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Claudins form size- and charge-selective pores in the tight
junction that control the paracellular flux of inorganic ions and
small molecules. However, the structural basis for ion selectivity
of paracellular pores is poorly understood. Here we applied cys-
teine scanning to map the paracellular pathway of ion perme-
ation across claudin-2-transfected Madin-Darby canine kidney
type I cells. Four potential pore-lining amino acid residues in the
first extracellular loop were mutated to cysteine and screened
for their accessibility to thiol-reactive reagents. All mutants
were functional except D65C, which formed dimers by intermo-
lecular disulfide bonding, leading to a loss of charge and size
selectivity. This suggests that claudin-2 pores are multimeric
and that Asp®® lies close to a protein-protein interface. Meth-
anethiosulfonate reagents of different size and charge and the
organic mercury derivate, p-(chloromercuri)benzenesulfonic
acid, significantly decreased paracellular ion permeation across
166C-transfected cells by a mechanism that suggests steric
blocking of the pore. The conductance of wild-type claudin-2
and the other cysteine mutants was only weakly affected. The
rate of reaction with 166C decreased dramatically with increas-
ing size of the reagent, suggesting that I1e® is buried deep within
a narrow segment of the pore with its side group facing into the
lumen. Furthermore, labeling with N-biotinoylaminoethyl
methanethiosulfonate showed that 166C was weakly reactive,
whereas Y35C was strongly reactive, suggesting that Tyr®® is
located at the protein surface outside of the pore.

Sheets of polarized epithelia constitute barriers that separate
fluid compartments of different chemical composition and
mediate exchange of solutes and ions via transcellular and para-
cellular pathways. A large body of evidence suggests that trans-
port via the paracellular pathway occurs through pores in the
tight junctions that are formed by tetraspan membrane pro-
teins, known as claudins (1-3).

Our current understanding of paracellular pores is that they
are size- and charge-selective water-filled channels that, in con-
trast to channels for transmembrane transport, are oriented
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parallel instead of perpendicular to the lipid layer of the cell
membrane. Size exclusion experiments suggest a pore diameter
of 6.4—8 A (4, 5). Furthermore, site-directed mutagenesis and
overexpression of claudins in epithelial cells identified the first
extracellular domain as playing an important role in the charge
selectivity of paracellular transport (6 —8). The first extracellu-
lar domain of claudins contains various basic and acidic amino
acids, some of which are conserved in different claudin iso-
forms, and these could be involved in the mechanism of ion
permeation. Several studies have demonstrated homo- or het-
erotypic interaction of claudins, suggesting that paracellular
pores are formed by oligomers of claudins (9-11). Taken
together, significant progress has been made in uncovering the
nature of the paracellular pathway and mechanisms of selectiv-
ity of paracellular ion permeation. However, it is unknown how
the extracellular domains of claudins fold to form paracellular
pores and which amino acid residues line the pathway of ion
diffusion.

Epithelia in vivo and epithelial cell lines express characteris-
tic sets of different claudin isoforms that determine paracellular
permeability and permselectivity. Claudin-2 is expressed in epi-
thelia with a high capacity for passive paracellular cation trans-
port, such as the epithelium lining the proximal renal tubules
(12). The transfection of claudin-2 into high resistance Madin-
Darby canine kidney (MDCK)? type I cells converts the tight
junction from a “tight” into a “leaky” paracellular barrier by
selectively increasing Na™ permeability (13, 14), suggesting a
physiologic role of claudin-2 in creating paracellular Na* chan-
nels. Because of the high signal/noise ratio of the claudin-2-
induced permeability, this isoform provides an excellent model
to study paracellular transport. We have recently generated a
stable expression system of claudin-2 in MDCK I cells under
the control of a TetOff promoter. This inducible system allows
us to specifically determine the macroscopic conductance and
permeability of claudin-2 pores by subtracting background
measurements of uninduced cells. Using this expression sys-
tem, we could recently demonstrate that the cation selectivity
of claudin-2 cells is mediated by electrostatic interaction of par-
tially dehydrated permeating cations with aspartate 65 (5).

2 The abbreviations used are: MDCK, Madin-Darby canine kidney; SCAM, substi-
tuted cysteine accessibility method; WT, wild-type; MTS, methanethiosulfon-
ate; pCMBS, p-(chloromercuri)benzenesulfonic acid; MTSEA, (2-aminoethyl)
methanethiosulfonate; MTSET, [2-(trimethylammonium)ethyllme-
thanethiosulfonate; MTSES, (2-sulfonateoethyl)methanethiosulfo-
nate; MTSPTrEA, [3-(triethylammonium)propylimethanethiosulfonate;
MTSACE, [2-(aminocarbonyl)ethylimethanethiosulfonate; MTSEA-bio-
tin, N-biotinylaminoethyl methanethiosulfonate.
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However, further investigations are necessary to study the posi-
tion and function of this and other residues of the first extracel-
lular domain and to elucidate their role in the transport mech-
anism of paracellular pores.

The substituted cysteine accessibility method (SCAM),
developed by the Karlin group, has proved to be a powerful tool
in the mapping of the structures of membrane ion channels and
transport proteins (15, 16). In SCAM, thiol-reactive reagents
are used to covalently modify endogenous cysteines, or cys-
teines introduced into a protein by site-directed mutagenesis.
SCAM can be used to study channel-lining amino acid side
chains, the secondary structures of membrane-spanning seg-
ments, and the localization of selectivity filters, channel gates,
and inhibitor binding sites.

Here, we used SCAM to analyze the paracellular pathway of
ion permeation across claudin-2 transfected MDCK I cells. Our
data show that thiol-reactive reagents strongly block ion trans-
port in at least one of the cysteine mutants that we have gener-
ated and, thus, provide a tool to map residues that line the
paracellular pore.

EXPERIMENTAL PROCEDURES

Generation and Screening of MDCK I TetOff Claudin-2 Cell
Lines—MDCK I TetOff cells expressing wild-type (WT) and
mutant claudin-2 were generated by methods described previ-
ously (5, 17). In brief, cysteine mutants of mouse claudin-2 were
generated by site-directed mutagenesis using the QuikChange
kit (Stratagene). cDNA of WT mouse claudin-2 and cysteine
mutants were ligated into the retroviral Tet response vector,
pRevTREP, and lipofected into the viral packaging line, PT67.
Stable transfected cells were selected with hygromycin. Retro-
virus encoding mouse claudin-2 was produced and transduced
into MDCK I Tet-Off cells, and stable clonal cell lines were
selected in hygromycin using cloning cylinders. To induce clau-
din-2 expression, doxycycline was omitted from the culture
medium starting from the day of plating (Dox ™), whereas in
control plates, 20 ng/ml doxycycline was added to the culture
medium to suppress expression (Dox ™). Electrophysiological
studies were generally performed after 7 days. The expression
and localization of claudin-2 was tested by immunofluores-
cence staining by methods described before (18) using a 1:200
dilution of claudin-2 antibody (Zymed Laboratories Inc.). Dou-
ble labeling with anti-ZO-1 (Zymed Laboratories Inc.) was used
to confirm the correct localization of claudin-2 to the tight
junction.

