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Abstract

Aim—Claudin-2 is a tight junction protein typically located in “leaky” epithelia exhibiting large
paracellular permeabilities like small intestine and proximal kidney tubule. Former studies
revealed that claudin-2 forms paracellular channels for small cations like sodium and potassium
and also paracellular channels for water. This study analyzes whether the diffusive transport of
sodium and water occurs through a common pore of the claudin-2 channel.

Methods—Wild-type claudin-2 and different claudin-2 mutants were expressed in MDCK |
kidney tubule cells using an inducible system. lon and water permeability and the effect of
blocking reagents on both were investigated on different clones of the mutants.

Results—Neutralization of a negatively charged cation interaction site in the pore with the
mutation, D65N, decreased both, sodium permeability and water permeability. Claudin-2 mutants
(166C and S68C) with substitution of the pore-lining amino acids with cysteine were used to test
the effect of steric blocking of the claudin-2 pore by thiol-reactive reagents. Addition of thiol-
reactive reagents to these mutants simultaneously decreased conductance and water permeability.
Remarkably, all experimental perturbations caused parallel changes in ion conductance and water
permeability, disproving different or independent passage pathways.

Conclusion—Our results indicate that claudin-2-mediated cation and water transport are
frictionally coupled and share a common pore. This pore is lined and determined in permeability
by amino acid residues of the first extracellular loop of claudin-2.
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Introduction

Epithelia like those of kidney proximal tubule and small intestine are called ‘leaky’ because
their paracellular pathway is more conductive for ions than their transcellular pathway.
Therefore, ions are transported across these epithelia via both, transcellular and paracellular
pathways. Whether or not a similar distribution also exists for water transport was debated
controversially for decades. While the transcellular pathway for water via aquaporin
channels has been well established more than 20 years ago (Agre et al. 1993), several pieces
of evidence suggest that there is also a paracellular contribution to transepithelial water
transport, at least in the proximal tubule (Schafer, 1990). At that time, however, the
molecular basis of this pathway was unknown. More recently, the tight junction protein
claudin-2, which is highly expressed in the proximal tubule, was identified as a paracellular
water channel (Rosenthal et a/. 2010).

Claudin-2 has been known for several years before to form a paracellular cation channel and
to produce a distinct paracellular permeability for small cations (Amasheh et a/. 2002).
Claudin-2 overexpression does not affect the paracellular permeability for larger molecules
like mannitol (184 Da) or lactulose (342 Da) (Amasheh et a/. 2002). In contrast, other
channel-forming claudins in the kidney such as the cation-permeable protein claudin-10b
(Glinzel et al. 2009) and the anion-permeable protein claudin-17 (Krug et al. 2012), are not
permeable to water, indicating that specific characteristics of the pore are essential for
concomitant ion and water transport. The relative permeability of claudin-2 to alkali metal
cations follows a high-order Eisenman sequence and exhibits a very narrow ratio of
permeabilities between the most-permeable and the least-permeable cation, suggesting that
cations traverse the pore in a partially hydrated form (Eisenman and Horn, 1983,
Nightingale, 1959). Consistent with this, the pore diameter of claudin-2 was estimated to be
between 6.5 A (Yu et al. 2009) and ~8 A (Van Itallie et a/. 2008) which appears large enough
to allow the passage of partially hydrated cations and water molecules with a molecular
diameter of about 2.8 A. In the initial study of claudin-2-mediated water permeability,
paracellular water flux across layers of claudin-2-expressing cells could be induced by a Na*
gradient and conversely an osmotic gradient caused a paracellular Na* flux indicating that
Na* and water flux are loosely coupled. Interestingly, the transport ratio of Na* and water
was estimated to be much higher than that of hydrated Na* (Rosenthal et a/. 2010).

For the most part, transcellular transport of solutes and of water occur through distinct and
independent pathways. In this study, we tested the hypothesis that paracellular transport of
Na* and water occurs through the sarme pathway and that this is mediated by a common pore
in claudin-2. The hypothesis is made likely if a coupling between paracellular Na* and water
movement is found and provide a mechanistic basis for electrokinetic phenomena, such as
electroosmosis and streaming potentials.
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Water flux measurements were performed on a high-resistance strain of Madin-Darby canine
kidney (MDCK) cells with inducible expression of wild-type claudin-2 and different
claudin-2 mutants. The mutations were in amino acid residues in the first extracellular loop
(ECL) of claudin-2, which is known to line the paracellular pore of claudins (Colegio et al.
2002, Colegio et al. 2003, Van Itallie et al. 2003). It was previously shown that a negatively
charged site within the first ECL formed by aspartate-65 causes the cation selectivity by
electrostatic interaction. Neutralization of this amino acid residue by substitution with
asparagine (D65N) caused a reduction in Na* permeability and hence a reduction in
conductance in the transfected cells (Yu et a/. 2009). In addition, two other pore-lining
amino acid residues in the first ECL, 166 and S68, had previously been mutated to cysteine
(Angelow and Yu, 2009, Li et al. 2014). Na* permeability of these claudin-2 mutants (166C,
S68C) was not changed compared to wild-type claudin-2, but the pore could be blocked by
specific methanethiosulfonate reagents, which bound to the cysteines and decreased
paracellular cation permeability of cells transfected with these cysteine mutants.
Examination of water transport using these different claudin-2 mutants provided novel
insights into the mechanism of paracellular claudin-2-mediated water permeability.

