THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 10, pp. 6475-6484, March 7, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Comprehensive Cysteine-scanning Mutagenesis Reveals
Claudin-2 Pore-lining Residues with Different Intrapore

Locations™

Received for publication, December 5, 2013, and in revised form, January 14, 2014 Published, JBC Papers in Press, January 16, 2014, DOI 10.1074/jbc.M113.536888

Jiahua Li*®, Min Zhuo, Lei Pei*¥, Madhumitha Rajagopal’, and Alan S. L. Yu™'

From the *Division of Nephrology and Hypertension and the Kidney Institute and the "Department of Molecular and Integrative
Physiology, University of Kansas Medical Center, Kansas City, Kansas 66160 and the §Depan‘ment of Medicine, John H. Stroger, Jr.

Hospital of Cook County, Chicago, lllinois 60612

Background: The composition of the claudin paracellular pore region is incompletely known.
Results: Cysteine-scanning mutagenesis of the first extracellular domain of claudin-2 was used to identify all pore-lining

residues and their intrapore locations.
Conclusion: This study maps out the claudin-2 pore region.

Significance: This advances understanding of the structure-function relationship of claudin pores.

The first extracellular loop (ECL1) of claudins forms paracel-
lular pores in the tight junction that determine ion permselec-
tivity. We aimed to map the pore-lining residues of claudin-2 by
comprehensive cysteine-scanning mutagenesis of ECL1. We
screened 45 cysteine mutations within the ECL1 by expression
in polyclonal Madin-Darby canine kidney II Tet-Off cells and
found nine mutants that displayed a significant decrease of
conductance after treatment with the thiol-reactive reagent
2-(trimethylammonium)ethyl methanethiosulfonate, indicat-
ing the location of candidate pore-lining residues. Next, we sta-
bly expressed these candidates in monoclonal Madin-Darby
canine kidney I Tet-Off cells and exposed them to thiol-reactive
reagents. The maximum degree of inhibition of conductance,
size selectivity of degree of inhibition, and size dependence of
the kinetics of reaction were used to deduce the location of res-
idues within the pore. Our data support the following sequence
of pore-lining residues located from the narrowest to the widest
part of the pore: Ser®®, Ser®”, Thr®?/11e%S, Thr>%, Thr32/Gly*>,
and Met2. The paracellular pore appears to primarily be lined
by polar side chains, as expected for a predominantly aqueous
environment. Furthermore, our results strongly suggest the
existence of a continuous sequence of residues in the ECL1 cen-
tered around Asp®°—Ser®® that form a major part of the lining of
the pore.

Epithelia are sheets of cells that act as barriers between dif-
ferent body compartments. Ions can be transported across epi-
thelia via both transcellular and paracellular pathways. The
tight junction is the most apical intercellular junctional com-
plex and constitutes the paracellular barrier. Most transcellular
ion channels are formed by amphipathic transmembrane a-he-
lixes that cross the lipid bilayer, with the hydrophilic faces of the
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helixes lining the pore and the selectivity filter. In contrast,
paracellular ion transport occurs exclusively in the extracellular
space parallel to the plane of the lateral membrane of adjacent
cells. The three-dimensional structure of paracellular ion pores
is unknown. Paracellular ion permselectivity is determined by a
family of tight junction tetratransmembrane proteins known as
claudins (1, 2). All claudins have a large first extracellular loop
(ECL1)? that is believed to form the lining of paracellular ion
pores (3, 4), probably by the interaction of two claudin mole-
cules on adjacent cells (in trans), as well as the interaction of
two or more neighboring molecules within the same cell (in cis).
Claudins also have a second, smaller extracellular loop (ECL2)
that shares no homology with ECL1. There is no evidence that
ECL2 plays any role in determining pore selectivity (4); rather, it
seems to be important primarily for trans interactions (5).
The structure and molecular mechanism of claudin-2 has
been particularly well studied. It forms high conductance, para-
cellular cation-selective pores (6—8). The pore is estimated to
be 6.5-7.5 A in diameter (8,9). Cations are thought to permeate
through the pore in a partially dehydrated form (8). The energy
for dehydration is derived from the electrostatic interaction
between an intrapore acidic residue, Asp®®, and the permeating
cation (8) with a smaller contribution from cation-7r interac-
tion with Tyr®” (10). The substituted cysteine accessibility
method is commonly used to map the pore region of ion chan-
nels by showing inhibition of pore function when thiol-reactive
reagents modify the substituted cysteines in the pore region (11,
12). Claudins have two extracellular cysteines located in the
ECLI. In claudin-2, it has been shown that these cysteines form
an intramolecular disulfide bond and are inaccessible to thiol-
reactive reagents (13). Selective cysteine mutagenesis of four
residues in claudin-2 identified 1le®® as a pore-lining residue