Western Blotting—Claudin-2 protein expression and oli-
gomerization was tested by immunoblotting. Confluent cells,
grown on tissue culture dishes, were homogenized in buffer
(pH 7) containing 0.25 M sucrose, 30 mm histidine, 1 mm EDTA,
and protease inhibitors (Complete Mini; Roche Applied Sci-
ence). Cell lysates were mixed as indicated with non-reducing
loading buffer (pH 6.8; containing 2% (w/v) SDS) or reducing
loading buffer (1% (v/v) 2-mercaptoethanol added to non-re-
ducing buffer) and heated for 10 min at 80 °C. The samples were
loaded on a 15% denaturing polyacrylamide gel in aliquots of 10
pg of protein and analyzed as described before (18) using clau-
din-2 antibody (1:1000; Invitrogen). The effect of claudin-2 on
the expression of endogenous claudins was assessed by immu-
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noblotting with antibodies to claudin-1, -3, -4, and -7
(Invitrogen).

Affinity Purification of Biotinylated Claudin-2—The accessi-
bility of WT and mutant claudin-2 to MTSEA-biotin was tested
as follows. Cells were grown in 6-well plates (10 cm?) for 6 days.
Cells were washed with phosphate-buffered saline and incu-
bated on the apical side with 0.5 mg/ml MTSEA-biotin
(Toronto Research Chemicals) in phosphate-buffered saline
containing 1 mm CaCl, and MgCl, for 5 min at 4 °C. The reac-
tion was stopped by washing the cells with phosphate-buffered
saline. Cells were harvested and homogenized in radioimmune
precipitation assay buffer (pH 8; 50 mm Tris-HCl, 150 mm
NaCl, 1% (v/v) Nonidet P-40, 0.5% (w/v) deoxycholic acid, 0.1%
(w/v) SDS). Insoluble material was sedimented by brief centrif-
ugation at 16,000 X g, and biotinylated protein was precipitated
from the supernatant using streptavidin-coated agarose beads
(Pierce) for 1 h at 4 °C. The beads were washed with radioim-
mune precipitation assay buffer and mixed with reducing
loading buffer, and attached protein was released by heating
the beads to 80 °C for 10 min. The samples were analyzed by
SDS-PAGE as described above using claudin-2 antibody
(Invitrogen).

Ussing Chamber Electrophysiological Studies—Ussing cham-
ber diffusion potential measurements to determine ion perme-
abilities were performed as described recently (5). Cells were
plated at confluent density on Snapwell filters (Corning Glass)
and cultured for 7 days, which is sufficient to achieve steady-
state transepithelial resistance (19). The filters were mounted in
Ussing chambers and stirred with gas lifts in 100% O, at 37 °C.
A pair of voltage-sensing electrodes made of Ag/AgCl pellets
and current-passing electrodes of Ag wire were immersed into
the apical and basolateral medium via agar bridges containing
3 M KCI. The electrodes were connected via head stage ampli-
fiers to a microcomputer-controlled voltage/current clamp
(VCC-MC6) and data were acquired at 1-s intervals using
Acquire and Analyze software (Physiologic Instruments, San
Diego, CA). Data shown in time-independent experiments are
usually averages of 3— 6 data points.

The standard Ringer solution used at base line contained 150
mMm NaCl, 2 mm CaCl,, 1 mm MgCl,, 10 mm glucose, 10 mm
Tris-HEPES, at pH 7.4. For measurements of the NaCl dilution
potential the medium of the basolateral chamber was replaced
by Ringer solution containing 75 mm NaCl (osmolarity adjusted
with mannitol). For alkali metal bi-ionic potentials, the basolat-
eral medium was switched to a solution containing a 150 mm
concentration of the alkali metal cation-chloride salt. For
organic cation diffusion potentials, we used a solution contain-
ing 75 mM of the organic cation-chloride salt and 75 mm NaCl.
Diffusion potentials were determined as the apical voltage with
respect to the basolateral side. Liquid junction potentials at the
tip of the agar bridges were estimated with blank filters in place
and used to correct the data, as recently described (5). Ion per-
meability ratios were calculated by the Goldman-Hodgkin-
Katz voltage equation. In all calculations, activities rather than
concentrations were used, assuming that the activity coefficient
of each XCl salt is the same as that of NaCl. The absolute per-
meabilities, Py, and P, were derived by the method of Kimi-
zuka and Koketsu (20) using the equation,
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where G,, represents the monolayer conductance per unit of
surface area, « is the ratio of NaCl activity in the apical and the
basolateral compartment (@y, ¢y ap/@nacipi) a0d B is the ratio of
the permeability of CI~ and Na™ (P/Py,)-

Unless indicated differently, the conductance and perme-
ability of uninduced (Dox™) were subtracted from measure-
ments of induced (Dox™) cells to determine changes in the
transepithelial conductance and permeability attributable to
the introduction of claudin-2 and to obtain a quantitative meas-
ure of the macroscopic conductance and permeability of clau-
din-2 paracellular pores.

SCAM Studies—For SCAM studies, methanethiosulfonate
(MTS) and p-(chloromercuri)benzenesulfonic acid (pCMBS)
solutions were prepared fresh as 100-fold concentrated stock
solutions directly before starting the experiment to avoid
hydrolysis (16). Unless indicated differently, reagents were
added simultaneously to the medium of the apical and basolat-
eral compartment of the Ussing chamber and rapidly mixed by
gas lifts. The concentrations of MTSEA and MTSET were
adjusted to compensate for differences in their reactivity with
thiols in free solution (21). All thiol-reactive reagents were
applied in concentrations sufficient to obtain maximum effects
on conductance, which were tested in initial experiments by
consecutive readdition of reagents. The rate of reaction of MTS
and pCMBS with cysteine was derived from the rate of the
inhibition of the conductance of claudin-2 pores, assuming that
the concentration of MTS remains nearly constant during the
reaction so that we can determine a pseudo-first order rate
constant by fitting conductance, G, to an exponential decay
equation,

G=G,+ (G,— G,)-e 9 (Eq.2)
with G, representing the initial conductance and G_ represent-
ing conductance at maximum inhibition. The second order rate
constant, k, was determined by dividing the pseudo-first order
rate constant k' by the concentration of the applied reagent.

The dimensions of thiol-reactive reagents were estimated by
drawing the molecules in ChemSketch 11.0 (ACD Labs) and
measuring molecular distances and radii with the three-dimen-
sional viewer function.

Ca®" Permeability Measurements—Ca>" permeability was
determined in unidirectional tracer flux experiments across
cells grown on Transwell filters. 3 uCi of *>Ca®" was added to
the cis side, and after different time intervals, samples were
taken from the basolateral (trans) compartment and analyzed
by liquid scintillation counting. The initial rate of flux was used
to determine the permeability of filters with cell monolayers
(P = flux/substrate concentration in cis compartment). This
was then corrected for the permeability of blank filters, Py, to
obtain the true transepithelial permeability (P;), using the fol-
lowing equation.

Pr=((1/Pc) — (1/Pg)) ™" (Eq.3)
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TABLE 1
Amino acid residues of the first extracellular domain of claudin-2
that were selected for cysteine mutagenesis

Rationale for selection (based on

observations on homologous residues in
other claudin isoforms)

Residue Reference

35

R32D in claudin-10a decreases anion Ref. 7
selectivity

D104S in claudin-16 partially inhibits cation
permeation

D55K in claudin-15 converts from cation to
anion selectivity

Q57E in claudin-19 causes familial
hypomagnesemia with hypercalciuria and
nephrocalcinosis

K65D of cation-blocking claudin-4 eliminates
discrimination against Na*

D65N in claudin-2 abolishes a cation-binding
site within the pore lumen

Asp®® and Glu®, respectively, in claudin-10b
and claudin-16, which are both highly
cation-selective, are both negatively
charged

E64K in claudin-15 converts from cation to
anion selectivity

Tyr
Ref. 27
His®” Ref. 6

Ref. 22

Asp Ref. 6
Ref. 5

1le*®

Ref. 6

Statistical Analysis—The data are presented as mean *+ S.E.
Statistical significance was determined using the unpaired two-
tailed Student’s ¢ test.