Material and Methods

Cell cultures

Experiments were performed on MDCK | TetOff claudin-2 cell lines expressing wild-type
(wt) or mutant claudin-2. Cell lines were generated by methods described previously
(Angelow and Yu, 2009, Yu et al. 2009). In brief, mutants of mouse claudin-2 were
generated by site-directed mutagenesis using the QuikChange kit (Stratagene). cDNA of wt
or mutant mouse claudin-2 were ligated into the retroviral Tet response vector. Retrovirus
encoding claudin-2 was produced, transduced into MDCK | Tet-Off cells, and stable clones
were selected using hygromycin (Angelow et a/. 2007). The cells were grown in 25-cm?
culture flasks containing MEM-EARLE (PAA Laboratories GmbH, Pasching, Austria)
supplemented with 10% (v/v) fetal bovine serum, 100 mg/ml streptomycin, 100 U/ml
penicillin (Biochrom AG, Berlin, Germany), and 300 pug/ml hygromycin (PAA Laboratories
GmbH, Pasching, Austria). The cells were cultured in presence of 20 ng/ml doxycycline to
suppress claudin-2 expression (Dox+). For induction of claudin-2 expression, doxycycline
was omitted from the culture medium starting from the day of seeding (Dox-). Cells were
cultured at 37°C in a humidified 5% CO, atmosphere. For water flux measurements and
electrophysiological studies cell monolayers were cultured on porous culture plate inserts
(Millicell PCF filters, pore size 0.4 um, effective area 0.6 cm?2, Millipore GmbH,
Schwalbach, Germany) for 7 to 9 days before they were used for experiments. Cells were
screened for claudin-2 expression by Western blot analysis and immunofluorescence
staining in combination with confocal laser scanning microscopy to confirm the localization
of claudin-2 within the tight junction (see below). Two clones of cells expressing wild-type,
D65N and 166C claudin-2 and one clone of cells expressing S68C claudin-2 were tested in
this study.

Acta Physiol (Oxf). Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rosenthal et al.

Page 4

Western blot analysis

Western blot analysis was performed as reported (Amasheh et a/. 2002). Cells grown on
culture plate inserts were scraped and homogenized in lysis buffer containing 20 mM TRIS,
5 mM MgCl,, 1 mM EDTA, 0.3 mM EGTA, and 1x complete protease inhibitor mixture
(Roche, Mannheim, Germany), and passaged through a 26 G 1/2 needle. The membrane
fraction was obtained as pellet after two centrifugation steps. The protein concentration of
the resuspended pellet was determined by the BCA method (Pierce, Perbio Science GmbH,
Bonn, Germany), and quantification with a plate reader (Tecan Deutschland GmbH,
Crailheim, Germany). Protein samples were separated by SDS-polyacrylamide gel
electrophoresis and blotted onto a PVDF-membrane for detection of tight junction proteins
and aquaporins. After blocking with BSA and incubation of membranes with primary
antibodies (anti-claudin, anti-occludin from Invitrogen, Carlsbad, CA; anti-AQP from Santa
Cruz, Dallas, TX; anti-p-actin from Sigma-Aldrich, St Louis, MO), chemiluminescence was
induced with a Lumi-LightPLUS Western blotting kit (Roche, Mannheim, Germany) and
detected with an LAS-1000 imaging system (Fuji, Tokyo, Japan). p-actin staining served as
loading control.

Immunofluorescence analysis

Immunofluorescence studies were performed with cells grown on culture plate inserts.
Confluent monolayers were rinsed with phosphate-buffered saline (PBS), fixed with 2%
PFA, permeabilized with PBS containing 0.5% (v/v) Triton X-100, and incubated in
blocking solution (1% goat serum, 6% BSA in PBS). Then, monolayers were stained with
primary polyclonal antibody against claudin-2 and monoclonal antibody against occludin
(both used at concentrations of 20 pg/ml, Invitrogen), followed by labeled secondary
antibody (Alexa Fluor 488 goat anti-mouse 1gG and Alexa Fluor 594 goat anti-rabbit 19G,
both used at concentrations of 2 pg/ml, Invitrogen), and mounted in ProTags Mount Fluor
(BIOCYC, Luckenwalde, Germany). Fluorescence images were obtained with a confocal
laser scanning microscope (Zeiss LSM 510 META, Jena, Germany) at excitation
wavelengths of 543 and 488 nm.

Dilution potential measurements

Dilution potential measurements for determination of Na* and CI~ permeabilities were
performed in Ussing chambers modified for cell culture inserts. Water-jacketed gas lifts
were filled with 10 ml circulating fluid on each side. Bath solution contained (in mM) 119
NaCl, 21 NaHCO3, 5.4 KCl, 1.2 CaCl,, 1 MgSOy, 3 HEPES, 10 D(+)-glucose and was
gassed with 95% O, and 5% CO5 to ensure a pH value of 7.4 and the temperature was kept
at 37°C. To determine ion permeabilities, 5 ml of the standard bath solution on either the
apical or the basolateral side of the cell layer was replaced by a solution containing 238 mM
mannitol instead of 119 mM NaCl. Resulting potentials were corrected for liquid junction
potentials which were determined in analogous experiments using empty cell culture inserts,
using the PNa/PCl ratio calculated from the Goldman-Hodgkin-Katz equation and the
transepithelial resistance measured during the same experiment (Kimizuka and Koketsu,
1964). All data were corrected for filter resistance.
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Measurement of transepithelial water permeability

To measure water permeability, a modified Ussing chamber was used as described recently
(Rosenthal et a/. 2010). During water flux measurements, transepithelial resistance (TER,
Q-cm?), short-circuit current (Isc, pPA-cm=2), and transepithelial voltage (mV) were recorded
by a standard PC with ADC-DAC cards. Resistance of bathing solution and blank filter
support was measured prior to each experiment and subtracted. The transepithelial voltage
was clamped to 0 mV to avoid effects on ion and water flux. Stability of TER during the
experiment was used as an indicator of cell viability.