2 The abbreviations used are: ECL, extracellular loop; MTS, methanethiosulfon-
ate; MTSEA, 2-aminoethyl methanethiosulfonate; MTSET, 2-(trimethylammo-
nium)ethyl methanethiosulfonate; MTS-PTrEA, 3-(triethylammonium)propyl
methanethiosulfonate; MTSEA-biotin, 2-((biotinoyl)amino)ethyl methane-
thiosulfonate; MTSES, 2-sulfonatoethyl methanethiosulfonate; MDCK, Madin-
Darby canine kidney.
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(14). Thus, the adjacent residues Asp®?, 1le®®, and Tyr®” in ECL1
are all known to line the paracellular pore.

In this study we set out to map out all the pore-lining residues
of claudin-2 by comprehensive cysteine-scanning mutagenesis
of the entire ECL1. The goal was to provide new insights into
the structure-function relationships of the claudin-2 pore,
which might also be generalizable to other pore-forming
claudins.

EXPERIMENTAL PROCEDURES

Generation of Polyclonal MDCK II Tet-Off Cell Lines Trans-
duced with Cysteine Mutations of ECLI1 of Claudin-2—For the
screening phase, the MDCK Il strain of renal epithelial cells was
chosen to establish polyclonal cell lines because they have a
more stable and homogenous epithelial phenotype than MDCK
I cells, making them more amenable to high throughput screen-
ing. Arg®'-Ala®** were predicted using TMHMM 2.0 (15)
(online server) to constitute the ECL1 of mouse claudin-2. Con-
structs in which each residue (excluding the two conserved cys-
teines: Cys®* and Cys®?, and five residues already mutated to
cysteine: Tyr®>, His®’, Asp®®, 1le®® (14), and Tyr®” (10)) was
changed to cysteine were synthesized (GenScript, Piscataway,
NJ) and cloned into the pRevTREP vector (16). All plasmids are
deposited in the PSI:Biology Materials Repository at Arizona
State University. These 45 plasmids were lipofected into the
viral packaging cell line, PT67, on a 96-well plate, and stable
clones were selected in 0.3 mg/ml hygromycin for 7-10 days.
Viral particles were collected from the PT67 cell growth
medium and used to transduce MDCK II Tet-Off cells (Clon-
tech). After 7-10 days in a 0.3 mg/ml hygromycin-selective
medium, stably transduced polyclonal MDCK II Tet-Off cell
lines were selected.

Immunoblotting— The protein expression of claudin-2 mutants
was tested by SDS-PAGE and immunoblotting. Confluent cells
grown on tissue culture dishes were mechanically lysed by pass-
ing through 25-gauge needles 10 times in a sucrose-histidine
lysis buffer containing 0.25 M sucrose, 30 mM histidine, 1 mm
EDTA at pH 7 with a protease inhibitor mixture (cOmplete
Mini; Roche Diagnostics). Cell lysates were dissolved in a
reducing SDS-PAGE buffer (1% (v/v) 2-mercaptoethanol
added) and heated at 75 °C for 10 min. 20 ug of protein samples
were loaded into a 12% polyacrylamide gel, electrotransferred
to a PVDF membrane, blotted with 1:500 mouse anti-claudin-2
antibody and 1:1000 rabbit anti-B-actin antibody (both from
Invitrogen) and appropriate horseradish peroxidase-conju-
gated secondary antibodies (GE Healthcare Bio-Sciences),
detected with the ECL chemiluminescent method (Thermo
Fisher Scientific), and digitally imaged and quantitated in an
ImageQuant LAS-4000 (GE Healthcare Bio-Sciences). Because
MDCK II Tet-Off cells have endogenous claudin-2 expression,
the total claudin-2 expression in both uninduced conditions
(Dox+) and induced conditions (Dox—) was first normalized to
its level of B-actin expression. The fold increase of B-actin-
normalized claudin-2 expression of the induced state (Dox—)
over the uninduced state (Dox+) was then used as a metric for
the relative expression level of exogenous claudin-2 mutants.