RESULTS

Characterization of Stable Transfected MDCK I TetOff Cells
Expressing Cysteine Mutants of Claudin-2—Using site-directed
mutagenesis, cysteines were introduced at four different posi-
tions of the first extracellular domain of claudin-2 (Table 1).
These positions were chosen because mutation of the homolo-
gous residues in other claudin isoforms was found either to
regulate charge selectivity or to cause familial hypomagnesemia
with hypercalciuria and nephrocalcinosis, a genetic disease that
affects renal paracellular permeability (22). Each cysteine
mutant and WT claudin-2 was transfected into MDCK I TetOff
cells, and stable transfected clones were selected. Protein
expression and localization of WT and mutant claudin-2 were
determined by immunofluorescence staining, together with the
tight junction protein ZO-1, and studied by confocal micros-
copy (Fig. 1; see also supplemental Fig. S1 for magnified orthog-
onal sections). As reported previously (5), WT claudin-2 was
mostly expressed at the tight junction, colocalizing with ZO-1,
and also found in other cell compartments as an artifact of
overexpression. The subcellular distribution of cysteine
mutants of claudin-2 was indistinguishable from WT clau-
din-2, showing that the substitution of the selected amino acids
with cysteine does not affect protein targeting and localization.
The inducible expression of WT and mutant claudin-2 was ver-
ified by Western blots (Fig. 2A4), which showed a characteristic
band for claudin-2 in the absence of doxycycline (Dox ™) at the
expected size of about 22 kDa. Importantly, the induced expres-
sion of WT and mutant claudin-2 did not affect the expression
of other claudin isoforms endogenously expressed by the host
cell line (claudin-1, -3, -4, and -7; supplemental Fig. S2), so that
changes in the paracellular transport of induced cells are most
likely attributable to claudin-2. For subsequent electrophysi-
ological studies, clones were selected that showed similar levels
of claudin-2 expression.
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FIGURE 1. Characterization of MDCK | TetOff cells, stably transfected with
WT claudin-2 and the cysteine mutants Y35C, H57C, D65C, and 166C. The
expression and distribution of claudin-2 was tested by double immunofluo-
rescence staining with antibodies to claudin-2 and to the tight junction
marker, ZO-1. Confocal en face images of induced cells (Dox ™) show that WT
and mutant claudin-2 colocalize predominantly with ZO-1 to the tight junc-
tion but are also found in the cell bodies and at the apical membrane and, to
a lesser extent, along the basolateral membrane (see also supplemental Fig.
S1). Scale bar, 10 um.

Interestingly, in addition to the 22 kDa band, a high molecu-
lar mass band between 40 and 45 kDa consistently appeared in
Western blots of lysates isolated from the cysteine mutant
D65C (Fig. 2A). This observation is specific for the substitution
of aspartate with cysteine, since such a high molecular mass
band was not reported for a recently generated mutant of clau-
din-2 in which this aspartate residue was replaced by asparagine
(5). We therefore tested the identity of this band (Fig. 2B). Inter-
estingly, the intensity of the high molecular mass band was
increased, and the signal of the 22 kDa claudin-2 band
decreased when cell lysates were prepared under non-reducing
conditions (lane I) compared with reducing conditions (lane
2). Similarly, the pretreatment of cells with 10 mm dithiothreitol
led to a shift of claudin-2 from the high molecular mass band to
the 22 kDa band (lane 3), whereas the opposite observation was
made for cells pretreated with the oxidative reagent Cu(II)-
phenanthroline (lane 4). As a control, lysates of WT claudin-2-
expressing cells were prepared under the same conditions, and
a high molecular mass band was never detected. The data indi-
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FIGURE 2. Western blot analysis of claudin-2 in cell lysates isolated from
cell lines expressing WT claudin-2 and cysteine mutants. A, claudin-2
appears as a band at ~22 kDa in induced cells (Dox ™), whereas expression is
suppressed in the presence of doxycycline (Dox™). An additional band at
between 40 and 45 kDa was observed with cells induced to express the D65C
mutant of claudin-2. (The band at ~35 kDa present in all lanes represents
nonspecific antibody binding.) All samples were prepared with reducing
sample buffer, containing 1% (v/v) 2-mercaptoethanol. B, testing the identity
of the high molecular mass band at 40 -45 kDa. Lysates of D65C and WT cells
without pretreatment were prepared for SDS-PAGE using non-reducing sam-
ple buffer (lane 1) or reducing sample buffer (lane 2). Alternatively, intact cell
monolayers were pretreated with 10 mm dithiothreitol (lane 3) or 110 mm
Cu(ll)-phenanthroline (lane 4) for 5 min to reduce and oxidize cysteines,
respectively. The reagents were vigorously washed off prior to cell lysis, and
samples were prepared with non-reducing buffer. The blot shows that prep-
aration of the sample under reducing conditions or pretreatment of the cells
with reducing reagent decreases the high molecular mass band.

cate that the introduction of cysteine at position 65 enables
individual claudin-2 units to form intermolecular disulfide
bonds that could lead to the formation of claudin dimers.

Base-line Permeability and Selectivity of Cysteine Mutants of
Claudin-2—The effect of cysteine mutagenesis on the electro-
physiological characteristics of claudin-2 was determined in
Ussing chamber measurements of conductance and dilution
potentials. Fig. 3 shows representative results of two clones of
WT claudin-2 and each cysteine mutant, expressed in MDCK I
TetOff cells. The expression of WT claudin-2 led to a ~10-fold
increase in conductance (Fig. 3A4), which was due to an increase
in Na™ permeability (P;,) (Fig. 3B), in agreement with previous
observations (5, 13, 14). CI~ permeability (P.) was also
increased (Fig. 3C) but to a lesser extent than Py, yielding a
ratio of Py, /P, of about 8 (Fig. 3D), consistent with a role of
claudin-2 to form cation-selective pores within the tight junc-
tion. Py, P and Py, /P, of the cysteine mutants, except for
D65C, were similar to WT claudin-2, with only minor or incon-
sistent differences; one of the Y35C clones had a lower perme-
ability, whereas both 166C clones had a slightly higher P, and
conductance compared with WT claudin-2. The most striking
differences, however, were observed for D65C, which consis-
tently showed a low conductance, which was due to a low Py,
whereas P, was increased. Accordingly, Py;,/P-, was drastically
decreased (Fig. 3D), showing that D65C is much less cation-
selective than WT claudin-2. Interestingly, these results are dif-
ferent from data obtained with the D65N mutant of claudin-2,
which also showed a decrease in Py, but remained highly cat-
ion-selective (5).

