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Abstract

Aim: Members of the claudin protein family are the major constituents of tight
junction strands and determine the permeability properties of the paracellular
pathway. In the kidney, each nephron segment expresses a distinct subset of clau-
dins that form either barriers against paracellular solute transport or charge- and
size-selective paracellular channels. It was the aim of the present study to de-
termine and compare the permeation properties of these renal paracellular ion
channel-forming claudins.

Methods: MDCK II cells, in which the five major claudins had been knocked out
(claudin quintupleKO), were stably transfected with individual mouse Cldn2, -4,
-8, -10a, -10b, or -15, or with dog Cldn16 or -19, or with a combination of mouse
Cldn4 and Cldn8, or dog Cldn16 and Cldn19. Permeation properties were investi-
gated in the Ussing chamber and claudin interactions by FRET assays.

Results: Claudin-4 and -19 formed barriers against solute permeation. However,
at low pH values and in the absence of HCO;™, claudin-4 conveyed a weak chlo-
ride and nitrate permeability. Claudin-8 needed claudin-4 for assembly into TJ
strands and abolished this anion preference. Claudin-2, -10a, -10b, -15, -16+19
formed highly permeable channels with distinctive permeation profiles for differ-
ent monovalent and divalent anions or cations, but barriers against the permea-
tion of ions of opposite charge and of the paracellular tracer fluorescein.
Conclusion: Paracellular ion permeabilities along the nephron are strictly deter-
mined by claudin expression patterns. Paracellular channel-forming claudins are
specific for certain ions and thus lower transepithelial resistance, yet form barri-
ers against the transport of other solutes.
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1 | INTRODUCTION

Claudins are a family of tight junction (TJ) proteins that
assemble into TJ strands and regulate paracellular trans-
port across epithelia. Whereas all strand-forming claudins
contribute to the barrier function of TJs and, for example,
block permeation of molecules >~200Da and pathogens,
some claudins, in addition, confer ion selectivity to the
paracellular pathway (for reviews see, e.g., Refs. [1,2]).
Segment-specific claudin expression patterns along the
nephron were recognized immediately after the discovery
of the first claudins.* Today, many recent studies em-
ploying modern sequencing techniques provide publicly
available databases that allow to confirm and refine seg-
mental claudin (Cldn) expression patterns (collection of
data sets at http://humphreyslab.com/SingleCell/search.
php, https://esbl.nhlbi.nih.gov/MRECA/Nephron/,°
https://cello.shinyapps.io/kidneycellexplorer/’; for Cldn
expression pattern extraction see, e.g., Refs. [2,8,9]).

Claudins expressed, at relevant levels, along the nephron,
comprise Cldnl, -2, -3, -4, -7, -8, -10a, -10b, -12, -14 (Cldn14
expressed only when plasma Ca”* levels are high'*'?), -15,
-16, and -19.**° In addition, Cldn1 is expressed in the pari-
etal cells of Bowman's capsule,'® Cldn5 in podocytes,® and
Cldn5 and -15 in renal endothelia.>®'* Various studies, by
claudin overexpression in different epithelial cell lines or by
claudin knockout in mice, indicate that of these claudins,
Cldnl, -3, -5, -14, and -19 form barriers against paracellular
ion transport (e.g., Refs. [15-21]). In contrast, Cldn10a has
been found to convey paracellular anion permeability to the
paracellular pathway.”*** Cldn2,** -10b,* -12,%7 -15,”® and
the combination of Cldn16+19%** have been reported to
act as paracellular cation channels, but with different per-
meabilities for mono- and divalent cations, respectively. For
Cldn4, -7, and -8, the situation is less clear, they have been
described as barrier-forming®>* or potentially channel-
forming,%_40 or contributing to channel formation, as Hou
et al.*® observed that Cldn4 acts as a paracellular anion
channel, but to assemble into TJ strands, has to interact with
Cldn8.

To investigate the physiological properties of individ-
ual claudins, claudins have been overexpressed in various
epithelial cell lines or knocked out in cell lines or mice, re-
sulting in alterations in transepithelial resistance (TER) and
permeabilities for ions (P;,,) or paracellular tracers (P ,c.r)
measured. However, results from such approaches may be
affected by alterations in the expression or localization of
endogenous claudins within these cell lines. One example is
the replacement of endogenous Cldn2 by exogenous Cldn8
in MDCK 11, causing a decrease in paracellular Py,.**

Recently, MDCK II claudin quintuple knockout (claudin
quinKO) cells were developed, a MDCK II-derived cell line,
in which the five major, strand-forming claudins, Cldnl, -2,

-3, -4, and -7 were knocked out.>** Two further endogenous
claudins, Cldn12 and Cldn16, are still expressed, however,
these claudins do not form strands even if exogenously over-
expressed in these cells.* Claudin quinKO cells still express
Z0O-1, ZO-2, Ocln, and JamA. Despite the absence of TJ
strands, the paracellular cleft in claudin quinKO cells main-
tained a width of about 6-7nm, and the paracellular move-
ment of larger molecules (dextrans with a molecular weight
of >4kD) was restricted. This restriction was removed, if, in
addition to the claudins, JamA was knocked out.**

Overexpression of Cldnl, -3, -4, and -7 resulted in TJ-
formation and TER values of several thousand Qcm?.** In
contrast, overexpression of Cldn2, -10b, and -10a resulted
in TJs with strong cation preference (Cldn2 and Cldn10b)
or anion preference (Cldn10a).**

It was the aim of the present study to utilize claudin
quinKO cells to overexpress and investigate the individ-
ual ion permeability profiles of all potentially paracellular
channel-forming claudins expressed in the kidney: Cldn2,
-10a, -10b, -15, Cldn19 in the presence and absence of
Cldn16, and Cldn4 in the presence and absence of Cldn8.
Only Cldnl2 had to be omitted, as it did not form TJs
under the present conditions.

2 | RESULTS
2.1 | Ion permeability of transfected
claudin quinKO cell layers

Electrical properties of claudin quinKO cell layers stably
transfected with mouse Cldn2, -4, -8, -10a, -10b, or -15,
or dog Cldnl6 or -19 (equivalent to human CLDN19
isoform b), or doubly transfected with mouse Cldn4 and
Cldn8 (Cldn4+3), or dog Cldn16 and Cldn19 (Cldn16+19)
were investigated in Ussing chambers. Non-transfected
and empty vector-transfected claudin quinKO cell layers
served as negative controls. TER values of these cell layers
are depicted in Figure 1A (see also Table S1). With the
exception of Cldn8 and Cldnl6 expressing cell layers,
all cell layers had increased TER values compared to the
negative controls.

