 58, 86]. For
example, claudin-2 as a predominant claudin of the proximal
tubule may shift the usual ratio from P- towards E-face asso-
ciation [24]. However, the TJ of the proximal tubule con-
sists of several TJ proteins and possesses mainly P-face
associated TJs [68].

Another feature besides strand number and face association
is the form of the meshwork lines: they vary between rectan-
gular and largely parallel or round and curvy. While in most
TJs, the strands form rectangular meshes, round and curvy
appearance is connected to predominant presence of claudin-
3 or claudin-4 [27, 51, 81]. Furthermore, there are two distinc-
tive patterns of TJ strands. The Bcontinuous type^ consists of
smooth and uninterrupted strands. The other pattern, Bparticle
type^, is bead-like and appears as a dotted line formed by
particles. The linear, continuous strands are assumed to form
tighter barriers than strands which have a particle-type appear-
ance. However, the endothelial TJ strands of the very tight
blood brain barrier are also of the particle type. Thus, it is still
not known whether the particle-type TJs possess functional
relevance or only indicate presence of specific TJ proteins,
as especially for claudin-2, that forms paracellular channels
for cations [3] and water [64], a connection to particle-type
strand appearance has been observed [25, 63]. Also in the
claudin-2-expressing proximal tubule, particle-type strand ap-
pearance can be found [13]. However, one also could assume
that this rather might reflect specific interactions than presence
of claudin-2 alone, as the introduction of claudin-2 not neces-
sarily leads to the appearance of particle-type TJs [64].

Parameters as complexity and continuousness also do not
necessarily mean a tight TJ barrier, as for example, a lack of
the channel-forming claudin-2 and claudin-15 in a double-
knockout lead to a less complex and discontinuous strand
network in the intestine, although the transepithelial
conductance decreased [84]. However, the depth of the
total TJ network was increased [84].

Discontinuities and breaks in TJ strands, which can be
seen in FFEM, are discussed to represent a weak TJ
network and to allow passage of solutes, as paracellular
passage is differentiated into two different pathways: when
permeabilities for small and large solutes were determined
using a spectrum of differently sized polyethylene glycols
(PEG) and observing different effects of EGTA or
caprate-treatment, it became obvious that restrictive
pores (radius 0.43–0.45 nm) and nonrestrictive pores
are present [85]. For the proximal tubule, calculations
that supported this finding discriminated these pathways
into pores and slits [32]. Later the two pathways were

named Bpore pathway^ and Bleak pathway^ [72, 82] and
are assumed to be regulated by different components of
the TJ.

The Bpore pathway^ is undisputedly specified by the
expression of channel-forming claudins and has a
charge- and size-restrictive cutoff ion radius of ∼4 Å
[82]. In the proximal tubule, the earlier calculations
found this pathway to cover 91% of NaCl permeability
[32], fitting well to the high expression levels of channel-
forming claudins like claudin-2 within the proximal tubule.

For the size-selective, second class of paracellular
passage, the term Bleak pathway^ has been introduced.
It ranges between 4 and 40 Å [15] and is comparatively
rare, occupying 0.04% of the total TJ length in the
proximal tubule [32]. As structural correlate of the Bleak
pathway,^ two assumptions are discussed. One com-
prises a step-wise passage of macromolecules through
reversible and coincidental strand breaks within the TJ
network, as they can be found in FFEM [4, 72, 82].
The other additionally discusses the tricellular TJ, which is
formed at the TJ contact region of three cells, as this area is
supposed to be involved in macromolecule passage [40, 41].
Tricellulin, which is mainly present within the tricellular TJ
[34], is a regulator of the Bleak pathway^ here [22]. Due to its
dimensions, the Bleaks^ are not only offering a route for
paracellular passage for large solutes but also for ions. In
leaky epithelia like the proximal tubule, the contribution
of the Bleak pathway^ to ion conductance is low and
can be neglected, as paracellular conductance is mainly
determined by channel-forming claudins like claudin-2 [39].