Cell filters were mounted in Ussing chambers, and perfused with HEPES buffered solution
with the following composition (in mM): 134.6 NaCl, 2.4 NagHPOy, 0.6 NaH,POy4, 5.4 KCI,
1.2 MgCl,, 1.2 CaCly, 10.6 HEPES, 10 D(+)-glucose, adjusted to pH = 7.4 with
approximately 5 mM NaOH, thus, the total effective NaCl concentration was 144.8 mM. A
rotary pump ensured constant circulation of the perfusion solution (2.8 ml/min) and thus a
fast fluid exchange in both hemi-chambers (volume 500 pl) to avoid effects of unstirred
layers on water permeability.

Water flux was induced by a transepithelial osmotic or ionic gradient. The experimental
conditions and direction of fluxes are summarized in Fig. 1. (a) For experiments with an
osmatic gradient alone, mannitol (100 mM) was added either in the apical (as shown here)
or basolateral compartment of the Ussing chamber. Flux from the apical to the basolateral
compartment was defined as negative flux. (b) For experiments with an ionic gradient (80
mM NaCl) with “osmotic compensation”, the NaCl solution in the apical compartment was
lowered to 64.8 mM and kept at 144.8 mM in the basolateral compartment. 160 mM
mannitol was added to the apical compartment to oppose the osmotic effect of the NaCl
gradient. (c) Experiments with an ionic gradient “without osmotic compensation” were
identical to (b) but without addition of mannitol to the apical compartment.

The fluid level in both tubes was monitored by a visual system ColorView XS (Olympus
Soft Imaging Solutions GmbH), at time 0 min and every 10 min over a period of 120 min.
Transepithelial water flux was calculated from the difference between the menisci at the
registration times and given as water flux per square centimeter and hour. Claudin-2-
mediated water flux was calculated as the difference between water flux of induced (Dox-)
and uninduced (Dox+) cells. Water permeability was calculated from P = J/Ac with P =
permeability (cm/s), J = flux (mol-h~1.cm™2), and ¢ = concentration (mol/l). For blocking
experiments with methanethiosulfonate (MTS) reagents, water flux was measured over 120
minutes before the reagents were added and further 120 minutes in the presence of the
reagents.

Freeze-fracture electron microscopy

Freeze-fracture analysis of cells grown on cell culture inserts was performed as described
before (Rosenthal er a/. 2010). Cells were fixed, frozen, fractured, and shadowed with
platinum and carbon in a vacuum evaporator (Denton DV-502, Denton Vacuum, Cherry Hill,
NJ). The obtained replicas were bleached with sodium hypochloride, fixed on copper grids,
and investigated using a Zeiss 902A electron microscope (Carl Zeiss NTS, Oberkochen,
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Germany) in combination with a digital camera iTEM Veleta (Olympus Soft Imaging
Solutions, Miinster, Germany).

Morphometric analysis was performed on coded prints of freeze-fracture electron
micrographs (51,000 x magnification) of all TJ regions in which an apical and a contra-
apical strand of the meshwork could be clearly differentiated. The meshwork depth was the
distance between these strands. Vertical grids were drawn at 200 nm intervals perpendicular
to the most apical TJ strand. The number of horizontal strands within the main TJ meshwork
was counted at intersections with grid lines. Strand discontinuities within the meshwork
were defined as ‘breaks’ when >20 nm and given per micrometer length of horizontal
strands. The linearity of strand formation was specified as “particle type’ or ‘continuous’.

Statistical Analysis

Data are expressed as means + SEM. Statistical analysis was performed using unpaired
Student’s ttest unless otherwise stated and the Bonferroni-Holm correction for multiple
comparisons. A pvalue less than 0.05 was considered to be statistically significant. The
number (n) refers to the number of experiments.

Results

Characterization of stable transfected MDCK | TetOff cells expressing wild-type and mutant
claudin-2

MDCK | TetOff cells were stably transfected with mouse claudin-2, either wild-type (WT)
or different mutants: the charge-neutralizing mutant D65N and two different cysteine
mutants, 166C and S68C. Two different clones of wild-type, D65N and 166C and one clone
of S68C expressing cells were analyzed. All cells exhibit inducible expression of claudin-2
in the absence of doxycycline (Dox-), which was completely suppressed in the presence of
doxycycline (Dox+). Double immunofluorescence staining of Dox— cells using antibodies
against claudin-2 and the tight junction protein occludin revealed a colocalisation of both
proteins indicating a localization of wild-type and all claudin-2 mutants at the tight junction,
with some additional intracellular staining (Fig. 2a). The analysis of endogenous claudin
expression in the transfected cells revealed variability in protein expression between the
different clones used in the study, but no differences between Dox— and Dox+ cells could be
detected so that changes in the paracellular permeability of induced cells are most likely
attributable to the presence of claudin-2 within the tight junction (Fig. 2b). Furthermore, the
expression of claudin-2 did not affect the expression of the AQP water channels, AQP1,
AQP3, and AQP4, which are predominantly expressed in MDCK | cells (Fig. 2b), so that
differences in transepithelial water flux are unlikely to be caused by changes in transcellular
water flux and can be assumed to be due to changes in paracellular water flux.