As this indicated that at least some of the cell layers
formed paracellular barriers, fluorescein (uranine, molec-
ular weight 332Da) was utilized as a paracellular tracer,
and fluorescein permeability (Pg,,) Was determined by
flux measurements (Figure 1B). Despite the fact that
TER was only increased by a factor of about 2 in Cldn2,
-10a, -10b, and -15 overexpressing cell layers, compared to
negative controls, P, was reduced by more than a fac-
tor of 10 in these cell layers. In contrast, Cldn8 and -16
transfected cell layers had a similar P, as negative con-
trols (Figure 1B). Thus, all claudins except Cldn8 and -16
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FIGURE 1 Barrier and channel properties of claudin quinKO (qKO) cell layers. Claudin quinKO cells were stably transfected with

mouse (Cldn2, -4, -8, -10a, -10b, -15) or dog (Cldn16, -19) claudins or with the empty vector (e. v.) and barrier and channel properties

were analyzed by Ussing chamber measurements. (A) TER values, (B) fluorescein permeability P, determined by flux measurements,

(C) permeability ratios of Na*™ and Cl~ (Py,/Pc), Pci/Pyy), determined by dilution potential measurement, (D) comparison of absolute
permeabilities Py, Pgj, and Pg,,. For means + SEM and n see Table S1. *p <0.05; p <0.01; *p <0.001; Brown-Forsythe and Welch ANOVA
followed by Dunnet's T3 multiple comparisons test against empty vector-transfected controls.

were able to form efficient barriers against fluorescein
permeation.

Dilution potential measurements demonstrated that
Na't and CI™ permeabilities were equal, that is, Py,/
Pc =1, for negative controls, and also for cell layers
transfected with Cldn8, Cldn4+8, and Cldn16. Cell lay-
ers transfected with Cldn2, -10b, and -15, had Py,/P¢» 1,

cell layers transfected with Cldn19 and Cldn16+19
Pna/Po>1, cell layers transfected with Cldnl0Oa Py,/
P« 1, and cell layers transfected with Cldn4 Py,/Pc <1
(Figure 1C).

Using Py./Pc; and TER values, the Kimizuka-Koketsu
equation was employed to calculate absolute Py, and P
values.?>** In Cldn2, -10b, or -15 transfected cell layers,
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Py, reached approximately the same values as those for
negative controls and Cldn8 or Cldnlé6-transfected cell
layers, indicating, that Na* permeation was almost un-
restricted. Analogously, in Cldnl0a-transfected cells, P
reached about the same value as those of the negative con-
trols. Cldn4- and Cldn19-transfected cell layers formed
efficient barriers against the permeation of Na* and CI".
Py, of Cldn16+19 transfected cell layers was about a fac-
tor of 6 higher than that of Cldn19 transfected cells. P
of Cldn2, -10b, -15 and -16+19-transfected cell layers and
Py, of Cldnl0a-transfected cell layers, was low, yet still
higher than the respective values of Cldn4- and Cldn19-
transfected cell layers (Figure 1D). Under all conditions,
Py, and P were higher than Py, of the respective cell
layers (Figure 1D).

2.2 | Integration of Cldn8 and Cldn16
into TJ strands

Toinvestigate why Cldn8 and Cldn16 did not increase TER
oftransfected celllayers,immunofluorescence (IF)staining
and confocal laser scanning microscopy were employed
to verify that Cldn8 and Cldnl6 were overexpressed in
claudin quinKO cells. Figure 2A,B demonstrates that both
claudins are recruited to the junctional region. However,
freeze-fracture electron microscopy (ffEM) revealed that
these claudins did not form continuous TJ strands, but
only punctual aggregates (Figure 2C,D). In contrast, Cldn4
and Cldn19 both showed strong junctional localization
in IF staining (Figure 2A,B). IF staining further revealed
that Cldn19 was able to recruit endogenous Cldn16 into
TJs (Figure 2B). In ffEM, Cldn4 formed compact, mostly
linear strands, whereas Cldn19 assembled into a loose
network of strands with single strands extending far into
the lateral membrane (Figure 2C,D). Co-transfection of
Cldn4 and Cldn8 caused Cldn8 to strongly enrich in the
cell-cell contacts (Figure 2A). Similarly, co-transfection of
Cldn16 and Cldn19 caused a strong enrichment of Cldn16
in the junctional region (Figure 2B). In ffEM, the strand
pattern of Cldn4 together with Cldn8 showed wider loops
compared to Cldn4 alone (Figure 2C), whereas Cldn16
overexpression strongly reduced the lateral extension of
Cldn19 (Figure 2D).

2.3 | Cation channel-forming claudins:
Cldn2, Cldn10b, Cldn15, Cldn16+19

Bi-ionic potential measurements were employed to fur-
ther investigate the permeability properties of the cation-
selective claudins identified in Figure 1C. Permeabilities
for alkali metal ions (Li*, Na*, K*, Rb*, Cs™) showed

distinct patterns: Py, > Py;> Px> Py, > P, corresponding
to Eisenman sequence X for Cldn10b transfected cell lay-
ers, Py~Py,>P;;> Py, > P, corresponding to Eisenman
sequence IX for Cldn2- and Cldn16+19-transfected cell
layers, and Pg~Pp,=Pco>Py,>P;; corresponding to
Eisenman sequence I to IV for Cldn15-transfected cell lay-
ers (Figure 3).

Permeability for Mg** and Ca®* (Py,, Pc,) differed
markedly from Py, in the investigated cell layers trans-
fected with cation-selective claudins (Figure 4). Ca**
permeation was almost unrestricted in Cldn16+19- and
Cldn2-transfected cell layers and low in Cldn19-transfected
cell layers. In Cldn10b- and Cldnl5-transfected cell lay-
ers, P, was considerably lower than in Cldn16+19- and
Cldn2-transfected cell layers, yet higher than in Cldn19-
transfected cell layers. In contrast, Py, was high in
Cldnl6+19-transfected cell layers (though less than P,),
but low in Cldn2-transfected cell layers and at a similar
level as in Cldnl0b- and Cldnl5-transfected cell layers.
As observed for Pc,, Py, was lowest in Cldn19-transfected
cell layers.

Similar to the Eisenman sequences for alkali metal ions,
permeability patterns (Sherry sequences*’) for earth alkali
metal ions (Mg**, Ca**, Sr**, Ba*") differed for the differ-
ent cell layers: Sherry sequence III for Cldn2-, Cldn19- and
Cldn16+19-transfected cell layers (Pc,>Pp,~Pg.>Py,)
and Sherry sequence VII for Cldnl0Ob- and Cldnl5s-
transfected cell layers (Py, > Pc, ~ Py, ~ Py,; Figure 4).

To estimate the pore size of the paracellular cation
channels, bi-ionic potentials for NH,", methylammo-
nium* (MA), dimethylammonium™® (DA), and in Cldn15-
transfected cell layers, for tetramethylammonium®
(TMA) were determined. Absolute permeabilities in-
dicated that the pore size of Cldn10b is the smallest, as
Pya> Paia > Pyia > Ppa. Pore size for Cldn2 and Cldn16+19
are somewhat larger (Pnys>Pna>Pya>Ppa) and larg-
est for Cldn1l5 (Pyps~Pna®Pyma>Ppa>Prya)- For non-
transfected claudin quinKO cells, Pyps=~Pna®Pyva®Ppas
that is, the paracellular flux even of DA appeared prac-
tically unrestricted. Interestingly, for Cldn16-transfected
cell layers, Pp, was lower than Pypy, Py, and Pyu
(Pn1a®Pra~Pua > Ppa), though not as low as for Cldn15.
Thus, even though Cldn16 did not form any obvious in-
tercellular TJ strands, its presence had a mild effect on
the size selectivity of the paracellular pathway (Figure 5).