Physiological role of paracellular
water permeability

The identification of claudin-2 as a cation [3] and water [64]
channel has provided the molecular basis for the paracellular
Na+ and water movement in the proximal tubule. These
in vitro studies using overexpression systems have been con-
firmed by studies on claudin-2-deficient mice [55, 70]. Muto
and coworkers analyzed the role of claudin-2 in paracellular
permeability properties of renal proximal tubules. Studies on
morphology of wild-type and claudin-2-deficient proximal
tubule revealed (i) no significant differences in ultrathin sec-
tion electron microscopy, (ii) no differences in the number of
kissing points (one or two), where plasma membranes of
neighboring cells made complete contact, (iii) no differences
in the number of TJ strands, only one or two TJ strands as
shown by freeze-fracture replica electron microscopy.

In contrast to the morphology, functional studies re-
vealed strong differences between wild-type and claudin-2-
deficient kidneys [55, 70]. The net transepithelial reabsorption
of Na+, Cl−, and water in isolated, perfused S2 segments of
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claudin-2-deficient proximal tubules was decreased by about
38, 24, and 28%, respectively, compared to wild-type tubules.
It was shown that the decreased Cl− reabsorption in the ab-
sence of claudin-2 was due to the reduction of paracellular
Na+ reabsorption, since Cl− accompanies Na+ for electroneu-
trality reasons through the anion-selective claudins 10a and/or
17. Thus, although being a cation channel, claudin-2 mediates
the NaCl reabsorption in proximal tubules of the kidney. This
results in an osmotically driven transepithelial water reabsorp-
tion. For this, aquaporin 1 as the molecular basis of the trans-
cellular pathway was uncovered in the 1990s [2]. The contri-
bution, or even existence, of a specific paracellular water path-
way has been controversially discussed for decades, although
studies on aquaporin 1 knockout mice had shown a reduction
of proximal tubule net water reabsorption by only 50% and
thus suggested the existence of an aquaporin 1-independent
pathways of water reabsorption [69]. With the finding that
claudin-2 permits the passage of water through its pore
[64], the molecular structure of the paracellular water
pathway was uncovered.

Similar findings as shown by Muto et al. were obtained by
Schnermann and coworkers, who showed a reduction of frac-
tional proximal fluid reabsorption in claudin-2-deficient mice
by 23.5% [55, 70]. The somewhat lower estimate of
claudin-2-dependent proximal fluid reabsorption may
be due to the fact that Schnermann investigated S1 seg-
ments, whereas the study of Muto was performed on S2 seg-
ments, and it was shown that claudin-2 expression in the prox-
imal tubule increases along its axis with lower levels in S1
than in S2 and S3 segments [20, 37].

If one disregards all previous evidence for claudin-2-
mediated water transport, the findings on claudin-2-
deficient mice would also be consistent with claudin-2-
mediated Na+ reabsorption, creating an osmotic gradient
for water movement along the transcellular pathway
through aquaporin 1 channels. However, this possibility
could be excluded due to the findings in cell culture
studies [63, 64]. It has been shown that the Na+ and
water passage through claudin-2 are coupled, and both
share the same pore since (i) claudin-2-mediated water
movement could be induced by a gradient for NaCl in
the absence of any osmotic gradient, (ii) osmotically
induced water movement caused net paracellular Na+

transport in claudin-2-expressing cell layers [64], (iii)
the mutation, which reduces Na+ permeability of
claudin-2, concomitantly reduces water flux, and (iv)
blocking of the claudin-2 pore reduces Na+ and water
permeability [63].

The claudin-2 pore is well described by Yu and co-
workers [5, 44, 87]. It has a diameter of about 6.5 Å;
thus, water molecules with a diameter of 2.8 Å and
dehydrated or partially dehydrated ions (Na+, K+,
Ca2+) can pass that pore (Fig. 3). Different amino acid

residues (aa) in the first ECL, which line the narrowest
part of the pore, were identified to be D65, I66, and
S68. Charge neutralization of the negative aa D65 resulted in a
decreased Na+ and water permeability, and other interventions
which inhibit Na+ permeability were associated with de-
creased water permeability [63].