Next, we measured bi-ionic diffusion potentials to test
whether mutation of claudin-2 affected the relative permeabili-
ties of different alkali metal ions (P, ) and hence the Eisenman
sequence (23). The Eisenman sequence can be used as a meas-
ure of the strength of the electrostatic interaction between
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mutants, Y35C, H57C, and 166C,

251
Tl and WT claudin-2 (Fig. 4C). How-
€ 107 B @ 207 ever, D65C had a higher permeabil-
o 87 5 5 ity to nitrogenous cations with a
% 64 - 7 Té o et selectivity sequence that was similar
S X 101 to their relative mobilities in free
2 4 s solution (25). The diameters of WT
3 2. o 59 and mutant claudin-2 pores were
0 estimated by fitting the permeabili-
WT Y35C H57C D65C 166C WT Y35C H57C D65C 166C  ties of methylamine, ethylamine,
and tetramethylammonium to a
C 6 D 124 Renkin equation, as described pre-
s R 10- * . :f_ viously (5). The pore diameters
Q] % e H obtained for WT claudin-2 and
5 4 s 81 i Y35C, H57C, and 166C fell within a
:?9 3 D\; 6 h narrow range of 6.6—7 A, similar to
x i | previous estimates for WT clau-
5 . 4 din-2 (4, 5). However, D65C had a
11 27 N significantly larger pore diameter of
102 = 1.2 A. In summary, the

0

WT Y35C H57C D65C 166C

p < 0.01; *** p < 0.001.

charged binding site(s) within a channel or pore and permeat-
ing ions. WT claudin-2 exhibits a relatively high permeability
for small cations, such as Li™, that have a high charge density
and, consequently, large hydration shell, and low permeability
for large, poorly hydrated cations, such as Cs*. We interpret
this as indicating that the claudin-2 pore is narrow so that cat-
ions permeate in a partially dehydrated form and that there is a
strong negatively charged intrapore binding site that is able to
offset the high energetic cost of dehydration for small cations
(5). The relative permeabilities of alkali metal ions (normalized
to Py, Fig. 4A) in Y35C, H57C, and 166C were identical to WT
claudin-2. In contrast, the relative permeabilities of larger cat-
ions (K™, Rb™, and Cs™) were increased in D65C compared
with WT, whereas that of Li " was slightly decreased (Fig. 4B) so
that the permeability sequence was similar to the sequence of
free solution mobilities of these ions (24). We know that this is
not solely due to loss of the negatively charged binding site at
Asp®®, because neutralizing this site by mutating it to aspara-
gine (D65N) only decreases relative Li™ permeability but does
not affect the permeability to larger cations, as we have previ-
ously shown (5). The data suggest that cysteine mutagenesis of
Asp®® widens the pore, allowing the relatively unhindered dif-
fusion of hydrated ions.

This hypothesis was tested by measurements of the perme-
abilities (P,;..) to larger organic cations. The relative perme-
abilities (Py;./Py,) of five nitrogenous cations, methylamine,
ethylamine, tetramethylammonium, tetraethylammonium,
and N-methyl-p-glucamine, were similar between the cysteine
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WT Y35C H57C D65C

FIGURE 3. Characterization of the electrophysiological properties of claudin-2 by Ussing chamber meas-
urements of conductance and the transepithelial NaCl dilution potential. The figure shows representative
data from two independent clones of MDCK | TetOff cells for each WT or cysteine mutant claudin-2. The results
were corrected for the base-line conductance and permeability obtained with uninduced (Dox™) cells and
represent the macroscopic conductance and permeability of claudin-2 pores. A, conductance of MDCK | TetOff
cells induced to express WT and mutant claudin-2. The conductance of uninduced cells was typically <1
millisiemens (not shown). B,Na™ permeability (Py,). C,Cl~ permeability (P, of claudin-2 pores, calculated from
the dilution potential. D, permeability ratio of Na™ to Cl~ (Py,/Pc). The diagram shows that D65C is much less
cation-selective than WT claudin-2 and the other cysteine mutants. Data points represent means of 3-4 fil-
ters = S.E. p values refer to statistically significant differences in comparison with WT claudin-2. *, p < 0.05; **,

I66C  results show that the base-line per-

meability characteristics of cysteine
mutants of claudin-2 are similar to
those of WT claudin-2, with the
exception of D65C, which shows a
dramatic loss in charge selectivity,
change in alkali metal Eisenman
sequence, and widening of the pore.

Screening for the Accessibility of
Engineered and Endogenous Cysteines
to Thiol-reactive Reagents—In the next set of experiments, we
analyzed the structure of the first extracellular domain of clau-
din-2 by testing the accessibility of engineered cysteines to
membrane-impermeant thiol-reactive reagents that covalently
bind to free cysteines. The thiol-reactive reagents that we used
in this study were MTS molecules of different size and charge
and the mercury derivative, pPCMBS. The chemical structure,
size, and charge of each reagent are listed in Table 2. A basic
assumption is that only reduced cysteines that are accessible
from the extracellular aqueous phase can react with these,
mostly lipid-insoluble, reagents. Claudin-2 also contains two
conserved endogenous cysteines in the first extracellular
domain of unknown function that could potentially undergo
reaction.

First, we tested whether thiol-reactive reagents modify the
conductance of WT and mutant claudin-2 pores. Representa-
tive data of time-dependent changes in conductance upon the
addition of MTS or pCMBS in induced or non-induced cells are
shown in Fig. 5, and the quantitation of these effects is summa-
rized in Fig. 6A. The positively charged molecule, MTSET,
induced a rapid decrease in the conductance of 166C (~25%)
and, to a much lesser extent, of H57C but had only very small
effects on WT claudin-2 or the other cysteine mutants (Fig. 5A4).
Similarly, the smaller positively charged reagent, MTSEA,
strongly decreased the conductance of 166C but induced only a
slight decrease in the conductance of WT and the other
mutants (Fig. 5B). All of the reagents we tested had little or no
effect on the conductance of uninduced (Dox™) cells, thus con-
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The lack of effect of MTSACE
and MTSES on 166C could be
because the reagents were unable to
gain access to the cysteine at posi-
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the pore. To distinguish between
these two possibilities, we tested
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FIGURE 4. Ussing chamber measurements of bi-ionic diffusion potential to determine the permeabilities
of WT and mutant claudin-2 for alkali metal ions (Eisenman sequence) and nitrogenous cations. A, the
permeabilities of WT claudin-2, Y35C, H57C, and 166C to alkali metal ions are plotted as relative data compared
with Na* permeability. B, relative permeabilities of D65C and D65N to alkali metal ions in comparison with WT
claudin-2, showing anincrease in the relative permeabilities of D65C to larger cations. C, relative permeabilities
of the nitrogenous cations, methylamine (MA), ethylamine (EA), tetramethylammonium (TMA), tetraethylam-
monium (TEA), and N-methyl-p-glucamine (NMDG). All were increased for D65C compared with WT claudin-2.
The permeabilities of MA, EA, and TMA were fitted to a Renkin equation by non-linear regression to obtain the
pore diameter, which was found to be as follow (+S.E.): 7.0 = 0.8 A (WT), 6.9 = 0.1 A (Y35C), 6.7 + 0.1 A (H57C),
10.2 = 1.2 A(D65C), 6.6 + 0.3 A (166C). Data points represent means of four filters = S.E.*, p < 0.05; **,p < 0.01;
***¥ p < 0.001. p values refer to statistically significant differences in comparison with WT claudin-2.

firming that these reagents modulate the conductance of clau-
din-2 and not of endogenous paracellular or transcellular trans-
port proteins. Moreover, the lack of effect of these reagents on
WT claudin-2 indicates that their effects on 166C were not due
to their reaction with the endogenous cysteines in the first
extracellular domain but were specific for the engineered cys-
teine at position 66.