Pore diameters of cation pores can be estimated by
plotting the square root (SQRT) of the permeability of
the ammonium derivatives relative to that of Na* (P,/
Py.) against the ionic diameters of NH4*, MA*, DA*, and
TMA™, respectively.***’

As shown in Figure 6A, this plot resulted in a straight
line for Cldn10b-transfected cell layers, when assuming
the NH," diameter of 2.96A given by Nightingale,*
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Cldn19

qKO

gKO Cldnl6

gKO Cldn19

gKO Cldn16+19

FIGURE 2 Immunofluorescence staining and freeze-fracture electron microscopy of transfected claudin quinKO (qKO) cell layers. (A)
Immunofluorescence staining of claudin quinKO cells stably transfected with mouse Cldn4 showed strong junctional Cldn4 localization (co-
localization with the TJ marker occludin), whereas Cldn8 was barely visible in the TJs of cell layers transfected with Cldn8. In contrast, both
claudins co-localized with occludin, when co-transfected into claudin quinKO cells. (B) Immunofluorescence staining of claudin quinKO
cells showed weak signals of endogenous Cldn16. Overexpression of Cldn16 resulted in discontinuous Cldn16-signals co-localizing with
occludin. Overexpression of Cldn19 did not only result in junctional Cldn19 staining, but also recruiting endogenous Cldn16 to the junction.
Upon co-transfection of Cldn16+19, both claudins showed strong co-localization within the TJ. (C) Freeze-fracture electronmicrographs

of Cldn4-transfected claudin quinKO cell layers displayed predominantly continuous, parallel TJ strands. In contrast, Cldn8 did not form
any strands but only widely spaced single particles, a pattern that precludes the formation of a tight barrier. Upon Cldn4+8 co-transfection,
TJ strands had a particle-like appearance and formed more rounded meshes. (D) Similar to Cldn8-transfected cell layers and in agreement
with the lack of a tight barrier, freeze-fracture electronmicrographs of Cldnlé6-transfected claudin quinKO cell layers did not display any
continuous strands, but only spaced, single particles. Cldn19 formed a meshwork of strands at the apical pole of the cells, but single strands
extended along the lateral membrane. When co-transfected, strands formed by Cldn16+19 displayed a more compact meshwork with only a
few lateral strands.

and the diameters for MA* (3.78 A), DA™ (4.58A) and  Py,)=1 suggests that the diameter of the Na* ion pass-
TMA™ (5.5A) given by Villarroel et al.*’ Extrapolationto  ing the pore is about 2.7 A which is close to the fully
the intercept with the x-axis indicated a pore diameter — unhydrated Na* diameter (1.9A*). For Cldn2-, —15-,
of 4.9 A. Extrapolating to the intercept with SQRT(P,/ —16+19-transfected cell layers no straight lines were
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FIGURE 3 Permeabilities (Py) of stably transfected claudin quinKO cell layers for monovalent cations (alkali metal ions Li*, blue; Na*,
white; K*, gray; Rb*, red; Cs™, green). Permeabilities of non-transfected control cells (gKO) and claudin quinKO cells stably transfected
with claudins involved in paracellular cation transport were determined by bi-ionic potential measurements in the Ussing chamber. For
means + SEM and number of replicates n see Table S1. 'p<0.01; ¥p <0.001. One-way ANOVA and Dunnet's T3 multiple comparisons test

against Py, within each group.
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FIGURE 4 Permeabilities (Py) of claudin quinKO cell layers for divalent cations (Mg**, blue; Ca**, gray; Sr**, red; Ba®*, green) in

comparison to Py, (white). Permeabilities of non-transfected control cells (qKO) and claudin quinKO cells stably transfected with claudins

involved in paracellular cation transport were determined by bi-ionic potential measurements in the Ussing chamber. For means +SEM and

number of replicates n see Table S1. 'p <0.01; *p <0.001. One-way ANOVA and Dunnet's T3 multiple comparisons test against Py, within

each group.

obtained when using the unhydrated NH," diameter
given by Nightingale*®; gray lines in Figure 6A. However,
when assuming NH," diameter of 3.3 A (Figure 6B), as
given by Villarroel et al.*’, values fell on a straight line for
Cldn2- and Cldn16+19-based channels, likely indicat-
ing that NH, " passes the pore partially hydrated. Under
these conditions, extrapolation to the intercept with the
x-axis indicated that the pore diameter of Cldn2-based
channels is about 5 A and thus similar to Cldn10b-based
channels. The pore diameter of Cldn16+19-based chan-
nels appeared to be about 5.8 A. For Cldn15-based chan-
nels, even under these conditions, no straight line was

obtained. Therefore, NH," permeability was not used to
estimate the Cldnl5 pore size, but rather the permea-
bility of the larger TMA, and a pore size of about 6.7 A
estimated.

2.4 | Putative anion channel-forming
claudins: Cldn10a, Cldn4, Cldn4+8

As shown in Figure 1, Cldn4-, Cldn4+8-, and Cldn10a-
transfected cell layers were able to restrict the paracel-
lular passage of fluorescein, whereas Cldn8-transfected
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FIGURE 5 Permeabilities (Py) of claudin quinKO cell layers for NH,* (blue), methylammonium®* (MA, gray), dimethylammonium™
(DA, red), and tetramethylammonium™ (TMA, green) in comparison to Py, (white). Permeabilities of non-transfected control cells (QKO)
and claudin quinKO cells stably transfected with claudins involved in paracellular cation transport were determined by bi-ionic potential
measurements in the Ussing chamber. For means + SEM and number of replicates n see Table S1. 'p <0.01; *p <0.001. One-way ANOVA
and Dunnet's T3 multiple comparisons test against Py, within each group.
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FIGURE 6 Pore size estimation of cation channel-forming claudins. Pore size was estimated as described by Yu et al.*’, assuming
diameters of 3.78, 4.58, and 5.5 A for methylammonium®, dimethylammonium™, and tetramethylammonium®*, respectively.*’ According

to the Renkin Equation,*’ the square root of the relative permeabilities of ammonium derivatives (P,/Py,) should depend linearly on the
diameter of these cations. The extrapolated intercept with the x-axis by linear regression indicates the pore size. (A) Estimation of the pore
size for Cldn10b (blue), assuming the NH," diameter of 2.96 A given by Nightingale.*® The intercept with the x-axis indicates a pore diameter
of 4.9 A, and the * indicates the intercept with P,/Py, = 1. From this, the effective diameter of Na™ is estimated to be ~2.6 A, indicating that
Na* is almost fully dehydrated while passing the pore of the Cldn10b-based channel. For Cldn2, Cldn16+19, and Cldn15 (gray), no straight
lines were obtained. (B) Estimation of the pore size of Cldn2 (blue)-, Cldn16+19 (red)-, and Cldn15 (green)-based channels, assuming the
NH," diameter of 3.3 A given by Villarroel et al.* The intercepts with the x-axis indicate pore diameters of 5.0, 5.8, and 6.7 A for Cldn2,
Cldn16+19, and Cldn15, respectively. For Cldn10b (gray), no straight line was obtained.

cell layers were not. Initial experiments showed that
TER values for Cldn8- and Cldnl0a-transfected cell lay-
ers were always low, whereas TER values for Cldn4- and
Cldn4+8-transfected cell layers declined with increasing
number of passages. This decrease in TER was paralleled
by an increase in Pgy,,, indicating a loss of TJ integrity
(Figure S1A). Western blots confirmed a considerable loss
of claudin expression in Cldn4- and Cldn8-expressing cell

layers already after passage 2 (Figure S1B,C). In Cldn4+8-
expressing cells, expression was more stable between
passages 2 and 4, but more variable between individual
cell layers from one passage. As it had been reported in
the literature that Cldn4 phosphorylation might interfere
with strand assembly, an antibody against phospho-Tyr
208-Cldn4 was employed. As shown in Figure S1D, signal
strength for phospho-Tyr 208-Cldn4 did not increase with
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higher passages, but simply paralleled that of the total
Cldn4.