Immunofluorescent Staining—In the screening phase,
MDCK II Tet-Off cells were plated at confluent density on a
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96-well glass-bottomed plate. In the confirmatory phase (see
below), MDCK I Tet-Off cells were plated at a density of 10°
cells/1.16 cm® on 12-well Transwell plates and grown for 7 days.
The cells were washed in ice-cold PBS, fixed with 4% parafor-
maldehyde at 4 °C for 15 min, permeabilized, and blocked in
0.3% Triton X-100, 1% BSA, 5% goat serum in PBS for 1 h. They
were then incubated in primary antibodies (mouse anti-clau-
din-2, 1:500; rabbit anti-ZO-1, 1:500) for 2 h at room tempera-
ture, washed with PBS, incubated in secondary antibodies
(Alexa Fluor 488-conjugated anti-rabbit IgG and Alexa Fluor
555-conjugated anti-mouse IgG, both 1:1000) for 1 h, and
washed with PBS. All of the antibodies were purchased from
Invitrogen. The 96-well glass-bottomed plate was imaged
directly with an inverted epifluorescence microscope. To dem-
onstrate clearly the subcellular localization of each of the clau-
din-2 mutants (see Fig. 2), the brightness of each digitally
acquired image was adjusted using Adobe Photoshop CS3.
Each adjustment was applied to the entire image field without
altering the contrast or the gamma setting. For cells grown on
Transwells, the membrane were cut out from the holder and
mounted in ProLong anti-fade mounting medium (Invitrogen).
Slides were imaged with a Leica TCS SP2 multiphoton confocal
microscope all at the same settings.

Measuring the Transepithelial Resistance of the Polyclonal
MDCK II Tet-Off Cell Lines—Cells were plated at a density of
10° cells/1.16 cm® on 12-well Transwell plates either in the
presence of 50 ng/ml doxycycline to suppress transcription of
exogenously transfected claudin-2 (uninduced, Dox+) or in the
absence of doxycycline (induced, Dox—). On day 6, the filters
were transferred to the culture wells of a CellZscope automated
cell monitoring system (Nanoanalytics, Miinster, Germany)
and equilibrated overnight. On day 7, the transepithelial resis-
tance was measured at 1-h intervals for a period of 48 h. The
maximum transepithelial resistance in the Dox+ and Dox—
filters during this period was recorded and converted to its
reciprocal, conductance (Gp,,, . and G, _, expressed in mS).
The inducible conductance attributable to expression of each
exogenous claudin-2 mutant was calculated by subtracting the
mean of the G5, , values from the G, _ measurementin each
individual well for that particular mutant (at least three exper-
imental replicates for each).

Screening Assay of Pore Conductance Inhibition by MTSET—
The mutants (V44C, K48C, G49C, L50C, W51C, G60C, P74C,
and A79C) whose inducible conductance values were not sig-
nificantly greater than 0 were excluded in this assay. Cells were
plated at a density of 10° cells/1.16 cm? on 12-well Transwell
plates in uninduced conditions (Dox+) or induced conditions
(Dox—), transferred to the CellZscope on day 6, and equili-
brated overnight. On day 7, 100X concentrated stock of
(2-(trimethylammonium)ethyl methanethiosulfonate (MTSET)
bromide (Biotium, Hayward, CA) in PBS was added to the api-
cal and basolateral compartments of each well to reach a final
concentration of 1 mm. Stock solutions of this and all other
MTS reagents were freshly prepared, kept on ice, and used
within 1 h of preparation. The transepithelial resistance was
recorded at the zero time point and the 1-h time point and
converted to G (in mS). The change of conductance caused by
MTSET was calculated as follows,
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TABLE 1

Mapping Pore-lining Residues of Claudin-2

Size, charge, and working concentration of the thiol-reactive reagents used in this study

Reagents are listed in order of net charge, increasing size.