We also tested thiol-reactive reagents that were negatively
charged or uncharged. Like MTSET and MTSEA, the nega-
tively charged reagent, pCMBS, strongly decreased the con-
ductance of I66C but did not affect WT claudin-2 (Fig. 5D). In
contrast, another negatively charged reagent, MTSES, initially
increased the conductance of 166C slightly, followed by a mod-
est decrease. The initial slight increase in conductance was also
observed with WT and the other claudin-2 mutants (Fig. 5C,
only WT and 166C shown). The neutral reagent, MTSEA-bio-
tin, reduced the conductance of I66C by 27%, whereas the neu-
tral MTSACE had minimal effects on 166C that were no differ-
ent from WT (Fig. 6A).
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Apart from 166C, the thiol-reac-
tive reagents had minimal effects
on the other claudin-2 cysteine
mutants. Again, this could be
explained by two possible hypothe-
ses; either these cysteines are inac-
cessible to the reagents, or covalent
binding of the reagents does not
influence conductance (e.g if the
cysteine does not line the permeation pathway). Because none
of the thiol-reactive reagents had functional effects on conduct-
ance of these other mutants, we could not use a cysteine pro-
tection experiment. Thus, to distinguish between these two
hypotheses we used a biochemical approach in which MTSEA-
biotin was used to label accessible cysteines in intact cell layers.
The reaction was followed by immunoprecipitation of biotiny-
lated proteins from the cell lysate with streptavidin beads and
analysis of biotinylated claudin-2 by Western blots. In parallel,
whole cell lysates were prepared to quantify the overall expres-
sion of claudin-2 in different clones. As expected, 166C was
biotinylated, whereas WT claudin-2 showed minimal biotiny-
lation Fig. 6C). Interestingly, the other mutants were also bio-
tinylated. Remarkably, the strongest signal of biotinylated clau-
din-2 was obtained with Y35C. Normalized to the overall
amount of claudin-2 expression, the signal for Y35C was almost
50 times stronger than for WT and 6 times stronger than for
166C, respectively. This result contrasts with the conductance
measurements in which the response of Y35C to various MTS
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TABLE 2
Structure, size, charge, and working concentration of thiol-reactive reagents used in this study*
Name Abbreviation Net Mol. weight | Length [A] | Reaction rate Working Structure
charge [g/mol] x width [A] constant concentration
M's?x 10%° [mM]
(2-aminoethyl) MTSEA + 236 10x 4.8 7.6 2.5 O)\s’(O N
methanethiosulfonate HC™ 78
[2-(trimethylammonium) MTSET + 278 11x58 21.2 1 o0 ﬁHéH
ethyl] methanthiosulfonate IR SVl
[3-(triethylammonium) MTSPTrEA + 334 13.7x 8 n/a 1 SN KCH3
propyl] Hac’s\s/\/\N‘/\CH3
methanthiosulfonate kCH:1
(2-sulfonateoethyl) MTSES - 242 11.3x5 1.7 5 o0 .
methanethiosulfonate HSC/S\S/\/S\(S o
4-(chloromercuri) pCMBS - 415 10x6 n/a 0.5 9
benzenesulfonic acid C'”*"@’S\go
[2-(amincarbonyl)ethyl] MTSACE Neutral 183 112x4.8 n/a 2 Oy /\/ﬁ\
methanthiosulfonate H ™ s NH,
N-biotinylaminoethyl MTSEA-bio Neutral 382 MTS + n/a 2:5 Q N
methanethiosulfonate connector: HC S \/\Nm
15x4.8 % HNYNH
Biotin: 4
9x5.2
* Reagents are listed in order of net charge and increasing size.
" Determined by reaction with B-mercaptoethanol, from Table II in Ref. 16. n/a, not available.
A MTSET B MTSEA
129 ) 109+ 117 MTSEA

117
MTSET
11 Dox 10 1 * g-DOX 107 _k_-

10 A 9 - 8 1 9 1 k-

9 A 8 - 7 8 -
= = |
7 M 7
e r— — 14 N—”
Dox+ — (- 50 sec 6 - —
50 sec Dox+ — 50 sec
0 - 0 - 50 sec
C ., _MTSES D pCMBS
11 7 l 10 1 ¥ m wt
10 Jm g {Dox- m Y35C
9 H57C
8 -
m D65C
8 1 7
M [66C
7 6
11 — 1 1 Dox+ —
Dox+ 50 sec X 50 sec
0- 0-

FIGURE 5. Time-dependent measurements of conductance of WT and mutant claudin-2 and effects of thiol-reactive reagents. MTS and pCMBS were
added to both sides of the cell monolayers mounted in Ussing chambers. The graphs show representative data of induced and uninduced cells incubated with
MTSET (1 mm) (A), MTSEA (2.5 mm) (B), MTSES (5 mm, only WT and 166C shown) (C), and pCMBS (0.5 mm, only WT and 166C shown) (D). In all measurements, the
effects on uninduced cells were very small.

reagents was minimal (Figs. 5 and 6A). The data suggest that ductance. We focused on 166C due to its large response to MTS

engineered Cys>” is located outside of the pore or at the pore compared with other cysteine mutants.

entrance and able to react with large molecules, such as The overall rate of reaction between accessible cysteines and

MTSEA-biotin, without affecting ion conductance. MTS is dependent on the rate of diffusion of the MTS reagent
Kinetics of Reaction of MTS with 166C—In the following through the unstirred layers at the cell surface, the rate of its

experiments, we analyzed the rate at which modification of diffusion through the aqueous paracellular pore to the site of

166C by MTS reagents leads to the observed changes in con- reaction, and its rate of covalent reaction with the thiol group of
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Modification  of Paracellular
Pores of 166C by Thiol-reactive
Reagents—The next set of experi-
ments was designed to investigate
the mechanism by which the con-
ductance of I66C is inhibited by
thiol-reactive reagents. This could
be due either to a partial or com-
plete steric blocking of the pore or
to electrostatic effects inhibiting ion
permeation. To distinguish between
these possibilities, we performed
four different experiments.
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FIGURE 6. A, quantification of SCAM conductance measurements. The diagram shows the relative changes in
conductance of WT and mutant claudin-2 induced by different MTS reagents. The data are means of three
filters = S.E. of representative experiments, measured 3 min after the addition of MTS. B, testing the reaction of
MTSES and MTSACE with 166C. Cells expressing 166C were preincubated with either MTSES or MTSACE for 5 min
prior to the addition of MTSEA. Control cells were not preincubated. Preincubation with either MTSES or
MTSACE largely prevented the inhibition of conductance by MTSEA. C, Western blot of claudin-2 to test the
reaction of endogenous and engineered cysteines with MTSEA-biotin. Intact cell layers were incubated with
MTSEA-biotin, and cells were homogenized with radioimmune precipitation buffer. Samples were taken from
the whole cell lysate to test overall claudin-2 expression (bottom). Biotin-labeled proteins were affinity-purified
with streptavidin-coated agarose beads, and biotinylated claudin-2 was detected using a claudin-2-specific
antibody (top).
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FIGURE 7. Kinetics of the inhibition of conductance of 166C by different MTS reagents. Cationic MTS
reagents of increasing size, MTSEA, MTSET, and MTSPTrEA, and the uncharged reagent, MTSEA-biotin, were
used. A, raw data showing change in normalized conductance with time after adding the MTS reagent.
B, relationship between the molecular mass of the reagent and the second order rate constant, k.