The reduced reabsorption of Na+, K+, and Cl− in proximal
tubule of claudin-2-deficient mice seems to be completely
compensated in more distal tubule segments, as indicated by
the unchanged fractional excretion (FE) of these ions [55, 70].
This finding is consistent with results on claudin-2-null mice
obtained by Yu and coworkers, who found no differences in
urine Na+ concentration between claudin-2-null and wild-type
mice [56]. An increased activity of the Na-K-2Cl
cotransporter in the thick ascending limb of Henle’s loop is
the primary mechanism for compensation of reduced
Na+ reabsorption in proximal tubule [56]. In contrast,
the missing paracellular water reabsorption in proximal
tubule cannot be compensated in more distal segments,
as shown by the increased urine volume and decreased
urine osmolality in the absence of claudin-2 [55, 70].

Additionally to the NaCl and water reabsorption, claudin-2
is involved in Ca2+ reabsorption in the proximal tubule [23].
The fractional excretion of Ca2+ is greater in claudin-2-

Fig. 3 Model of the claudin-2 pore. The claudin-2 pore with a diameter
of about 6.5 Å allows the passage of water molecules with a diameter of
2.8 Å and of dehydrated or partially dehydrated ions (Na+, K+, Ca2+).
Different amino acid residues in the first ECL, which line the narrowest
part of the pore, were identified to be D65, I66, and S68. Neutralization of
the negatively charged D65 (D65N) resulted in a decreased Na+ andwater
permeability [63]. Taken with permission of the publisher from [5]
modified
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deficient mice compared to control mice [55, 70]. In proximal
tubule, a large fraction of Ca2+ is reabsorbed by the
paracellular route [17, 71], and it has been shown that
the claudin-2 pore is permeable to Ca2+, with an ap-
proximately fourfold lower permeability than to Na+

[87]. Thus, the increased FE of Ca2+ in claudin-2-
deficient mice results from impaired paracellular Ca2+

reabsorption in the proximal tubule mediated by
claudin-2.

A recent study concerning the role of paracellular Na+ re-
absorption in proximal tubule revealed that this transport is
required for efficient utilization of oxygen in the service of

Na+ transport in the kidney [56]. This study compared the
whole-kidney Na+ reabsorption and oxygen consumption in
anesthetized wild-type and claudin-2-deficient mice and
found no difference in Na+ reabsorption, whereas oxygen con-
sumption was 80% higher in KO mice; thus, the efficiency of
O2 utilization for renal Na+ transport was much lower in the
absence of claudin-2. The oxygen consumption was increased
in the outer medulla and unchanged in the cortex, and it was
due to an increased activity of the Na+K+2Cl− symporter,
which compensates for the reduced Na+ reabsorption.

In summary, the claudin-2 reabsorption in proximal tubule
induces an efficient NaCl uptake and water reabsorption.

Fig. 4 a Potential TJ strand architecture of a cation-selective channel
former is shown for claudin-10b (instead of claudin-2, the cation
channel-former of the proximal tubule). Claudin-2 was not modeled so
far, because for that a high homology with claudin-15 is advantageous,
which claudin-10b indeed has. The potential strand architecture was
obtained by aligning caudin-10b [52] to the claudin-15 polymer model
suggested by Suzuki et al. [79]. Individual claudin protomers are shown
in different colors on the left side with backbone as cartoon and on the
right side with overlaid surface. Plasma membranes are depicted as gray
boxes, and the proposed ion pore is marked BP .̂ The model was taken
from [52]. b Homology model of claudin-17 protomer based on claudin-

15 template (PDB 4P79), view from the extracellular side, backbone as
cartoon, residues analyzed as sticks in magenta. Highlighted is the part
(dotted double arrow) proposed to line the pore within the anion channel
formed by a claudin-17 oligomer. c and d Differing electrostatic
potentials (units kT/e) on the surface of claudin-15 and claudin-17
protomers in the area of the proposed pore (double arrow) are in line with
the opposite charge selectivity of claudin-15 and claudin-17 ion
channels, respectively. The dotted arrow in c indicates a variant course
as suggested by Suzuki et al. [79] and by Fig. 4a. Parts b, c, and d taken
with permission of the publisher from [14]

Pflugers Arch - Eur J Physiol (2017) 469:877–887 883



Additionally, the paracellular Na+ reabsorption in proximal
tubule ensures an efficient oxygen utilization in the kidney.