Net Molecular ‘Working Stock
Chemical name Abbreviation charge weight concentration concentration
g/mol mm

2-Aminoethyl methanethiosulfonate hydrobromide MTSEA + 236 2.5 100X
[2-(Trimethylammonium)ethyl] methanethiosulfonate bromide MTSET + 278 1 100X
3-(Triethylammonium)propyl Methanethiosulfonate bromide MTS-PTrEA + 334 1 100X
2-((Biotinoyl)amino)ethyl methanethiosulfonate MTSEA-biotin Neutral 382 1 5%

2-Sulfonatoethyl methanethiosulfonate MTSES - 219 5 100X

AG = (Gmox— - G1Dox+) - (GODox— - GODox+)

where G, ., and Gy, . are the mean conductance values in
the uninduced state (Dox+) at the 1-h time point and the zero
time point, respectively, and G, ., and Gyp,,_ represent the
induced conductance of each individual well at the 1-h time
point and the zero time point, respectively. To test for differ-
ences between the mean AG of each mutant and the mean AG
of wild-type claudin-2, a one-way analysis of variance was per-
formed, with a Bonferroni correction for planned multiple
comparisons. Residues with AG levels that were statistically
significantly greater than that of the wild type were defined as
pore-lining residue candidates.

Generation and Characterization of Monoclonal MDCK I Tet-
Off Cell Lines Expressing Claudin-2 Pore-lining Mutants—
For the confirmatory phase, MDCK I Tet-Off cells were stably
transfected with claudin-2 constructs carrying cysteine substi-
tutions at positions that were determined to be pore-lining res-
idues during the screening phase (T32C, G37C, G45C, S47C,
M52C, T56C, S58C, T62C, and S68C) using methods described
previously (16). Independent clones transduced with claudin-2
constructs were selected using cloning cylinders and were
screened by immunoblotting as described above. Clones with
high levels of protein expression and epithelial morphology
were chosen.

Ussing Chamber Electrophysiological Studies—Cells were
plated at a density of 10° cells/1.16 cm® on Snapwell filters
(Corning Life Sciences, Tewksbury, MA) and cultured for 7
days in the presence (Dox+) or absence (Dox—) of 50 ng/ml
doxycycline. The Ussing chamber setup and liquid junction
potential correction method were employed as described pre-
viously (16). The conductance and permeability attributable to
the claudin-2 pore was calculated by subtracting the values of
the uninduced (Dox+) state from the values of the induced
(Dox—) state. The standard Ringer solution used at baseline
contained 150 mm NaCl, 2 mm CaCl,, 1 mm MgCl,, 10 mm
glucose, 10 mm Tris-HEPES, pH 7.4. To measure Na™ perme-
ability, the solution of the basolateral chamber was changed to
a 75 mM NaCl Ringer solution (osmolarity adjusted with man-
nitol). To measure alkali metal bi-ionic potential, the basolat-
eral medium was changed to a 150 mm alkali metal chloride salt.
To measure organic cation permeability, the basolateral
medium was changed to a combination of 75 mm organic cation
chloride salt and 75 mm NaCl. The organic cations included
methylamine, ethylamine, tetramethylammonium, and tetra-
ethylammonium. The ion permeability ratio, B = Pq-/Py,+
was calculated from the Goldman-Hodgkin-Katz voltage equa-
tion. The absolute Na™ permeability was estimated by the

(Eq. 1)
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method devised by Kimizuka and Koketsu (17). The alkali metal
permeability was calculated from y = P,,/Py,, where y was
estimated as follows.

RT

y=0+p)-e"F-p

The organic cation permeability was calculated from the fol-
lowing equation.