In contrast to Pg,,, the relative CI™ permeability, P,/
Py, in Cldn4-expressing cell layers did not increase but
decreased with decreasing TER, reaching values of about
1 at TER values below about 700 Q-cm? (Figure 7A). At
higher TER values, Pg/Py, in Cldn4-expressing cell
layers was slightly, but consistently higher than that
of Cldn4+8-expressing cell layers. The stronger anion
selectivity was particularly evident when a TER inter-
val was selected (700-2000 Q-cm?; red dashed lines in
Figure 7A, for mean values, see Table S2) in which a
comparable number of data points were available for
both types of cell layers.

Properties of Cldn10a were as expected for an anion
channel-forming claudin. TER was low, but, compared
to cell layers without functional TJs (Cldn8- or empty
vector-transfected cell layers), Pp,, Was consider-
ably lower (Figure S1A) and P /Py, distinctly higher
(Figure 7A).

To investigate anion permeability profiles of the pu-
tative paracellular anion channel-forming claudins, per-
meabilities for NO,~, HCO,~, H,PO,”, and HPO,*~ were
investigated and compared to Cl” permeability. To dis-
criminate between the two physiologically relevant ionic
forms of phosphate, H,PO,~ and HPO,*", bi-ionic poten-
tial measurements were carried out at pH6 and pHS8.4.
These solutions were HCO; ™ -free and buffered with MES
and TAPS, respectively. To test, whether the omission of
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HCO;™ had any effect on anion permeability, compara-
tive experiments were conducted at pH 7.4, using HCO;™ -
containing solutions, equilibrated with carbogen (95%
0,/5% CO,), and HEPES-buffered, HCO; -free solutions
equilibrated with 100% O, instead of carbogen. Whereas
Pc1/Pna Was not affected by the omission of HCO;™ in any
of the cell types (filled vs. open symbols in Figure 7A),
Pnos/Pna Was substantially increased in Cldn4-transfected
cell layers at TER values >700Q-cm” (red, filled symbols
in Figure 7B). Again, for better comparison, a TER in-
terval was selected (700-2000 Q-cm?; red dashed lines in
Figure 7B, for mean values, see Table S2) in which similar
numbers of data points were available for both types of
cell layers.

Because of the TER-dependence of the Cldn4-mediated
effects, further experiments were restricted to Cldn4-
transfected cell layers with TER values >1000Q-cm’
and Cldn4+8-transfected cell layers with TER val-
ues >500Q-cm?, to ensure sufficient Cldn4 and Cldn8
expression.

The increase in Pyg3/Py, in the absence of HCO;™ in
Cldn4-transfected cell layers led to the hypothesis that
Cldn4 might form paracellular channels that are per-
meable to HCO;™. However, Pycos/Pn, Was «Pq/Py, for
Cldn4 and Cldnl0a (Figure 8A). In Cldn4-transfected
cell layers, Pyos/Pna Was higher than P /Py, even in
the presence of HCO;~, whereas this was not the case
in Cldnl0a-transfected cells (Figure 8A). Pyps/P¢ and
Prcos/Pc were both lower in Cldnl0a-transfected cell
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FIGURE 7 Permeability ratios P;/Py, (A) and Pyo3/Py, (B) plotted against the corresponding TER values in claudin quinKO cells

transfected with the empty vector (QKO e.v.) or putative anion channel-forming claudins. Bi-ionic potential measurements were performed
in the Ussing chamber in CO,/HCO; -buffered (open symbols) and CO,/HCO;" -free solutions (filled symbols). Red dashed lines, TER
interval of 700-2000 Q-cm? for better comparison of permeability ratios obtained from Cldn4- and Cldn4+8-transfected cell layers. Cell

layers within this interval were from cell passages 2 or 3, Cldn4- and Cldn4+8-transfected cell layers with TER values below 700Q-cm? from

passage >3. For mean permeabilities within this interval, see Table S2.
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FIGURE 8 Anion permeabilities in CO,/HCO; -buffered and CO,/HCO; ™ -free solutions. (A, B) Anion permeabilities (P, Pycoss
Pyro3) relative to Py, (A) or P (B) in Cldn4- and Cldnl0a-transfected claudin quinKO cells, measured in CO,/HCO; -buffered solutions.
(C, D) Anion permeabilities (P, Pxos» Praposs Prpos) relative to Py, (C) or P¢; (D), measured in CO,/HCO; ™ -free solutions under acidic
(pH 6), physiologic (pH 7.4) and alkaline conditions (pH 8.4) conditions. For means+SEM and number of replicates n see Table S1. ns,
not significant; *p <0.05; 'p <0.01; p <0.001. (A) one-way ANOVA and Dunnet's T3 multiple comparisons test; (B) Students f-test; C and
D, colored symbols denote testing against empty vector-transfected controls (KO e.v.; Brown-Forsythe and Welch ANOVA followed by a
Dunnet's T3 multiple comparisons test), black symbols refer to testing of values obtained at pH 7.4 and pH 8.4 vs. pH 6 (Students ¢-test for
phosphate, one-way ANOVA and Dunnet's T3 multiple comparisons test for CI~ and NO; ).

layers compared to Cldn4-transfected cell layers, indi-
cating a higher CI™ specificity of Cldn10a compared to
Cldn4 (Figure 8B).

In HCO; -free solutions P¢;/Py, and Pygs/Py, Were
increased in Cldn4- and Cldnl0Oa-transfected cell layers
compared to empty vector-transfected cells, whereas rel-
ative phosphate permeability was unaltered. P;/Py, and
Pnos/Pna for Cldn4-transfected cell layers were both pH-
dependent and considerably higher at acidic compared to

alkaline conditions. Cldn4+8-transfected cell layers simi-
larly showed a pH dependence for P;/Py, but not Pyqs/
Py, In addition, these cells displayed a slight preference
for HPO,*~ compared to H,PO, ™ (Figure 8C). At acidic pH,
the effect may predominantly be due to a more efficient
sealing against the permeation of Na*, as Pyq,/P¢, did not
differ between pH6 and pH7.4 (Figure 8D). At pH8.4,
Pyno3 Wwas more strongly affected than Pg (Pyos/Pg at
pH 8.4 < Py3/Pc at pH 7.4, Figure 8D). Ion permeabilities
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of Cldnl0a-transfected cells did not show any significant
pH dependence (Figure 8C,D).

All cell layers, including empty vector-transfected cell
layers, displayed a low phosphate permeability, both rela-
tive to Na* and CI~ (Figure 8C,D). This may indicate that
not primarily claudins but other junctional components
may be responsible for the regulation of paracellular phos-
phate permeability.