Molecular models of claudin-based channels

Recently, crystal structures of claudin-15, claudin-19,
and claudin-4 revealed their 3D structure with a characteristic
β-sheet comprising β-strands 1–4 from ECL1 and β-strand 5
from ECL2, which is anchored to a left-handed four trans-
membrane helix bundle [67, 73, 78]. This allowed detailed
homology modeling of other claudins including claudin-2
[38], claudin -10a, claudin-10b [52], and claudin-17 [14].

A first model of TJ strand architecture proposed for
the channel-forming claudin-15 consists of an antiparallel
double row cis-arrangement of claudin-15 protomers (struc-
tural units) [79]. In addition, interaction data for claudin-1,
claudin-3, and claudin-5 were found to be at least partly com-
patible with an antiparallel double row arrangement [53, 57].
The strand model contains two different cis-interfaces per tet-
rameric unit: one interface leads to linear arrangement of
claudin protomers in the claudin-15 crystal packing [78] and
is formed between an ECL2 motif (F, Y/F, x(9–10),E, L/I/M/
F) conserved among classic claudins [38] and residues of the
small extracellular helix (ECH) in the ECL1 [78]. However,
whether this interface is part of native TJ strands is unclear.
The second suggested cis-interface supported by crosslinking
data [5, 79] is formed through antiparallel interactions be-
tween two β4-strands of ECL1 forming an extended
β-sheet [79].

Other claudin arrangements are conceivable, too. For in-
stance, experimental data for claudin-3, claudin-5, claudin-16,
and claudin-19 [28, 65] and in silico multiscale course grain
molecular dynamics simulations for claudin-5 [35] indicated
also other dimer interfaces comprising transmembrane heli-
ces. Recently, a symmetric cis-tetrameric unit of claudin
strands was suggested. Here, the 1st interface is based on a
modification of the cis-interface found in the claudin-15 crys-
tal packing and a second interface contains a large contact
surface involving transmembrane helices two and three [57].

In the model of claudin-15 TJ strands, Suzuki et al.
suggested that two cis-double rows are joined in trans
between opposing cells forming a β-barrel-like structure
of the ion pore [79]. While providing very useful ideas
of a potential TJ architecture (Fig. 4a), this model is
limited by steric and functional challenges for channel-
forming (claudin-2, claudin-10, claudin-15; [38, 52]) and
barrier-forming claudins like claudin-3 [57].

ECL1-residues affecting paracellular permeability for
solutes identified by site-directed mutagenesis were
reviewed previously [38]. For instance, D65 in
claudin-2 [87] and the corresponding positions in
claudin-10a (R62) [83] and claudin-17 (K65) [14, 42]

were identified as a key determinant for charge selectivity of
the channels. For structural comparison, the ECL1-residues
from different claudins were mapped onto the ECL1 structure
of claudin-15. The mapping showed that residues-affecting
permeability and hence suggested to line the ion pore
are located on both sides of the ECL β-sheet [38]. In
contrast, the polymeric channel model suggested by
Suzuki et al. [30] predicts only one side of the β-
sheet to line the pore. Thus, it remained unclear wheth-
er both sides of the β-sheet contribute directly to the
pore lining.

A detailed structure-function analysis of claudin-17
was performed by analyzing the impact of charge-
reversing or charge-neutralizing mutations on anion per-
meability. K65 (corresponding to charge selectivity filter
in claudin-2) was found to be involved more strongly in
charge-selective ion permeation than other positively
charged residues in the ECL1 (R45, R56, R59, R61).
In addition to the positive charge, the shape and H-
bonding capability of K65 were found to be necessary
for the formation of an anion-selective ion channel.
Furthermore, position 68 of claudin-17 was shown to be
involved in formation of an anion-selective channel [14].