First, the effect of thiol-reactive
reagents of different size and charge
on Py, and P, was determined by
measuring dilution potentials. Fig. 8
summarizes the effects of MTSET,
MTSEA, MTSEA-biotin, and
pCMBS on the conductance, Py,
and P of 166C. The reagents
caused a 20% (MTSET) to 40%
(pCMBS) decrease in conductance
(Fig. 8A), which correlated with
similar changes in both P, (Fig. 8B)
and P, (Fig. 8C). The observation
that the decrease in ion permeabil-
ity was similar regardless of the net
charge on the thiol-reactive reagent
and that none of the reagents
altered the charge selectivity of
claudin-2 pores argues strongly
against an electrostatic effect of the
covalently bound reagent on per-
meant ions.

Second, the Ca®* permeability of
MTSET-treated and -untreated
cells was determined by radiotracer

the substituted cysteine. Fig. 7A shows the time course of inhi-
bition of the conductance of I66C by four MTS reagents differ-
ing in size and charge: MTSEA, MTSET, MTSPTrEA, and
MTSEA-biotin. For reagents for which the rate constant for
reaction with free thiol groups was known, the concentration
was adjusted accordingly. Thus, MTSEA was added in a 2.5-
fold higher concentration than MTSET to compensate for its
2.5-fold lower second order rate constant (Table 2) (16). From
these data, the pseudo-first order rate constant of inhibition, k',
was determined by non-linear regression. The second order
rate constant, k, was obtained by dividing k&’ by the concentra-
tion of the reagent (Fig. 7B). The data showed that with increas-
ing size of the reagent, the maximum amount of inhibition
tended to increase (with the exception of MTSEA-biotin),
whereas the reaction rate constant decreased (k, mean = S.E.
from n = 3): 105 * 21 m~* s (MTSEA), 53.5 + 87 M ' s!
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flux assays. Electrostatic changes
would be expected to exert disproportionately larger effects on
divalent ions compared with monovalentions. MTSET induced
adecrease in P, by about 50% (Fig. 94), which is approximately
double that observed for Na™. This is a relatively small differ-
ence (compare the effect of abolishing a single negatively
charged binding site at Asp®®, which decreased P, by 95% (5))
that can be attributed to the slightly larger radius of Ca** (0.99
A, compared with 0.97 A of the dehydrated Na™ cation).
Third, electrostatic interactions at the entrance of a pore or
channel between charged amino acid residues and ions, so-
called surface charge effects, can be identified by decreasing the
ionic strength of the solution and become detectable at low ion
concentrations as deviations from the Michaelis-Menten rela-
tionship between conductance and ion concentration (26). We
performed measurements of the conductance-concentration
relationship of I66C at varying NaCl concentrations to identify
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FIGURE 8. Ussing chamber experiments with 166C to determine the effect
of thiol-reactive reagents of different size and charge, MTSEA, MTSET,
and MTSEA-biotin pCMBS, on conductance (A), Na* permeability (Py,)
(B), and CI~ permeability (P(,) (C) of claudin-2 pores. The MTS-and pCMBS-
induced decreases in conductance correlate with similar changes in P, and
Pc,. Data points represent means of four filters = S.E. The data are corrected
for measurements with uninduced cells. ¥, p < 0.05; **, p < 0.01; ***, p <
0.001. p values refer to statistically significant differences compared with con-
trol cells.

potential surface charge effects created by the headgroup of
MTSEA. Fig. 9B shows that inhibition of conductance by
MTSEA did not affect the relationship between conductance
and the NaCl activity of the medium, which is normally linear
within physiologic range (5).

Finally, we measured the permeability of different alkali
metal cations to test if covalent modification of 166C by M TS or
pCMBS affects the Eisenman sequence of claudin-2 pores. We
previously showed that cation permeation through claudin-2
pores requires a negatively charged binding site at Asp®® (5). If
the positively charged MTS reagent neutralized the charge at
this binding site, one would expect that the reduction in cation
conductance would be accompanied by a disproportionate
reduction in the smallest and most heavily hydrated cations
(Li* and Na™) and a shift in the Eisenman sequence to a lower
number (24). Instead, treatment with MTSET actually led to a
disproportionately larger decrease in the relative permeability
of larger cations, K*, Rb*, and Cs™, and less inhibition of Li*
and Na* permeability (Fig. 10A). Similar results were obtained
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with MTSEA (not shown). Taken together, these four experi-
ments exclude electrostatic interaction between covalently
bound thiol-reactive reagents and permeant ions as the mech-
anism of inhibition.

The most plausible interpretation of the effect of MTSEA
and MTSET on the alkali cation permeabilities is that these
reagents partially block the permeation pathway for the dehy-
drated cation in a charge-independent manner. Thus, cations
with larger unhydrated ionic radius are disproportionately
inhibited. Consistent with this, MTSET also caused a dispro-
portionate inhibition of the large organic cation, methylamine
(radius 1.89 A), and there was a trend toward a similar effect for
ethylamine (radius 2.29 A) (Fig. 10A).

A prediction of this model is that if we use a reagent suffi-
ciently large to completely block the pore, then permeation of
cations would be inhibited equally, regardless of their size. Con-
sistent with this, although the larger neutral reagent, MTSEA-
biotin, also disproportionately inhibited the larger cations more
than the smaller ones (Fig. 10B), the effect was less than for
MTSET. Finally, pCMBS, which is also large but much more
rigid than the MTS reagents and showed the greatest inhibition
of Na™ conductance, showed no size selectivity at all (Fig. 10C).
Our results are consistent with a model in which thiol-reactive
reagents act to inhibit the 166C claudin-2 pore conductance by
steric block of the permeation pathway for dehydrated ions.

DISCUSSION

Effect of Cysteine Substitutions on Base-line Properties of
Claudin-2—Here, we describe for the first time the use of cys-
teine scanning to investigate the structure of paracellular pores.
The introduction of cysteines at various positions of the first
extracellular domain did not affect the subcellular localization
of claudin-2 compared with the WT protein, and the expres-
sion of exogenous claudin-2 did not alter the expression of
endogenous claudin isoforms. Recent studies from our group
and others have shown that claudin pores are charge-selective
(Pna/Pcy ~ 8) and small (~6.5— 8-A diameter) (4, 5). Our data
show that the substitution of Tyr®®, His*’, and 1le®® with cys-
teine does not affect these properties, suggesting that none of
these residues in claudin-2 is directly involved in the mecha-
nism of ion permeation and that their substitution does not lead
to changes in protein conformation. The conductance of some
clones differed from that observed for WT claudin-2, which
was most likely an artifact of clone-dependent variations in
claudin-2 expression. In contrast to our results, the substitution
of homologous residues in other claudin isoforms, including
claudin-4, -10a, -10b, -15, and -16 (6, 7, 27) (Table 1), led to
drastic changes in ion permeability and, in some cases, even to
reversal of charge selectivity. This could reflect isoform-
dependent differences in the localization and role of individual
residues between different claudins.