2.5 | FRET measurements
To determine, whether Cldn4 and Cldn8 were interacting
within TJ strands, YFP (yellow fluorescent protein)- or
CFP (cyan fluorescent protein)-tagged human CLDN4
and CLDN8 (hCLDN4, hCLDN8) were overexpressed in
claudin quinKO cells, and FRET (Forster/fluorescence
resonance energy transfer) determined by life cell imaging
in a confocal microscope. Different ratios of the plasmids
were employed for transfection to obtain different YFP/
CFP ratios, as FRET of claudins within TJ strands is
known to depend on this FRET acceptor/-donor ratio.”
Signals were calibrated using a YFP/CFP tandem protein
so that YFP/CFP ratios directly reflect the ratios of the
claudins within the regions of interest.

As shown in Figure 9, within the YFP/CFP range
of 1 to 5 (dashed blue lines in Figure 9), FRET effi-
ciency of hCLDN8 was lower than that of hCLDN4. The

CLDN4 = CLDN8

highest FRET efficiency was obtained for the interaction
of hCLDN4 with hCLDNS. However, for the co-expression
of the two claudins, the relationship between FRET effi-
ciency and the YFP/CFP ratio did not show the expected
saturation at high YFP/CFP, when, stochastically, each
CFP (FRET donor) is neighboring the maximum possible
number of YFP (FRET acceptor) molecules (for further
explanation see Figure S2). Furthermore, it was almost
impossible to obtain hCLDN8/hCLDN4 ratios >1 (i.e.,
green data points with YFP-hCLDN8/CFP-hCLDN4>1
or blue data points with YFP-hCLDN4/CFP-hCLDN8 < 1
in Figure 9). This indicates a preferred stoichiometry be-
tween hCLDN4 and hCLDNS, however, this needs to be
studied in more detail in the future.

3 | DISCUSSION

Classical ion channels, which are embedded in lipid
membranes, and paracellular, claudin-based channels
within TJs differ fundamentally. Whereas in a lipid
membrane, lipids form the barrier, and ion channels
provide the pores that allow certain ions to pass through
the lipid membrane barrier, claudins must form both the
paracellular barrier against the unwanted passage of ions
and molecules and the selective pores. In many previous
studies investigating the properties of paracellular
channel-forming claudins, cell lines with very high TER
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FIGURE 9 Analyses of the interaction of hCLDN4 and hCLDN8 within TJs by FRET (Forster/fluorescence resonance energy transfer).
FRET of YFP- and CFP-tagged claudins within TJs has previously been demonstrated to increase with increasing YFP/CFP ratios and

to reach saturation at high YFP/CFP ratios. Cell-cell contacts of claudin quinKO cells transiently co-transfected with YFP- and CFP-
hCLDNS8 showed low FRET efficiencies (gray symbols), indicating only weak interaction between hCLDN8 protomers, consistent with

the observation that hCLDNS alone was not able to form functional TJs. FRET efficiencies for YFP- and CFP-hCLDN4 (red symbols) were
larger, in keeping with the ability of hCLDN4 to form high-resistance TJs. Combination of YFP-hCLDN4 with CFP-hCLDNS (blue symbols)
and YFP-hCLDNS8 with CFP-hCLDN4 (green symbols), respectively, showed the highest FRET efficiencies for YFP-hCLDN4/CFP-hCLDN8
ratios between about 3 and 6. For YFP-hCLDN8/CFP-hCLDN4 highest FRET efficiencies were obtained between ratios of about 0.75 and 1,
likely because at lower hCLDN8/hCLDN4 ratios the resulting low YFP/CFP ratio was unfavorable for FRET (for a detailed explanation of
the expected relationship, see Figure S2).
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values were used. In these cell lines, barrier-forming
claudins fulfill the sealing function, and certain channel-
forming claudins were specifically embedded in this
matrix. In the present study, as in two recent studies,*>"
the approach was reversed. The five main claudins of the
MDCK II cells were knocked out and individual channel-
forming claudins were overexpressed. By analogy, for
corresponding studies on ion channels, all lipids would
have to be replaced by densely packed ion channel proteins.
Under these conditions, it is demonstrated (Figure 1B,D)
that all channel-forming claudins form effective barriers
against the small paracellular tracer fluorescein. They also
form barriers against the ions of opposite charge of their
preferred ions (Figure 1D).

Claudin quinKO cells used in the present study express
low levels of endogenous Cldn12 and Cldnl6. Previous
experiments showed that these claudins were unable to
form strands, even if exogenously overexpressed in clau-
din quinKO cells.** However, it has to be kept in mind that
they may integrate into existing strands formed by overex-
pressing other claudins.

Of the claudins stably overexpressed in the current
study, mCldn8 and dCldn16, were unable to form func-
tional TJs: ffEM revealed punctate, discontinuous clus-
ters, TER was similarly low, and Py, similarly high as in
non-transfected and empty vector-transfected cell layers.
However, Cldn8 was able to insert into TJs formed by
Cldn4 and Cldn16 into TJs formed by Cldn19.

The observation that FRET efficiency for junctional
YFP-hCLDN4/CFP-hCLDN4 is larger than that for YFP-
hCLDNS8/CFP-hCLDNS, is an indication of a direct in-
teraction of Cldn4 protomers within cell-cell contacts.
In this respect, Cldn4 in quinKO cells behaves similarly
to other strand-forming claudins (e.g., Cldn1, -3, -10b) in
transfected HEK293 and MDCK C7 cells.”*** Additionally,
mouse Cldn4 (mCldn4) as well as dog Cldn4 (dCldn4**)
are able to form functional TJs, resulting in very high TER
and very low Pg,,,. Strand formation was directly demon-
strated for dCldn4 in a previous study, employing freeze-
fracture electron microscopy,” whereas in other studies,
formation of Cldn4-based TJ strands was not, or only in-
frequently observed.’>**** Thus, Cldn4 has the ability to
polymerize into TJ strands, even though this process ap-
pears to be more strongly dependent on the cellular con-
text than for other strand-forming claudins.

The very high TER caused by Cldn4 overexpression
in claudin quinKO cells, which was independent of the
presence or absence of HCO;~ and of extracellular pH (see
Table S1) shows that Cldn4 is a barrier-forming and not
a channel-forming claudin as previously suggested.***
Yet, under certain conditions a slight preference for
Cl™ was observed, that is, when forming a tight barrier
(TER>700Q-cm?) at low pH values, in the absence of
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HCO;". These are conditions that may physiologically
be found in the medullary collecting duct of the mam-
malian kidney. However, due to the very low absolute
P (Figure 1D), Cldn4 will not convey bulk paracellular
Cl” movement, as previously suggested for the collecting
duct.®® The CI~ preference will, however, allow to estab-
lish and maintain a stable transepithelial voltage differ-
ence in the presence of a transepithelial C1~ gradient, as,
for example, observed in the renal connecting tubule and
collecting duct.>

Whether the observed Pyo; may provide mechanistic
information only or is of physiological relevance, is un-
clear. NO;™ is enriched in salivary glands and secreted into
saliva, and involvement of the basolateral anion trans-
porter sialin in this process has been suggested.’ Salivary
glands also express high levels of Cldn4.”” However, no
data on saliva NO;~ concentration in Cldn4 knockout an-
imals are available.

Cldn8, when integrating into Cldn4-based TJ strands,
contrary to previous findings,*®® appears to abolish the
Cldn4-induced anion preference (Figures 1C, 7, and
8B,D). Cldn8 has been reported to be up-regulated by
aldosterone,*>*® in parallel with ENaC. In the collecting
duct, this might diminish the lumen negative potential
and thus facilitate Na™ reabsorption.