Comparison of cells expressing wild-type and the charge-neutralizing mutant D65N of
claudin-2
Transfected cells induced to express claudin-2 (Dox-) showed an increase in transepithelial
conductance which was due to an increase in Na* permeability (Fig. 3) compared to
uninduced (Dox+) cells. A comparison between induced cells expressing wild-type
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claudin-2 and the mutant D65N with the charge-neutralizing mutation in the first
extracellular loop revealed a decreased conductance as a result of the decreased Na*
permeability in cells with the mutant claudin-2 (Fig. 3a, b). Water flux across the layer of
induced cells expressing wild-type claudin-2 was increased compared to the uninduced cells
both with an osmotic gradient with 200 MM mannitol (Fig. 4a) and an ionic gradient in the
absence of any osmotic gradient (Fig. 4b). For induction of water flux by an ionic gradient, a
basolateral to apical NaCl gradient (80 mM) was used and 160 mM mannitol was added to
the apical solution for “compensation” of the osmotic difference. In contrast to wild-type
claudin-2-expressing cells, no differences between uninduced and induced cells could be
observed in cells transfected with the D65N mutant of claudin-2. Under both osmotic and
ionic gradients, water flux across the layer of cells expressing wild-type claudin-2 was
higher than in cells expressing the D65N claudin-2 mutant. No differences between
uninduced (Dox+) wild-type and D65N cells could be observed under any conditions.
Measuring water transport in the presence of the 80 mM NaCl gradient without osmotic
compensation with mannitol showed no differences between induced and uninduced wild-
type and D65N claudin-2-expressing cells (Table 1). Under these conditions, the
concentration gradient is directed from basolateral to apical, and the osmotic gradient is in
the opposite direction.

To analyze whether changes in tight junction ultrastructure cause the differences in water
transport between uninduced and induced cells and between wild-type and D65N claudin-2
expressing cells, freeze-fracture electron microscopy studies were performed. No differences
in relative occurrence and number of tight junction strands, meshwork depth, density of
bicellular tight junction strands, and the number of breaks in the tight junction strands could
be detected, neither between induced and uninduced cells nor between wild-type claudin-2-
and D65N claudin-2-transfected cells (Table 2, Fig. S1). As already shown in another study
on MDCK | cells overexpressing claudin-2 (Furuse et al. 2001) we found a shift from
continuous-type strands to particle-type strands when wild-type or D65N claudin-2 was
expressed in the cells which is due to a stronger association to the E-face and correlates with
the tightness of individual tight junction strands.

Analysis of cells expressing cysteine mutants of claudin-2

Cells induced to express the cysteine mutants 166C or S68C of claudin-2 showed an increase
in conductance (Fig. 5a) due to the increase in Na* permeability (Fig. 5b) compared to the
uninduced cells. Na* permeability and conductance of some clones differed slightly from
that measured for wild-type claudin-2-expressing clones, which could be due to clone-
dependent variability in claudin-2 expression. It has been shown that the pore properties of
claudin-2 are not affected in 166C, suggesting that this amino acid residue in the first ECL is
not directly involved in the mechanism of ion permeation. Water flux across these epithelial
monolayers under osmotic conditions revealed an increased flux in the induced cells (Fig.
5¢).

To analyze whether the modification of the paracellular pores of claudin-2 exerts any effect
on water flux, water flux was measured before and after addition of methanethiosulfonate
(MTS) reagents (Fig. 6). It has been shown that the pore of 166C claudin-2 could be blocked
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by MTSEA ((2-aminoethyl)methanethiosulfonate) or MTSET ([2-(trimethylammonium)
ethyl]methanethiosulfonate, whereas MTSES ((2-sulfonatoethyl) methanethiosulfonate) has
no blocking effect (Yu ef a/. 2009). Addition of MTSEA (2.5 mM) or MTSET (1.0 mM) to
the induced 166C claudin-2 transfected cells resulted in a decrease in transepithelial water
flux which is associated with a decrease in conductance (Fig. 6a). In contrast, MTSES (5
mM) had neither an effect on transepithelial water flux nor on conductance. The inhibitory
effect of MTSEA and MTSET on water flux and conductance was confirmed on a second
clone of 166C-expressing cells (#35) and on cells expressing the S68C mutant (Li et al.
2014) (Fig. 6b). The inhibition of both parameters by MTS reagents was stronger in cells
expressing the S68C mutant compared to the 166C mutant.

Both reagents, MTSEA and MTSET, did not change water flux across layers of the
corresponding uninduced cells (Fig. 6¢), so the transcellular water flux mediated by
aquaporin water channels was not affected by MTS reagents. Moreover, no effect of
MTSEA and MTSET on conductance could be detected in Dox+ cells (Fig. 6¢), confirming
that these reagents modulate exclusively the conductance of claudin-2 and not of
endogenous tight junction proteins or transcellular transport proteins.

Relationship between claudin-2-mediated water permeability and ion conductance

To analyze the specific characteristics of claudin-2, the values concerning conductance and
water permeability obtained on the induced (Dox-) cells were corrected for the base-line
values obtained with uninduced (Dox+) cells. The results represent the permeability
attributable to the claudin-2 pore itself (Fig. 7). For the cysteine mutants, the values in
absence and presence of the MTS reagents were calculated. With the exception of S68C, the
data show an approximately linear correlation between conductance, which represents ion
permeability (and in case of our experimental conditions and claudin-2 mainly Na*
permeability), and water permeability. In cells expressing the S68C mutant of claudin-2,
water flux was disproportionately larger compared to cells expressing wild-type claudin-2 or
the other claudin-2 mutants. Additionally, the inhibitory effect on water permeability caused
by the MTS reagents was stronger in S68C than in 166C.

Discussion

The present study confirms that claudin-2 mediates paracellular water transport.
Furthermore, it shows that a decreased Na* permeability is associated with decreased water
permeability and that steric blocking of the paracellular cation pore results in decreased
water permeability. These findings indicate that Na* and water share the same pore and
suggest that their transport within the pore is loosely coupled. The permeability of claudin-2
for Na*, K*, and other monovalent cations is very similar (Yu et a/. 2009, Rosenthal et al.
2010).