Asp® Is Located near an Intermolecular Interface—In con-
trast to the other cysteine mutants, D65C showed a striking loss
in both charge and size selectivity and an increase in the pore
diameter. The unusual properties of D65C pores can be
explained by two mechanisms. First, Asp®® is a site for electro-
static interaction that binds to permeating dehydrated cations.
Accordingly, the substitution of Asp®® with cysteine or, as
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FIGURE 9. Testing electrostatic effects created by positively charged MTS after reaction with 166C.
A, measurements of Ca®>* permeability (Pc,) of control and MTSET-treated cells, grown on Transwell filters, by
tracer flux experiments (n = 4). B, to unmask surface charge effects, the dependence of conductance on ionic
strength was determined in Ussing chambers. The NaCl activity of the medium of control and MTSEA-treated
cells was gradually increased from 0 to 90 mm, replacing with mannitol as needed to maintain osmolality (n =

3). *** p < 0.001, compared with control.

described previously, asparagine (5), would cause a decrease in
the paracellular permeability of cations and reduction in charge
selectivity. Second, the increase in the pore diameter permits
passage of larger ions, perhaps even in their hydrated form. Our
data show that the cysteine at position 65 forms intermolecular
disulfide bonds. We suggest that this causes a conformational
change in the extracellular fold, leading to the observed
increase in paracellular pore diameter.

The spontaneous or chemically induced formation of disul-
fide bridges between engineered cysteines has been widely used
to identify protein oligomerization and sites of protein-protein
interaction (28, 29). There is already accumulating evidence for
oligomeric protein assembly of claudins. Some claudins, for
instance, appear as oligomers, up to hexamers, in perfluo-
rooctanoic acid-PAGE (30, 31). Blasig et al. (9) used fluorescence
resonance energy transfer to demonstrate the self-association of
claudin-5, which seems to be mediated by trans-dimerization of
the second extracellular domain (11). Our data support a model
in which individual claudin units are in sufficiently close prox-
imity to interact with their extracellular domains to form
dimers. For a disulfide bond to form, the Cys® 8-carbons of two
adjacent claudin-2 molecules, which are predicted to face into
the pore lumen, must be separated by less than 7 A (32). How-
ever, it is possible that they could be further apart if there is
sufficient flexibility and motion in the region of the protein
where the cysteines are located. Indeed, the fact that disulfide
bonding leads to conformational changes supports this idea. It
is not clear at this point whether D65C forms disulfide bridges
with another claudin-2 molecule (homodimerization) or if it
interacts with endogenous cysteines of other claudin isoforms
to form heterodimers and if this interaction occurs within the
same membrane (cis) or between adjacent membranes (trans).
These questions will be addressed in future experiments by co-
immunoprecipitation and co-cultures of cells expressing differ-
ently tagged claudins.
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; (I\:/Io'lr'] gg’-\ pathway (15). We assume that only
cysteines that are located at the
water-exposed surface of the pro-

T T | tein and accessible from the bulk
60 80 100 solution can react with hydrophilic

thiol-reactive reagents. Lack of
reaction indicates that cysteines are
buried in the protein interior, steri-
cally blocked, or in an oxidized state
(16). Claudin-2 contains two endog-
enous cysteines in the first extracel-
lular domain that are conserved
among all claudin isoforms. It has
been suggested that the conserved cysteines form an intramo-
lecular disulfide bond (3), although this has not been supported
yet by experimental evidence. MTSEA slightly increased the
conductance of WT claudin-2 (Fig. 5). This result should be
regarded somewhat skeptically, since a considerable fraction of
MTSEA is deprotonated and, hence, membrane-permeable at
physiologic pH, which enables MTSEA to react with cysteines
from the cytosolic side. MTSES slightly increased the conduct-
ance of WT claudin-2. This could indicate a reaction with the
endogenous cysteines and increase of cation permeation by
electrostatic interaction with the negatively charged headgroup
of MTSES. On the other hand, WT claudin-2 was only very
weakly labeled by MTSEA-biotin, which argues against acces-
sibility of the endogenous cysteines (Fig. 6C). We conclude that
SCAM studies on claudin-2 do not require elimination of
endogenous cysteines, since the effects of MTS on WT clau-
din-2 are only minor.

Tyr®® Is Located outside the Pore and Exposed at the Surface—
Three of four cysteine mutants, Y35C, H57C, and D65C,
showed only small to moderate responses to the addition of
MTS in conductance measurements. However, Y35C strongly
reacted with MTSEA-biotin, proving that engineered C35 is
easily accessible to this bulky reagent. The results suggest that
Tyr®® in claudin-2 does not line the lumen of the pore but is
most likely located outside of the pore or at the pore entrance.
In the claudin-2 sequence, Tyr®® is much more N-terminally
located than the other residues that we tested, suggesting that
pore-lining residues, including Asp®® and 1le®® (see below), are
more C-terminally located. This is also consistent with obser-
vations by the Anderson laboratory (6, 7) that residues that
seemed to influence the charge selectivity of ion permeation are
mostly located in the C-terminal half of the first extracellular
domain. H57C was inhibited slightly by MTSET but to a lesser
extent than 166C and was also labeled with MTSEA-biotin but
less than Y35C. Furthermore, MTSET decreased the conduct-
ance of H57C more than the smaller MTSEA, which had min-
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g * - control GE') -= control 3) (16) have been determined by
o 0.8 1 o 0.8 1 Karlin and Akabas and are 700 and
= - MTSEA-bio = “-pCMBS 4000 times faster, respectively, than
= 06 . . : = 06 i i , the overall reaction rates we
1 9 3 4 1 9 3 4 observed (Table 2). We have esti-
. . mated the unstirred layer thickness
diameter [A] diameter [A] and, from this, estimated that the

FIGURE 10. Bi-ionic diffusion potential measurements to determine the effect of different MTS reagents
and pCMBS on the relative cation permeability properties of 166C. The data were plotted as relative data
compared with Py,. A, effect of MTSET on the relative permeabilities of alkali metal cations (Eisenman
sequence) and nitrogenous cations of different diameter. Shown are the effects of MTSEA-biotin (B) and
pCMBS (C) on the Eisenman sequence of 166C. Data points represent means of four filters = S.E. *, p < 0.05; **,
p < 0.01; ***, p < 0.001. p values refer to statistically significant differences compared with untreated control

cells.

imal effect. These observations suggest that, unlike Tyr®®, His*”
is located in the pore but in a wider part than Ile®®, perhaps in a
vestibule. Because D65C formed disulfide bonds, its MTS reac-
tivity was not informative. However, our previous observations
already suggest that it is located in a narrow part of the pore (5).

I1e°° Is Buried in a Narrow Part of the Pore—The most strik-
ing effects on conductance by thiol-reactive reagents were
observed with 166C, so these are discussed in detail. The major-
ity of MTS reagents that we tested, as well as pCMBS, signifi-
cantly inhibited the conductance of 166C. This strongly sug-
gests that the engineered Cys®® lines the aqueous lumen of the
paracellular pore so that covalent binding of various thiol-reac-
tive reagents impedes ion permeation. Alternatively, the reac-
tion of MTS and pCMBS with Cys®® may lead to changes in
gating of claudin-2 pores and a decrease in the macroscopic
conductance. The latter explanation seems less likely for three
reasons. First, gating mechanisms such as ligand-controlled
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rate of diffusion of MTS regents
through this layer (step 1) is sub-
stantially faster than the overall rate
of reaction that we observed (sup-
plemental material). Furthermore,
the decrease in rate of reaction that
we observed with increasing molecular size was much greater
than would be expected for simple diffusion through an aque-
ous unstirred layer. We therefore conclude that the rate-deter-
mining step is diffusion of the MTS reagents within the clau-
din-2 pore (step 2). Thus, the steep dependence of the overall
rate on the molecular size of the reagent (Fig. 7A) suggests that
Cys®® is located within a relatively narrow portion of the pore so
that access to it by the larger MTS reagents is sterically
constrained.