To gain structural insight into the anion channel
formed by claudin-17 and to explain the experimental
findings, homology modeling of claudin-17 using
claudin-15 and claudin-19 as templates was performed
(Fig. 4b). The claudin-17 model [14] indicated a folding
very similar to that of other classic claudins [18, 61, 66,
67, 73, 78] including a left-handed four-transmembrane
helix bundle and an extracellular β-sheet. However,
slight differences within the helix bundle, ECL1 and
ECL2, were suggested.

Modeling and the functional data indicated a hydro-
philic furrow in the center of the extracellular part of
the claudin-17 protomer to line the anion pore which is
likely to be formed by an oligomeric claudin channel at
cell-cell contacts. The furrow spans from a gap between
the extracellular ends of transmembrane helices two and
three along R31, E48, and N53 to a gap between K65
and S68 (Fig. 4b). For other channel-forming claudins,
ions could potentially pass through a similar furrow.
This idea is underlined by the differing electrostatic po-
tentials on the surface of the corresponding furrows of
claudin-2, claudin-10b, claudin-15 versus that of claudin-10a
and claudin-17 fitting to the opposite charge selectivity
of the respective channel (Fig. 4c, d) [14, 78].

Based on the finding that K65R or S68E in claudin-
17 impeded ion permeability and modeling, it was pro-
posed that a lack of electrostatic interaction between
these positions might contribute to pore formation
[14]. Consistent with this idea, such a pore blocking
interaction is conceivable for barrier-forming claudins
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(claudin-1, claudin-3 to claudin-9, claudin-19) contain-
ing K and D of opposite charge at the positions corre-
sponding to K65 and S68 of claudin-17. Strikingly, all
channel-forming classic claudins (claudin-2, claudin-10a,
claudin-10b, claudin-15, and claudin-17) lack residues
which electrostatically and sterically fit to each other
at the corresponding positions. However, these positions
could also contribute by other interactions to barrier
versus channel formation. For instance, electrostatic net-
works to which residues corresponding not only to the
claudin-17 positions 65 and 68 but also 57 and 63 were
proposed to potentially contribute to trans-interactions
which specifically tighten a gap between protomers for
barrier-forming claudins such as claudin-1, claudin-3,
and claudin-5 [57]. Further structure-function studies
are needed to elucidate the molecular architecture of
claudins-based paracellular ion channels within TJ strands.

Summary

The proximal tubule consists of a Bleaky^ epithelium
which means that the paracellular pathway for ions is
more permeable than the transcellular pathway. This
causes transcellular reabsorption of ions and water to
be boosted by paracellular passage. These functional
features of the proximal tubule have been known for
decades, but the molecular basis of paracellular ion
and water transport was unknown then.

In Btight^ epithelia, the paracellular pathway is pre-
dominantly sealed by numerous tight junction proteins
of the claudin and the TAMP family. In the proximal
tubule however, three claudins may be present which
form paracellular channels (claudin-2, claudin-10a, and
claudin-17) and only one sealing one (claudin-11).

Claudin-2 constitutes paracellular channels selective
for small cations and by this contributes to reabsorption of
Na+ and K+ in the proximal tubule. In contrast, here claudin-
10a and perhaps also claudin-17 form channels selective for
small anions which contribute to reabsorption of Cl−. The pore
of the claudin-2 channel is also permeable to water, resulting
in 20–25% of proximal water absorption to take place
paracellularly.

Ultrastructurally, the number of horizontal strands is one
to two in the pars convoluta proximal tubules and three to five
in pars recta. Nevertheless, the TJ seals the proximal tubule
against back-leakage of larger solutes as nutrients.

Homology modeling of channel-forming claudins present
in the proximal tubule proposes models that comprise cis-tet-
rameric units of claudin strands. On the surface of a cation-
and an anion-selective claudin protomer differing electrostatic
potentials are present in the area of the proposed ion channel,
resulting in the opposite charge selectivity of these claudins.

Presently, the molecular structure of the claudin-based chan-
nels has only started to be fully understood.
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