Claudin-2 was previously shown to be permeable to water in an overexpression study on a
cell culture model, using high-resistance MDCK C7 cells that lack endogenous expression
of claudin-2 (Rosenthal et a/. 2010). Here, the overexpression study was confirmed in an
inducible cell system based on the high-resistance cell line MDCK 1. By using an inducible
clonal cell line, the uninduced cells act as an isogenic negative control, thus eliminating
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errors due to clonal variability. This also allowed us to subtract the conductance as well as
the Na* and water permeability in the induced state from that in the uninduced state and thus
deduce the permeability of a single claudin, here claudin-2 (Fig. 7). Prerequisite for this is
that no differences in endogenous claudin expression between Dox— and Dox+ cells exist,
which could be confirmed by Western blot analysis. However, the transfected cells revealed
variability in protein expression between the different clones used in the study, but these
differences does not seem to affect the Na* and water permeability since the values of the
uninduced cells of different clones are very similar. Furthermore, this study confirms that
solute polarization within the lateral intercellular spaces did not contribute to osmotically
induced water flux and thus to differences between Dox— and Dox+ cells. Water flux
induced by mannitol was independent of the direction of the osmotic gradient, as shown in
Dox- and Dox+ cells expressing wild-type claudin-2 or the 166C mutant (Table 1).
Application of mannitol to the apical or basolateral side of the cells resulted in water fluxes
with opposite direction, but the absolute fluxes were equal.

Na* and water permeate the same pore

The cation pore in claudin-2 is lined by residues of the first ECL and has a diameter of
approximately 6.5 A (Yu et al. 2009), which is large enough to allow the passage of partially
hydrated cations and water molecules. Our previous observation that a NaCl gradient could
drive water flux under isoosmotic conditions already suggested the possibility that Na* and
water might permeate through a common pore in claudin-2 (Rosenthal et a/. 2010). Our
current experiments now provide persuasive evidence of this. Here we use cysteine mutants
of the cation pore-lining first ECL amino acids, 166 and S68 (Angelow and Yu, 2009, Li et
al. 2014), to study the effect of blocking the claudin-2 cation pore with different MTS
reagents. MTS reagents bind covalently to the substituted cysteines but not to the two
endogenous cysteines in the first ECL, because the latter are connected by an intramolecular
disulfide bond and therefore are not accessible (Li ef a/. 2013b). It has been shown that MTS
reagents cause a partial inhibition of Na* permeability and conductance in these mutants. We
found that application of the MTS reagents, MTSEA (236 Da) and MTSET (278 Da),
strongly inhibited both conductance and water permeability in cells expressing the 166C and
S68C mutant, whereas MTSES (219 Da) had no effect on either conductance or water
permeability. These findings are consistent with the idea that Na* and water permeate
through the same pore. Additional evidence in support of this is our finding that a mutation
that increases the cation pore diameter also increases water permeability (see discussion
below).

Na* and water flux are coupled within the claudin pore

The passage of Na* and water through the claudin pore could occur in one of two ways: (i)
Na* and water could permeate independently of each other within the same pore, or (ii) Na*
and water could interact within the pore in such a way that their movement is frictionally
“coupled”. Three lines of evidence support a model of frictional coupling. First, we have
already shown that a Na* gradient can drive water flux (Rosenthal et a/. 2010). Second, we
now show that the mutation, D65N, which reduces Na™ permeability by eliminating a
negatively charged interaction site within the pore without affecting its diameter (Yu et a/.
20009, Li et al. 2013a), also concomitantly reduces water flux. Since it is unlikely that
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replacement of a charged residue with a polar residue would directly reduce water
permeation through the pore, the most plausible explanation for this is that Na* flux couples
water movement along with it. Third, we find a linear correlation between conductance
(which reflects Na* permeability) and water flux (or water permeability) across different
claudin-2 mutants and different clonal lines, and regardless of the absence or presence of a
pore-blocking reagent (Fig. 7). The linear correlation exists for water flux induced by an
osmotic gradient or an ionic gradient. The R? value is lower for water flux induced by an
osmotic gradient due to the S68C mutant which seems to have a disproportionately high
water flux maybe due to a slightly larger pore diameter (see below).

Analysis of the NaCl reflection coefficient

We were able to reach strikingly similar conclusions to those described above by taking a
formal, thermodynamic approach. The osmotic water flux, Jy, (basolateral-to-apical), is
related to the water permeability of the monolayer, Pyqter (cm/s), the reflection coefficients,
o, of mannitol and NaCl and their concentration differences, A[X] (apical concentration
minus basolateral concentration), by the Staverman correction of the van’t Hoff equation
(Durbin, 1960):

Jy=Puwater (0,12 [ NaCl]+o A[Mannitol])

Mannitol

In the osmotic gradient-driven water flux experiment, 100 mM mannitol was added apically
with symmetrical NaCl concentrations (A[NaCl] = 0). The water flux in this situation is
given by:

J Puater (UMannitol A[Mannitol])

VMannitol =

Under these conditions, we found a 61% reduction in water flux through D65N claudin-2
compared to wild-type claudin-2, which likely represents a 61% reduction in Pyeer Since all
the other factors remain constant. This is strikingly similar to the 56% reduction in
conductance and 51% reduction in Py, of D65N, again supporting a model of frictionally
coupled transport of Na™ and water.

In the ionic gradient-driven water flux experiment, the NaCl concentration on the apical side
was reduced (145 mM basolateral, 65 mM apical) and mannitol added (160 mM) to balance
the osmolarity. The water flux in this situation is given by:

Jynacn =016 Pyater (0 o

NaCl)

Mannitol

The fact that Jynac) Was positive (basolateral-to-apical flow) in wild-type claudin-2 in this
situation indicates that apannitol > Onacl- Given that claudin-2 is permeable to Na* but not to
mannitol (Amasheh ef al. 2002, Van Itallie ef a/. 2008), thus, opmannitol IS 1, ONacl IS given

by:
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1 Jynac A[Mannitol]
0.16

NaCl ™ J

g
VMannitol

The calculated value for ongcy is 0.446 for wild-type claudin-2. As claudin-2 is permeable to
Na*, but not to CI~, this finding indicates that Na* and water must share the same pore
pathway. For claudin-2 D65N, the calculated opnac) Value was 0.759. This is consistent with
the finding that Jy, driven by a ionic gradient was 83% lower compared to wild-type
claudin-2 whereas Py, Was only 61% lower indicating an increase in onacy. This is also
consistent with the idea that Na* and water share a common pore that is lined by first ECL
residues.