FRET data indicate a stable integration of Cldn8 into
Cldn4-based TJs. Interestingly, the highest FRET efficien-
cies were obtained at hCLDN4/hCLDNS ratios of about 3
to 6. This would correspond to hCLDN8/hCLDN4 ratios
of 0.17 to 0.33. Indeed, for YFP-hCLDNS&/CFP-hCLDN4,
highest FRET efficiencies were obtained at low ratios of
about 0.6 and 0.8. At even lower hCLDN8/hCLDN4 ratios,
FRET efficiency was lower, most likely because the result-
ing very low YFP/CFP ratio was unfavorable for FRET
(for a detailed explanation of the expected relationship,
see Figure S2). The distribution of the datapoints, that is,
very few data points below hCLDN4/hCLDN8=3 (blue
data points in Figure 9) and very few data points above
hCLDN8/hCLDN4 =1 (green data points in Figure 9) in-
dicates that it may be impossible to force more hCLDNS8
into hCLDN4-based strands than at a ratio of about 1:1.
However, having even more than about 5 hCLDN4 for 1
hCLDNS protomer lowers FRET and thus appears to in-
hibit the integration of hCLDN8 into hCLDN4-containing
strands. This may be explained by competition between
hCLDN4 and hCLDNS8 protomers during the multistep
polymerization into claudin strands.” In sum, the FRET
data suggest thus a rather fixed stoichiometry of hCLD-
N8:hCLDN4 of ~1:2 to 1:4 in strands, but more studies are
needed to further clarify stoichiometry and underlying
mechanisms.

For the investigation of Cldn16 and Cldn19 in claudin
quinKO cells two limitations were experienced. First, for
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unknown reasons, mouse Cldn19 failed to reconstitute
TJs in claudin quinKO cells, because of its intracellular
accumulation. Therefore, cell clones stably expressing
dog Cldn19 with or without dog Cldn16 were established.
These cell clones generated functional tight junctions.
Accordingly, the previously published claudin quinKO
cells overexpressing dog Cldn16®* were used for com-
parison in the current analyses. Second, the endogenous
Cldn16 interfered with the study of pure Cldn19 properties
in claudin quinKO cells overexpressing Cldn19. Similar to
Cldn4, Cldn19 formed a strong paracellular barrier, how-
ever, this barrier exhibited a cation preference. This cation
preference can be explained by the insertion of endoge-
nous Cldn16. It is noteworthy that Py,/P~ was equally in-
creased in Cldn19 and Cldn16+19 transfected cell layers
(Pna/Pq of 2.740.1, n=12; 2.7+0.2, n=19; Figure 1C),
indicating that there was only a difference in number of
channels, not in channel properties. Nonetheless, for an
isolated investigation of the Cldn19 properties, an addi-
tional knockout of Cldn16 would be desirable.

It has to be emphasized, however, that Cldn16+19
transfected claudin quinKO cells are the first cell culture
system that shows the high P, and Py, inferred for these
two claudins since their discovery.****®! P, and Py, are
by a factor of 4.6 and 3.0, respectively, larger than Py,
(Figure 3) which makes Cldn16+19-based cation chan-
nels unique and, despite their modest preference of Na*
over CI™, true channels for divalent cations. In contrast,
for Cldn2-based channels, P, and Py, are equally high,
but Py, low. Together, these findings explain, why Ca** re-
absorption, but not Mg** reabsorption is high in the prox-
imal tubule of the nephron, but both ions are reabsorbed
in the thick ascending limb of Henle's loop (for review see
Ref. [2]).

In contrast, Py, is high, but P¢, and Py is low for the
two other cation channel-forming claudins, Cldn10b and
Cldn15. In summary, relative monovalent cation permea-
bilities found in the present study are similar to previously
published results.”>**%* Eisenman and Sherry sequences
confirm that Cldnl0b is able to almost fully dehydrate
the permeating cations. Cldn2 has a similar pore size as
Cldn10b, but a lower ability to dehydrate small cations.
Cldn15, in contrast, does not dehydrate the permeating
cations (Eisenman sequence I). Cldn2 and Cldn-10b pore
size estimates are smaller than those reported for these
claudins overexpressed in MDCK C7 cells.®” The reason
is unknown but may be related to the presence of endog-
enous claudins.

For Cldn10a, its role as a paracellular CI~ channel
and its exclusion of HCO;~ are confirmed in the present
study.** The monovalent as well as the divalent form of
phosphate are also excluded. In contrast to our previous
study, no preference for NO,~ over Cl~ was observed,”

possibly again due to interactions with endogenous clau-
dins in the previous study.

3.1 | Sequence comparisons

All claudin subtypes for which channel formation was
demonstrated experimentally, either reproducibly by
several labs and unquestionably (Cldn2, -10a, -10b, -15,
-16) or with clear experimental support (-12, -17, -21)
show striking sequence differences compared to claudins
that unquestionably form an ion barrier (Cldnl, -3, -5, (-
7), -11, -14, -19; Figure S3).

Especially the barrier-forming classic claudins (Cldn1,
-3, -5, (-7), -14, -19) contain the ECS1 “barrier” consensus
sequence  Y/F/hx*'Q/hSTx’Q/sCy,K/qV/M/i/1Y/fD/r/e
whereas classic cation channel-forming claudins (Cldn2,
-10b, -15) contain the ECS1 “cation” consensus sequence
I/V/Yx** ' D/hST/Lx’N/q/sC,,D/K/W/rD/I/EF/yP/s and
the classic anion channel-forming claudins (Cldn10a, -17)
the ECS1 “anion” consensus sequence R/F/x***'N/QAL/
M/k/rx’H/QC4,K/RF/PH/YF/n/s (Figure S3).

Cldn4 belongs to the classic claudins,’® and clearly
contains the ECS1 consensus sequence of barrier-forming
claudins. Moreover, the ECS1 sequence of hCLDN4 and
hCLDN3 share 94.2% identity and 100% similarity. Thus,
sequence comparison fits perfectly with the ion barrier
formation found in this study.

Cldn8 shows more positively charged residues in ECS1
than Cldn4 and thus—concerning the sequence—could
support anion permeability better than Cldn4. However,
the data showed that this is not the case.

One sequence difference between Cldn4 and Cldn3 of
interest is the presence of a non-charged serine instead of
a negatively charged glutamate in the ECS2 turn region
of Cldn4. The corresponding position in Cldn10b and
Cldnl10a was suggested to be involved in charge selectiv-
ity of the respective ion channels.** Furthermore, this
difference between Cldn3 and Cldn4 was proposed to be
involved in their different capability to form TJ strands.>
Thus, it is conceivable that the absence of a negative
charge in the ECS2 turn contributes to the very week
but measurable anion preference of Cldn4-containing TJ
strands.

In conclusion, Cldn4 and Cldn19 act as barrier-forming
claudins. Cldn2, -10b, -15 and -16 together with -19 are
paracellular cation channels with differing preferences
for mono- and divalent cations. Cldn10a is a paracellular
anion channel with a preference of chloride over other
anions. At acidic pH values in the absence of HCO;™,
Cldn4 exhibits a slight preference for NO;~ > CI™, but not
for phosphate. Co-expression with Cldn8 abolishes this
anion preference. Sequence data support the general ion
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permeability and barrier properties identified for the clau-
dins investigated in the present study.