If Cys®® is indeed buried in the narrow part of the pore, the
size and shape of the molecules that can react with it may reveal
information about the geometry of the access pathway. Mole-
cules like MTSEA, MTSET, and pCMBS are small enough to fit
into the narrowest part of claudin-2 pores (diameter 6.5-7 A)
(5) unless permeation is restricted by other factors (e.g. charge
selectivity). However, Cys®® also reacts with larger reagents,
MTSPTrEA and MTSEA-biotin, whose dimensions exceed the
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166 166

D65 D65 D65 D65

WT D65C

166C

FIGURE 11. Model of claudin-2 showing the putative location of the mutated residues in the first extracellular domain. The pore is hypothesized to be
ahomomultimer (residues from 2-3 subunits are shown). Wild-type claudin-2 (WT) is depicted in the left panel, and the consequences of cysteine mutagenesis
are showninthe other panels. D65 is located in the narrowest part of the pore facing the lumen and close to an intersubunit interface, so that the D65C mutation
leads to dimerization by disulfide bonding. lle®® is also within the pore facing the lumen, but residues from neighboring subunits are further apart, so that
disulfide bonding in 166C is precluded. Thiol-reactive MTS reagents (green) enter the pore to react with 166C, partially blocking the pore to ion permeation. Only
asingle MTS molecule is accommodated in each pore. Tyr*® is outside the pore facing extracellularly. Thus, reaction of MTS reagents with Y35C does not block
the pore. Furthermore, because there is no steric restriction, every Y35C residue can react with an MTS molecule, so that multiple MTS molecules are associated

Y35C

with each pore multimer.

pore diameter. The dimensions of MTSPTrEA are about 13.7 X
8 A, with the triethylammonium group being the widest part of
the molecule and about 6 A away from the reactive disulfide.
MTSEA-biotin consists of the flexible MTS-derivate chain with
dimensions of about 15 X 4.8 A connected to a biotin group of
about 9 X 7 A. We therefore hypothesize that the claudin-2
pore has a conical shape. We envision that I1e®® in WT clau-
din-2 is located in the narrow region of the pore accessible
through an opening of at least 4.8 A in diameter, which opens
up to at least 8—9 A to incorporate the bulky triethylammo-
nium group of MTSPTrEA and the biotin of MTSEA-biotin.
Thiol-reactive Reagents Inhibit 166C by Steric Blocking—Our
data suggest that covalent modification of Cys®® leads to a steric
blocking of the pore and that changes in the electrostatic inter-
actions of the thiol-reactive reagent with permeant ions are of
minor importance. This is supported by our findings that 1)
cationic, neutral, and anionic thiol-reactive reagents decrease
the conductance of 166C without affecting the charge selectivity
of the pore, and 2) we could not find evidence for surface charge
effects by charged MTS. It is not clear at this point why MTSES
and MTSACE fail to significantly block ion permeation,
although these molecules have dimensions comparable with
those of MTSEA and MTSET. Our data show that both
reagents block the access of MTSEA, but it is unclear if they
directly react with Cys®® or if accessibility is blocked by another
mechanism (e.g. by reaction with other proteins of the tight
junction complex). Such differences in the effect of thiol-reac-
tive reagents of similar size, charge, and/or chemical properties
have also been observed by many investigators in other SCAM
experiments and are probably related to differences in their
shape and orientation. For example, Xu and Akabas (33) meas-
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ured strong inhibition of conductance of multiple pore-lining
cysteine mutants of the y-aminobutyric acid type A receptor «;
unit with pCMBS but not with MTSES. They postulated that
this difference might exist because MTSES is quite flexible,
whereas the benzene ring in pCMBS makes it rigid. Thus, in
MTSES the sulfonate group on one end can potentially rotate to
a position adjacent to the reactive thiosulfonate on the other
end and inhibit its reactivity with cysteine thiol groups.
Interestingly, thiol-reactive reagents do not completely
inhibit claudin-2 pores but decrease conductance only by 25%
(MTSET and MTSEA) to 45% (pCMBS). One possible explana-
tion is that only a subpopulation of all pores (25% in the case of
MTSET) is inhibited. Such a scenario could be possible if clau-
din-2 participated in the formation of different subpopulations
of pores that differ in structure and hence accessibility to MTS
(e.g homotypic and heterotypic pores formed between clau-
din-2 and other claudin isoforms). It is also possible that all
pores are equally inhibited, but for each one the unitary con-
ductance is reduced by only 25%. Also, a combination of both
scenarios could lead to the macroscopic observations. Zhou et
al. investigated a similar problem when studying channel-lining
residues in hemichannels of gap junctions, expressed in Xeno-
pus oocytes (34). Using a large maleimide derivate, maleimido-
butyryl biocytin, they observed ~40% inhibition of membrane
conductance and inhibition of the flux of a large but not of a
small tracer molecule. The authors concluded that maleimido-
butyryl biocytin partially blocks the hemichannels, leading to
an incomplete inhibition of the conductance of each channel.
Similarly, we observed that MTSET and MTSEA-biotin dispro-
portionately affect the permeability of claudin-2 pores to larger
cations (Fig. 10, A and B), which supports the idea of a partial
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block of each pore rather than the possibility that just a sub-
population of pores is inhibited. Interestingly, such a dispro-
portionate effect on larger cations was not observed with
pCMBS. This reagent differs substantially from MTS derivates
in terms of molecular structure and flexibility. Therefore,
pCMBS might inhibit the conductance of claudin-2 pores by
another mechanism. Further studies, including experiments
that address the activation energy of ion permeation, may be
needed to clarify how MTS reagents modify paracellular pores.
A partial blocking of the pore should reveal itself by an increase
in the activation energy of ion permeation. However, showing
this will be experimentally challenging, since this degree of
decrease in conductance (e.g. by 25%) is predicted to be caused
by a very small increase in activation energy (R7'In(1.25) = 0.14
kcal/mol).

Further Evidence That Claudin Pores Are Oligomeric—Our
biotinylation results also suggest that the claudin pore is oligo-
meric. Although 166C was clearly labeled by MTSEA-biotin, a
much stronger signal was obtained with Y35C (Fig. 6C). This
result at first sight seems puzzling, since our conductance
measurements showed a robust reaction between MTSEA-bi-
otin and 166C. These observations can be explained by a mul-
timeric model of the claudin-2 pore. In this model, MTSEA-
biotin has unhindered access to engineered Cys>?, so multiple
molecules can bind to a single pore complex. By contrast, Cys®®
is located in a narrow part of the pore, so binding of only one
bulky MTSEA-biotin molecule may be allowed. This would be
sufficient to sterically block access to the other Cys®® residues
inside of the pore, and hence, less biotin-labeled claudin-2
would be detected in the streptavidin pull-down assay. Fig. 11
summarizes our data in a model depicting the putative location
of each residue relative to the claudin-2 pore.

In conclusion, we have, for the first time, applied SCAM to
study paracellular transport and started to map the structure of
claudin pores. Our data suggest that claudin pores are oligo-
meric and probably conical in shape, that Ile®® faces the lumen
in anarrow region of the pore, and that covalent modification of
engineered Cys®® with thiol-reactive reagents leads to steric
blocking of the pore.
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