(Eq.2)

RT
y=a(l+p)-e"F-aB—1 (Ea.3)

Here, o represents the activity ratio of NaCl in the apical com-
partment over the basolateral compartment. The activity of
NaCl is 0.752 at 150 mM and 0.797 at 75 mm, resulting in o =
(150%0.752)/(75%0.797) = 1.89.

The pore sizes of claudin-2 mutants were estimated by the
method described previously (8). In short, the claudin-2 pore
was assumed to be a cylinder of diameter, D, across which cat-
ions of diameter, d, diffused. According to the Renkin equation,

A d>2
P—E 1_5

The square root of the permeability (P) of methylamine, ethyl-
amine, and tetraethylammonium relative to Na™ is linearly
related to d. D was estimated from the x intercept of the best fit
line, as determined by linear regression.

Confirmatory Assay of Pore Conductance Inhibition by a
Panel of MTS Reagents—A panel of MTS reagents of different
charges and sizes, including 2-aminoethyl methanethiosulfon-
ate (MTSEA), MTSET, 3-(triethylammonium)propyl meth-
anethiosulfonate (MTS-PTrEA), 2-((biotinoyl)amino)ethyl
methanethiosulfonate (MTSEA-biotin), and 2-sulfonatoethyl
methanethiosulfonate (MTSES), were used to test the pore
conductance inhibition effect and the rate of inhibition on the
candidates of pore-lining residue. The working concentrations
of the reagents are summarized in Table 1. Cells were grown on
Snapwell filters for 7 days before being mounted on Ussing
chamber. The stock solution was added simultaneously to the
medium of the apical and basolateral chambers of the Ussing
chamber and rapidly mixed by gas lifts. The conductance was
monitored at 1-s intervals for 5 min unless stated otherwise.
The post-treatment conductance generally reached a new
steady state before the 2-min time point. Thus, the change of
conductance was calculated as the percentage change at the
2-min time point compared with the zero time point. The
kinetics of the decrease of conductance over time was modeled
as a one-phase exponential decay curve using Prism 6.0
(GraphPad Software, La Jolla, CA).

(Eq. 4)
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FIGURE 1. Immunoblot screening of protein expression in polyclonal
MDCK Il Tet-Off cells expressing 45 single cysteine mutations. Cell lysates
were subjected to reducing SDS-PAGE gel and immunoblotted with anti-
claudin-2 antibody and anti-B-actin antibody.

G=G,+ (Gy— G,)-e X (Eq.5)

Assuming that the concentration of MTS remains nearly con-
stant, the rate constant (k) derived from the curve represents a
pseudo-first order rate constant. The second order rate con-
stant, K, was determined by dividing the pseudo-first order rate
constant by the concentration of the applied reagent.

Statistics—The data are presented as means = S.E. Statistical
significance was determined using unpaired two-tailed Stu-
dent’s ¢ tests or one-way analysis of variance. A p value less than
0.05 was considered to be statistically significant. For multiple
comparisons, p values were adjusted using the Bonferroni
correction.

RESULTS

Characterization of Polyclonal MDCK II Tet-Off Cell Lines
Expressing Each Cysteine Mutant—W e generated polyclonal,
inducible MDCK II Tet-Off cell lines expressing each of the 45
cysteine mutants of the claudin-2 ECL1 by retroviral transduc-
tion. Claudin-2 mutant expression and localization were deter-
mined by immunoblotting (Fig. 1) and immunofluorescence
staining (Fig. 2), respectively, and summarized in Table 2. By
immunoblot analysis, all cell lines demonstrated an increase in
protein level when induced by omitting doxycycline, with the
exception of A79C. G49C, L50C, W51C, G60C, and P74C were
mostly intracellularly localized. Mutations of the conserved
motif Gly**-Leu®®-Trp®’ resulted in claudin-2 mislocalization,
which is consistent with previous reports (18, 19). The mislo-
calization of G60C and P74C is described for the first time.
Because glycine and proline are often found at the turn of a
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FIGURE 2. Immunofluorescence screening of protein localization in poly-
clonal MDCK Il Tet-Off cells expressing 45 single cysteine mutations.
Cells were plated at confluent density on a 96-well glass-bottomed plate,
grown for 7 days, and stained with anti-claudin-2 antibody (green). The expo-
sure of each image was individually adjusted to use the full dynamic range of
intensities.

peptide fold, Gly®® and Pro’* may be important in forming the
critical turning points of the claudin-2 ECL1.