4 | MATERIALS AND METHODS

4.1 | Cloning of dog Cldn19b

Specimens of dog kidney were purchased from KAC
Co. Ltd. (Kyoto, Japan). Total RNA was isolated from
the dog kidney using TRIzol™ Reagent (Thermo Fisher,
Tokyo, Japan) and reverse-transcribed with SuperScript
III Reverse Transcriptase (Thermo Fisher) to generate
dog kidney cDNA library. Using this cDNA library as
a template, dog Cldn19b from its 1st ATG to the stop
codon were amplified by PCR with KOD-Plus-ver.2 DNA
Polymerase (TOYOBO; Osaka, Japan) using a primer
pair designed according to the dog genome sequence in
Ensembl: ggggtcgacATGGCCAACTCGGGCCTCCAGC
TCC (forward) and ggggaattcTCAGACGTACTCTCGG
GCAGAGGC (reverse), and subcloned into pBlueScript
SK(—) using the Sall and EcoRI restriction sites. After
DNA sequencing, the dog Cldn19b cDNA was excised
and subcloned into pCAGGS containing a neomycin-
resistance gene,*® to generate a dog Cldn19b expression
vector.

4.2 | Subcloning of human
CLDN4 and -8 cDNAs

Human CLDN4 and CLDN8 cDNAs were subcloned into
pcDNA3-NECFP/-NEYFP (kindly provided by Otmar
Huber, Friedrich Schiller University Jena, Jena, Germany)
utilizing the BamHI and EcoRV restriction sites. This
resulted in the linker sequence SLVPSSDP between the
fluorescent protein and the N-terminus of the claudin.

4.3 | Cellline generation

Claudin quinKO cells and those stably expressing mouse
Clnd2,-4,-8,-10a,-10b, -15, or dog Cldn16 were established
and characterized as described previously.***>%”

To establish claudin quinKO cells expressing dog
Cldn19b, the plasmid DNA of the Cldn19b expression
vector was transfected into claudin quinKO cells using
Lipofectamine LTX Reagent with PLUS Reagent (Thermo
Fisher Scientific GmbH, Dreieich, Germany). Cell colonies
resistant to 300 pg/mL of G418 were picked up, followed
by confirming the expression of Cldn19 immunofluores-
cence staining with anti-Cldn19 antibodies.®® To establish
claudin quinKO cells co-expressing Cldn19b and Cldn16,
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a Cldn16 expression vector*> and pGK-Puro, which con-
tains a gene for puromycin-resistance, were co-transfected
into a Cldn19b-expressing claudin quinKO cell clone. Cell
colonies resistant to 300 pg/mL of G418 and 1.5 pg/mL of
puromycin were picked, followed by confirmation of the
expression of Cldn16 and Cldn19 by immunofluorescence
staining. Claudin quinKO cells co-expressing Cldn4 and
Cldn8 were established in the same manner from Cldn8-
expressing claudin quinKO cell clone by co-transfection
with a Cldn4 expression vector and pGK-Puro.

4.4 | Cell culture

All MDCK II-derived claudin quinKO cell lines were
cultured with DMEM (high glucose and GlutaMax, Gibco,
Thermo Fisher Scientific GmbH) supplemented with 10%
(v/v) fetal bovine serum (Corning, NY, USA), 100U/mL
penicillin, and 100pg/mL streptomycin (Sigma-Aldrich,
Traufkirchen, Germany) at 37°C in a humidified 5% CO,
atmosphere.

For claudin quinKO stably transfected with empty
vector, mCldn2, mCldn4, mCldn8, mCldnl0a, mCldn10b
mCldn15, dCldn16, dCldn19 the medium additionally
contained 300 pg/mL G418 (50 mg/mL, Carl Roth GmbH,
Karlsruhe, Germany). Cells doubly transfected with
mCldn4+8 or dCldn16+19 in addition to 300 pg/mL G418,
received 1.5 pg/mL puromycin (Sigma-Aldrich).

For electrophysiological measurements and immuno-
blotting, 2 x 10° cells were seeded on polycarbonate mem-
brane inserts (Millicell-PCF, pore size 0.4 pm, area 0.6 cm?,
Merck Millipore, Darmstadt, Germany) and were cultured
for 7-8 days until stable resistance values were reached.

4.5 | Immunofluorescence staining

451 | Cldn4 and Cldn8

4x10° cells were plated on 0.4pm polycarbonate
Transwell filters (Corning, Corning, NY, USA; Cat. No.
3401) and cultured for 7 d. Cells on filters were fixed
with 10% trichloroacetic acid (w/v in PBS) on ice for
30min. After washing in PBS, cells were permeabilized
in 0.2% Triton-X100 (Nacalai Tesque, Kyoto, Japan)
in PBS for 15min followed by 30min blocking in 1%
bovine serum albumin (Nacalai Tesque) in PBS. Cells
were then incubated with primary antibodies (mCldn4
(Thermo Fisher Scientific, 32-9400) + rbCldn8,% ratOcln
(MOC37)"”) in a blocking solution for 30min. After
washing with PBS, cells were incubated with fluorescently
labeled secondary antibodies for 30min (donkey anti-
rabbit Alexa Fluor 488, donkey anti-mouse Alexa Fluor
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555, Thermo Fisher Scientific A21206 and A31570;
Cy5-donkey anti-rat IgG; Jackson ImmunoResearch
Laboratories 712-175-153, West Grove, PA, USA). Cells
were again washed with PBS and mounted on slide glasses
in FluorSave Reagent (Merck Millipore, Burlington, MA,
USA) and covered with coverslips. Confocal images of
cells were obtained using a confocal microscope (Model
TCS SPE; Leica Microsystems, Wetzlar, Germany). Images
were processed with Image J software (version 1.52Kk).

4.5.2 | Cldnl6 and Cldn19

Cell layers grown either on filter membranes (Millicell)
or on poly-lysin coated chambered glass-bottom slides
(ibidi GmbH, Grifelfing, Germany) were fixed in 10%
trichloroacetic acid (Sigma-Aldrich; w/v in distilled water)
on ice for 30min. After washing in phosphate buffered
solution (PBS; Gibco) cell layers were permeabilized
in 0.5% Triton-X100 (Serva Electrophoresis GmbH,
Heidelberg, Germany) in PBS followed by 30 min blocking
in 1% bovine serum albumin (Serva Electrophoresis
GmbH) in PBS. Cell layers were then incubated with
primary antibodies (mCldn16”" + rbCldn19'?)in a blocking
solution overnight. After washing, fluorescently labeled
secondary antibodies were added (goat anti-rabbit Alexa
Fluor 594; goat anti-mouse Alexa Fluor 647; Invitrogen-
Thermo Fisher Scientific GmbH, A32740, and A32728)
for 1 h. After further washing, directly labeled Alexa Fluor
488 mOcln (Invitrogen-Thermo Fisher Scientific GmbH,
331588) and DAPI (4',6-diamidino-2-phenylindole
dihydrochloride, stock 1 mg/mL methanol, 1:1000; Roche,
Basel, Switzerland) were applied for 2h. Cell layers were
again washed and mounted in ProTaqs Mount Fluor
(Biocyc GmbH, Potsdam, Germany) and imaged using a
LSM 780 (Carl Zeiss Microscopy, Jena, Germany).