Until now, there has been no study which measured the NaCl reflection coefficient of
claudin-2. The rat proximal tubule has been modeled and used to predict the NaCl reflection
coefficient of the tight junction in rat proximal tubule, yielding values ranging from 0.65
(Weinstein, 1984) to 0.0079 (Guo et a/. 2003). The dual pathway model of Guo et al (Guo et
al. 2003) divided the tight junction pathway into pores and slit breaks, the pores with a NaCl
reflection coefficient of 0.153 and the large slit breaks with a NaCl reflection coefficient of
0.000226.

Interpreting our experiments in terms of osmotic theory and reflection coefficients is helpful
in explaining the effect of the ionic gradient with “osmotic compensation” experiment (Fig.
1B). The ionic gradient of 80 mmol/lI NaCl generates an effective osmotic gradient of 160 x
0.446 = 71 mOsm/l. Thus, addition of 160 mM mannitol apically can be viewed as creating
a net osmotic gradient of 89 mOsm/l (160 mOsm/I - 71 mOsm/l) directed apically and
driving water towards the apical compartment. This may explain that the magnitude of
claudin-2-mediated water flux is similar in the presence of the osmotic gradient with 100
mM mannitol and the ionic gradient in combination with 160 mM mannitol.

The theory fails, however, to explain the results of our experiment using an ionic gradient
without “compensation” (Fig. 1C). Interpreted in the light of osmaotic theory, an isolated
NaCl gradient should drive osmotic movement of water towards the basolateral
compartment. Since the claudin-2-mediated water flux is zero, water movement appears to
be obstructed, possibly by the ionic gradient or by a change in cell shape and closure of the
lateral intercellular spaces. Alternatively, claudin-2-mediated water flux may be present but
too small to be detected under these conditions due to the overlapping (transcellular)
background water flux.

Calculating the coupling ratio of Na* to water from Na* and water permeability of
claudin-2, we found values of about 1:30 for all clones of wild-type and mutant claudin-2
with exception of the S68C mutant with the larger pore diameter. For this claudin-2 mutant
the coupling ratio was 1:78. These values indicate a water flux, which exceeded that of the
first Na* hydration shell.
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Effect of pore size on water permeability

Previous studies indicated that the pore diameters of wild-type claudin-2 (6.5 A) and the
claudin-2 mutants D65N (6.6 A) and 166C (6.4 A) are very similar, whereas the S68C
mutant has a slightly larger pore diameter of 7.0 A (Li et al. 2013a, Li et al. 2014). Other
pore characteristics seem not to be affected in the mutants as indicated by the unchanged
Eisenman sequence. For the S68C mutant we found (i) a higher water permeability than in
wild-type and 166C claudin-2, when factored for conductance or Na* permeability, and (ii) a
stronger inhibitory effect of the MTS reagents compared to 166C. The higher water
permeability could be due to the increased pore diameter, which promotes the permeation of
water molecules with a diameter of about 2.8 A. An increase in pore diameter does not
influence Na* permeability because the magnitude of this is determined primarily by the
availability of negatively charged intrapore sites at D65 and Y67 for electrostatic interaction
with dehydrated Na* (Yu et al. 2009, Li et al. 2013a). Since S68 is located at the narrowest
part of the pore (Li et al. 2014), steric blocking at this position results in a higher degree of
inhibition than at a position in a wider part of the pore. Application of MTSEA and MTSET
both caused an approximately 35% inhibition of conductance in 166C mutants, compared to
inhibition of 63% for MTSEA and 48% for MTSET in the S68C mutant. Inhibition of water
flux averaged 23% for both MTS reagents in the 166C mutants and 58% with MTSEA and
51% with MTSET in the S68C mutant. These findings provide additional support for the
hypothesis that Na* and water pass the tight junction through the same pore and that this
pore is lined by the amino acid residues of the first ECL of claudin-2.

Using the onacy 0f 0.446 for calculating the radius of the claudin-2 pore Rpqre according to
the calculations of Guo et al. (Guo et al. 2003) and assuming an average radius of Na* and
CI~ of 1.47 A, we obtained a value of 3.47 A for Ryore, thus a diameter of 6.9 A, which
seems to be a good estimation compared to the data (6.5 A) found in other studies (Li et a/.
2013a, Li et al. 2014). A pore diameter of about 6.5 A seems to be necessary for water
permeability, since claudin-10b with a pore diameter of 6.1 A (Li er a/. 2013a) is permeable
to cations, but impermeable to water (Glinzel et a/. 2009, Rosenthal et a/. 2010).