The transepithelial conductance of exogenous claudin-2
mutants was measured under uninduced (Dox+) and induced
(Dox—) conditions and calculated as inducible conductance
attributable to exogenous claudin-2 (Fig. 3). The inducible con-
ductance of V44C, K48C, G49C, L50C, W51C, G60C, L71C,
P74C, and A79C was not greater than 0, indicating that these
mutants do not form functional claudin-2 pores. For some, this
could be attributed to protein mislocalization (G49C, L50C,
W51C, G60C, and P74C) or low level of expression (A79C). For
the mutants that were well expressed and localized at the tight
junction (V44C, K48C, and L71C), the mutation presumably
impaired pore function and might possibly even have had a
dominant negative effect. All eight nonfunctional mutants were
excluded from the screening assay of pore conductance inhibi-
tion by MTSET.

Screening Assay of Pore Conductance Inhibition by MTSET
Identifies Candidate Pore-lining Residue—To identify residues
that are located at or close to the pore-lining region, we tested
each cysteine mutant for inhibition of conductance by the thiol-
reactive reagent, MTSET. The change of conductance after
MTSET, AG, of each mutant was compared with that of wild-
type claudin-2 (Fig. 4) using one-way analysis of variance with
Bonferroni correction. The AG of nine mutants, T32C, G37C,
G45C, S47C, M52C, T56C, S58C, T62C, and S68C (gray col-
umns), were statistically significantly greater in magnitude than
that of wild type. These were selected as candidate pore-lining
residue mutants for further investigation. Some mutants (S33C,
S34C, A43C, F46C, Q63C, and T69C) had more inhibition of
conductance than wild type that was not statistical significant,
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TABLE 2

Biological and physiological characterization of 45 cysteine mutants
of claudin-2 ECL1 in polyclonal MDCK Il Tet-off cells

Protein Protein Inducible

Mutant localization” expression” conductance®
mS

R31C T) 2.0 3.64 +0.23
T32C T] 1.6 5.56 £ 0.03
S33C T] 2.0 3.77 £0.14
S34C T) 2.1 5.50 £ 0.26
V36C T] 4.5 2.21 £0.32
G37C T 3.7 14.5 = 0.18
A38C T) 3.5 4.86 = 0.27
S39C T] 3.6 7.54 £ 0.09
140C T) 59 7.67 £0.28
V41C T) 5.1 4.05 = 0.20
T42C T] 4.2 3.86 £0.19
A43C T 2.8 347 £0.12
V44C T) 4.8 —1.67 £ 0.37
G45C T] 32 5.06 £0.17
F46C T 7.0 5.58 £0.33
S47C T) 2.1 5.17 £ 0.28
K48C T] 2.8 0.18 £0.15
G49C Intracellular 3.8 0.27 = 0.17
L50C Intracellular 3.1 —0.11 £ 0.88
W51C Intracellular 4.6 —0.16 = 0.08
M52C T] 32 6.02 £ 0.29
E53C T) 1.8 2.95 *0.02
A55C T] 39 5.69 £ 0.33
T56C T 3.5 4.87 = 0.16
S58C T] 4.6 6.58 * 1.48
T59C T] 2.8 3.14 £0.48
G60C Intracellular 3.9 —0.55 = 0.10
161C T) 4.3 5.77 £ 0.07
T62C T] 29 6.49 *£ 0.25
Q63C T] 3.6 1.40 = 0.03
S68C T] 2.9 1.20 = 0.13
T69C T] 5.5 3.26 £0.15
L70C T 10.6 2.13 £0.28
L71C T) 21.2 —0.37 £0.18
G72C T] 4.0 4.82 = 0.04
L73C T 7.9 2.83 £ 0.66
P74C Intracellular 4.5 —0.04 £ 0.75
A75C T] 7.6 1.27 = 0.12
D76C T] 4.1 4.97 = 0.43
177C T) 4.2 444 * 0.28
Q78C TJ 5.2 5.85 = 0.04
A79C T 1.3 1.09 = 0.75
A80C T) 2.6 1.17 = 0.09
Q81C TJ 6.3 2.89 = 0.24
A82C T 2.8 4.74 = 0.16

“T], tight junction.