4.6 | Freeze-fracture electron microscopy
Stably transfected claudin quinKO cell layers grown on
filter membranes were washed twice in PBS followed by
fixation in 2.5% glutaraldehyde (Sigma-Aldrich) in PBS
at room temperature for 2h. After washing in PBS, cells
were stored in 0.1% glutaraldehyde in PBS at 4°C until
further processing. Cell layers were serially incubated in
10% (v/v; 30min) followed by 30% glycerol in PBS (v/v;
30min), followed by freezing in liquid nitrogen—cooled
R422D (TEGA GmbH, Wiirzburg, Germany), mounted
in a vacuum evaporator (Denton DV-502), fractured at
—100°C, and shadowed with platinum and carbon. Cell
debris was removed with sodium hypochlorite (Carl
Roth, Karlsruhe, Germany) and the cleaned replicas were

picked up on copper grids (Ted Pella Inc., Radding, CA),
and analyzed with a Zeiss 902A electron microscope (Carl
Zeiss AG; equipped with an Olympus iTEM Veleta video
system).

4.7 | Life cell imaging, FRET assay

For analysis of the claudin cis-interaction by FRET
assay, 2x10° claudin quinKO cells were seeded on
poly-L-lysin (1:5 with H,0, Sigma-Aldrich) coated glass
coverslips. The next day, cells were co-transfected with
4 pg of different pairs of plasmid DNA (pcDNA3-NECFP/-
NEYFP) encoding for YFP- and CFP- fusions of hCLDN4
or-hCLDNS, using 10 pL Lipofectamine 2000 (Invitrogen,
Thermo Fisher Scientific GmbH). Threedays after
transfection, coverslips were transferred into HEPES-
buffered solution (134.6mM NaCl, 24mM Na,HPO,,
0.6mM NaH,PO,, 54mM KCl, 1.2mM CaCl,, 1mM
MgSO,, 10mM HEPES, 25mM D(+)-glucose, pH7.4)
and analyzed using a Zeiss LSM 780 at 37°C. FRET assay
was performed and analyzed at cell-cell contacts as
described previously for HEK293 and MDCKII cells.**>>72
Briefly, the FRET efficiency (EF) was calculated as the
relative increase in CFP fluorescence intensity before (Ib)
and after (Ia) acceptor bleach (EF=(Ia—1Ib)/Iax100).
Measurements were carried out at different YFP/CFP
ratios. Signals were calibrated using a YFP/CFP tandem
protein so that equal YFP and CFP intensities denote
equal protein amounts. EF values were plotted against the
corresponding YFP-claudin/CFP-claudin ratio to test for
the dependence on the FRET acceptor/donor ratio and/or
the CLDN4/CLDNS8 ratio.

4.8 | Western blots

Cells grown on filter inserts were lysed in 120 pL RIPA
buffer (25mM Tris-HC], pH 7.6, 150 mM NacCl, 1% NP-40,
1% sodium deoxycholate, 0.1% SDS) supplemented with
EDTA-free protease inhibitor cocktail (cOmplete™ EDTA
free; Roche) and phosphatase inhibitor (Roche). Cells were
scraped from the filter membrane and incubated on ice
for 1-1.5h, vortexing every 10-15min. After sonification
samples were centrifuged at 4°C, 15000rpm for 15min
and the supernatant was collected. Protein concentration
was determined with a Pierce bicinchoninic acid protein
assay (Thermo Fisher Scientific GmbH). 20 pg of protein
per sample were mixed with Laemmli buffer, heated
to 95°C for 5min, separated on a 12.5% polyacrylamide
gel, and transferred onto a polyvinylidene difluoride
(PVDF, Thermo Fisher Scientific GmbH) membrane.
The membrane was cut just below the 36kDa marker
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band, blocked with 1% PVP-40, 0.05% Tween-20 in H,0
for 60min and the upper part probed with a m-p-actin
antibody (1:10000; Clone AC-15, A5441, Sigma—Aldrich),
the lower part with a m-Cldn4 (1:5000; 32-9400, Thermo
Fisher Scientific GmbH), rb-Cldn8 (1:1000; 40-0700Z,
Thermo Fisher Scientific GmbH), or rb-phospho-tyrosine-
208-Cldn4 (1: 2000; PA5-118685, Thermo Fisher Scientific
GmbH) antibody, respectively. Immunodetection was
performed employing HRP-conjugated secondary
antibodies (1:10000; Jackson ImmunoResearch, West
Grove, PA, USA) and SuperSignal West Pico Plus
(ThermoFisher Scientific GmbH). Signals were visualized
by the Fusion FX6 chemiluminescence imaging system
(Vilber Lourmat Deutschland GmbH, Eberhardzell,
Germany).

4.9 | Ussing chamber experiments

49.1 | Solutions
Composition of all solutions used in the Ussing chamber
experiments is listed in Table S2.

4.9.2 | Fluorescein permeability

Ppuo Was calculated from flux measurements performed in
Ussing chambers. Briefly, fluorescein (fluorescein sodium
salt; Sigma-Aldrich) was added to the apical hemi-chamber
(donor side) at a final concentration of 100 uM. Samples
were collected from the basolateral side immediately after
apical application (=t0) and then 5, 10, and 15min (high
permeability cell layers) or 10, 20, and 30 min after t0 (low
permeability cell layers), and immediately replaced with
fresh solution. Samples were measured in duplicates,
using a plate reader (Infinite M200, Tecan GmbH,
Minnedorf, Switzerland). Fluorescence concentrations
were calculated according to a calibration curve. Flux was
calculated as the increase in fluorescein concentration
(corrected for dilution) per time and filter area (0.6 cm?).
Ppuo Was calculated as the ratio of flux and concentration
on the donor side.

4.9.3 | Dilution and bi-ionic potential
measurements

Dilution and bi-ionic potential measurements were
essentially carried out and permeabilities were calculated
as previously described in great detail.?® In brief, filter
inserts were mounted in Ussing chambers and equilibrated
in the appropriate NaCl-based solution (solution #1 to 4;
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Table S3). Half of the apical solution was replaced by the
appropriate Mannitol-based solution (#5 to 8; Table S3)
and the measured voltage deflection liquid junction
potential (LJP) was corrected and used to calculate Py,/
P¢; using the Goldman equation. Subsequently, half of
the basolateral solution was replaced by the appropriate
test solutions (#9-14 for anion permeabilities, #15-
18 for monovalent cation permeabilities, #19-22 for
ammonium-derived cations, #23-26 for divalent cations;
Table S3). Relative permeabilities were calculated from
the resulting, LIP-corrected potential deflections using
the Goldman equation, and the Py,/Pc was determined
for the same filter insert (for equations, see Ref. [25]).
Absolute permeabilities were calculated using the
Kimizuka-Koketsu equation (Ref. [44]; eq. 2 in Ref. [25]).

4.10 | Statistics

Statistical calculations were carried out with Graphpad/
Prism version 9.4.0(673) (San Diego, CA, USA). For data
shown in Figures 1 and 8, a Brown-Forsythe and Welch
ANOVA followed by a Dunnet's T3 multiple comparisons
test was applied, to allow for different variances between
the groups. Otherwise, a Students t-test was applied, if
only two groups were compared, or an ordinary one-way
ANOVA and Dunnet's T3 multiple comparisons test for
comparisons of two or more groups to a shared control

group.
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