Role of claudin-2 in the kidney

In the kidney, claudin-2 is exclusively expressed in the proximal nephron (Enck ef a/. 2001,
Kiuchi-Saishin et al. 2002) where the majority of NaCl and water reabsorption occurs. In
proximal tubule, water permeability is much higher than water permeability measured in the
claudin-2 expressing MDCK | cells (Table 1) or water permeability of claudin-2 (4.73 107
cm/s). For proximal tubule the values for water permeability varied from 35-1072 cm/s
(Quigley and Baum, 1996) to 150-10~3 cm/s (Schnermann et a/. 1998), whereas the water
permeability of MDCK | cells expressing wild-type claudin-2 is about 5:10~4 cm/s. The cell
culture model cannot be directly compared with the proximal tubule because of differences
in the molecular composition of the tight junction, the tight junction extension, expression
level of claudin-2 and aquaporins, which all contribute to the differences in transepithelial
water permeability. For example, the TER value of claudin-2 expressing MDCK | cells (160
Q-cm?) is much higher compared with the proximal tubules (4.5 Q-cm? (Melis et a/. 1993)
and 16 Q-cm? (Bello-Reuss, 1986)).
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The claudin-2 knockout mice generated by Muto showed a 30% decrease of net
transepithelial reabsorption of Na*, CI~, and water in isolated proximal tubules and loss of
Na* selectivity (Muto et a/. 2010). Schnermann and coworkers found a 23% decrease in
proximal fluid reabsorption in claudin-2-deficient mice (Schnermann et a/. 2013). These
data point to an involvement of claudin-2 to proximal tubule water reabsorption.
Nevertheless, the contribution of the claudin-2 water pathway to the paracellular water
reabsorption in proximal tubule remains still unclear. Estimation of tight junction water
permeability in rat proximal tubule based on a mathematical model yielded much higher
values of Ps A=0.22-cm3/s (Weinstein et a/. 2007). Recently, a pore/slit model was proposed
for the transport across the tight junction in rat proximal tubule which suggested that
numerous small circular pores based on claudin-2 account only for 5%, the large slit breaks
for 95% of paracellular water permeability (Guo et al. 2003). Freeze-fracture electron
microscopy studies revealed 1-2 tight junction strands with large breaks in mouse proximal
tubule (Claude and Goodenough, 1973, Muto et a/. 2010). However, such breaks did not
account for paracellular water permeability in the cell culture model. Freeze-fracture studies
on MDCK | cells transfected with wild-type claudin-2 or D65N claudin-2 detected no
differences in the number and size of breaks in the tight junction strands between induced
and uninduced cells that could represent the slit breaks for water permeation. Also other
parameters of tight junction ultrastructure were unchanged as already shown in the claudin-2
overexpression model (Rosenthal et a/. 2010). The observed shift from continuous-type
strands to particle-type strands in claudin-2-expressing cells indicated a lower association of
tight junction strand particles to the P-face and correlated with the tightness of individual
strands (Furuse et al. 2001). The linearity of tight junction strands seems to be not important
for paracelluar water permeability, since we did not observe such change in MDCK C7 cells
overexpressing claudin-2 with increased water transport (Rosenthal et a/. 2010). Thus,
paracellular water permeability measured in MDCK cells transfected with claudin-2 was
mediated by the claudin-2 pore.

Since claudin-2 forms a channel that is selectively permeable for cations, an additional
pathway is necessary for anion reabsorption. Recently, claudin-10a and claudin-17 have
been identified as paracellular channels that are selective for anions (Van Itallie ef a/. 2006,
Gunzel et al. 2009, Krug ef al. 2012). Both claudins are expressed in the proximal tubule
(Kiuchi-Saishin et al. 2002, Van Itallie et a/. 2006, Yu, 2015), so they are potential
candidates to mediate paracellular CI~ reabsorption in these segments. In contrast to
claudin-2, the channels formed by claudin-10a (unpublished data) and claudin-17 (Krug et
al. 2012) are not permeable to water.

In summary, this study shows that claudin-2-mediated water transport is dependent on Na*
transport through claudin-2 and that both Na* and water share a common pore that is lined
by specific amino acid residues from the first extracellular loop of claudin-2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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d Osmotic gradient with mannitol

144.8 mM NaCl 144.8 mM NaCl
100 mM mannitol
NacCl
basolateral apical

b lonic gradient with osmotic “compensation”

144.8 mM NaCl 64.8 mM NaCl
+160 mM mannitol
NaCl
basolateral apical

C Jonic gradient without osmotic “compensation”
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NaCl S
=
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basolateral apical

=mmmm  franscellular water flux
=mmmm paracellular water flux

Fig. 1. Experimental conditions for measuring water flow
For measuring water flux the Ussing chamber was filled with HEPES buffered solution with

a total NaCl concentration of 144.8 mM. The solution in the apical compartment was
changed according to the following conditions: (a) Osmotic gradient with mannitol in the
apical compartment. The osmotic gradient with mannitol in the basolateral compartment is
not shown here. (b) lonic gradient with the high NaCl concentration in the basolateral
compartment and osmotic “compensation” by mannitol in the apical compartment. As
MDCK cells are unable to secrete Na*, no transcellular Na* flux will occur under these
conditions. (c) lonic gradient with the high NaCl concentration in the basolateral
compartment and no osmotic “compensation”. As in (b) no transcellular Na* flux will occur
under these conditions. The osmotic and ionic gradients aredirected conversely. Assuming
that claudin-2 is the only paracellular water channel, paracellular water flux induced by the
ionic gradient will only occur in claudin-2-expressing MDCK 1 cells. During all experiments
the transepithelial potential was clamped at 0 mV. This might favour an isolated paracellular
Na* passage in claudin-2-expressing cells and thus induce paracellular water flux.
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Fig. 2. Tight junction proteins and AQPs in MDCK | TetOff cells stably transfected with mouse
wild-type and mutant claudin-2

(a) Subcellular localization of claudin-2 in the cells. Different clones expressing wild-type
(WT) claudin-2, and the claudin-2 mutants D65N, and the cysteine mutants 166C and S68C
were induced to express claudin-2 (Dox-) and immunofluorescence stained using an
antibody against claudin-2 (left) and the tight junction marker occludin (middle). The
colocalization of both proteins was confirmed by the merged view (right). No claudin-2
signal could be detected in the uninduced (Dox+) cells, here shown for the uninduced cells
of wild-type claudin-2, clone 15. Bar 10 um. (b) Claudin and AQP expression in the cells.
Western blot analysis showing the expression of the transfected claudin-2 proteins,
endogenous claudins, and aquaporins (AQP) in uninduced (Dox+) and induced (Dox-)
MDCK I TetOff cells transfected with wild-type (WT) claudin-2 and the claudin-2 mutants.
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Fig. 3. Electrophysiological properties of MDCK | TetOff cells expressing wild-type or D65N

claudin-2

(a) Conductance and (b) Na* permeability of two different clones of wild-type (WT) and
mutated (D65N) claudin-2 (n=7-14). The upper panel in (A) is a Western blot (from Fig. 2b)
showing claudin-2 protein expression in each clone (left lane, Dox+; right lane, Dox-).
Permeability was derived from measurement of dilution potentials and calculated by means
of the Goldman-Hodgkin-Katz equation. As expected, a strong difference in conductance
and permeability could be observed between induced (Dox-) and uninduced (Dox+) cells
and also between cells expressing wild-type and mutated claudin-2. (*** p < 0.001 vs. Dox
+, ##H# p < 0.001 vs. WT#12 and WT#15).
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Fig. 4. Water flux across layers of MDCK | TetOff cells expressing wild-type or D65N claudin-2
(a) Water flux induced by an osmotic gradient with 100 mM mannitol on the apical side of

the cell layer (n=7-12). (b) Water flux induced by an ionic gradient with a difference of 80
mM NacCl and the high NaCl concentration at the basolateral side of the cell layer. The
osmotic difference was compensated by the addition of 160 mM mannitol to the apical side
(n=6-13). Positive water flux is defined as flow from basolateral to apical side. In the wild-
type claudin-2-transfected cells, water flux was increased in the induced Dox- cells
compared to the uninduced Dox+ cells under both osmotic and ionic gradients, whereas no
difference could be observed in D65N claudin-2-transfected cells. (*p < 0.05, ***p < 0.001,
n.s. = not significant vs. Dox+; # p < 0.05 vs. WT#12 and WT#15, ## p < 0.01 vs. WT#15,
#i## p < 0.001 vs. WT#15 and WT#12).
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Fig. 5. Characterization of MDCK | TetOff cells stably transfected with claudin-2 cysteine
mutants

(a) Conductance, (b) Na* permeability, and (c) osmotic gradient-induced water flux (100
mM mannitol at the apical side) of two different clones of 166C and one clone of S68C
claudin-2 mutants (n=7-14). The upper panel in (A) is a Western blot (from Fig. 2b)
showing claudin-2 protein expression in each clone (left lane, Dox+; right lane, Dox-).
Permeability was derived from measurement of dilution potentials and calculated by means
of the Goldman-Hodgkin-Katz equation. Conductance, Na*™ permeability, and water flux
were all increased in induced (Dox-) cells. (* p <0.05, *** p < 0.001 vs. Dox+).
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Fig. 6. Effects of MTS reagents on water flux and conductance in MDCK | TetOff cells
expressing claudin-2 cysteine mutants

Osmotic gradient-induced water transport (left panel) and conductance (right panel) before
and after addition of different MTS reagents (“inhibitor”) in induced (Dox-, a, b) and
uninduced (Dox+, ¢) MDCK | TetOff cells expressing 166C claudin-2 (#36), and in induced
(Dox~, b) cells expressing 166C (#35) and S68C (#5) claudin-2 (n=4-10). MTSEA (2.5
mM) and MTSET (1 mM) caused a decrease in water flux and conductance in Dox- cells of
all mutants, whereas MTSES (5 mM) had no effect on either conductance or water flux.
MTSEA and MTSET did not exert any effect on Dox+ cells. (n.s. = not significant, * p <
0.05, ** p < 0.01, *** p < 0.001 vs. before inhibitor, paired Student’s Ztest).
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Fig. 7 b

10 1

AWT

R? = 0.5883

g | MD65N

® S68C
6 4

¢ 166C

—~
-

+/
i //{»t%
g = o 2 .

-2

lonic-induced water flux (ul-h-'-cm-)
H

Conductance (mS-cm)

Fig. 7. Relationship between claudin-2-mediated water flux and claudin-2-mediated conductance
The water flux mediated by claudin-2 was calculated as the difference between water flux of

uninduced (Dox+) and induced (Dox-) cells. Claudin-2 conductance was calculated as the
difference between conductance of uninduced (Dox+) and induced (Dox-) cells. Each data
point represents the values (mean £ SEM) determined in one clonal cell line. Decrease in
conductance due to charge neutralization (D65N), blocking of the claudin-2 pore with MTS
reagents (only in a), or clonal variation, are all associated with a commensurate decrease in
water flux. The dashed line was fitted by linear regression to all data points. (a) Relationship
between osmotic-induced water flux and conductance, slope 0.336 pl-h™1-mS=1. (b)
Relationship between water flux induced by the NaCl gradient (ionic-induced water flux)
and conductance, slope 0.436 pl-h~1.msS™1,
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Table 2
Morphometric analysis of tight junction ultrastructure

Tight junction ultrastructure was analyzed using freeze-fracture electron microcopy (*p < 0.05 versus
uninduced (Dox+) cells). The analysis between the groups Dox+ and Dox- was blinded

WT#15 WT#15 D65N#16 D65N#16
Dox+ Dox— Dox+ Dox—
(n) Q) (10) (13) (12)
Number of horizontal strands 414+046 350%0.22 375025 4.31%041
Vertical meshwork depth (nm) 204.3+42.8 196.0+33.0 229.6+37.3 228.1+335
Breaks per um strand length 0.06 £0.06 0.14+0.10 0.02+0.02 0.09+0.05
Particle-type/continuous strands % 29/71 70/30* 17/83 46/54*
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