? Calculated as fold increase of protein expression, (Cldn2p,,._/Cldn2p,, )/
(Actinp,, /Actinpgy ).

¢ Calculated by subtracting the average of G, ;. from G, (means * S.E.).

Mapping Pore-lining Residues of Claudin-2

possibly because of the stringent statistical test. Residues that
did not exhibit a change of conductance were presumed to not
be located in the pore region or to be otherwise inaccessible to
MTSET.

Characterization of Monoclonal MDCK I Tet-Off Cell Lines
Expressing Cysteine Mutants of the Candidate Pore-lining
Residues—To confirm the nine candidate pore-lining residues,
we generated monoclonal MDCKI Tet-Off cell lines expressing
the substituted cysteine mutation of each residue. In addition,
we included 166C, a known pore-lining residue mutant (14), as
a positive control. Inducible protein expression was verified by
immunoblotting (Fig. 54), which showed a characteristic band
of claudin-2 monomer at ~20 kDa in the absence of doxycy-
cline. There were also multiple bands smaller than 20 kDa,
which are not seen in the claudin-2 blots of native kidney (data
not shown). They are therefore probably proteolysis products,
which we often see in cells overexpressing exogenous proteins.
Immunofluorescence staining with anti-claudin-2 and anti-
Z0-1 antibodies showed that each mutant had similar tight
junction localization as wild-type claudin-2 (Fig. 5B).

Next, the electrophysiological properties of each mutant
were analyzed in Ussing chambers. The transepithelial con-
ductance significantly increased after induction of expression
of each claudin-2 protein (Fig. 6A). Like wild-type claudin-2, all
the mutants were cation-selective with the P, /P, ratio rang-
ing from 4 to 8 (Fig. 6, B and C). The relative permeability
sequence between alkali metal cations and organic cations was
also similar between mutants and wild type (Fig. 6D) with the
exception of S58C, which had higher relative permeability to
methylamine compared with cesium. The pore diameters were
estimated from the relative permeability to organic cations of
varying sizes and ranged from 6.4 to 7.3 A (Table 3), values not
significantly different from that of wild-type claudin-2 (6.5 A).
In summary, all mutants had similar pore properties to wild
type, and so, by inference, their pore structure was preserved
and likely to be similar to the native structure of the wild-type
claudin-2 pore.

Pore-lining Candidates Reveal Distinct Patterns of Conduc-
tance Inhibition by Thiol-reactive Reagents—To confirm the
findings from the screening phase, we tested whether the con-
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FIGURE 5. Characterization of stably transduced MDCK | Tet-Off cell lines expressing claudin-2 mutants. A,immunoblot of claudin-2 expression in clones
stably transfected with wild-type claudin-2 or the indicated mutants, grown in the presence (+) or absence (—) of doxycycline. Cell lysates were subjected to
reducing SDS-PAGE and immunoblotted with antibodies to claudin-2 (upper panel) or B-actin (lower panel). The image was exposed for 15 min. B, localization
of claudin-2 mutants by double immunofluorescence staining and confocal microscopy examination. The cells were cultured on Transwells for 6 days and then

immunostained for ZO-1 (red) and claudin-2 (green).

ductance of cysteine-substituted mutants of claudin-2 could be
inhibited by a panel of MTS reagents in our monoclonal MDCK
I Tet-Off cell lines. The I66C mutant was also included in these
studies. All of the mutants exhibited the expected inhibition of
conductance except for G37C and S58C (Fig. 7A). Thus, the
results from the screening phase for G37C and S58C were false
positives.

We previously showed that MTS inhibition of claudin-2
166C was due to partial steric block of the paracellular cation
pore (14). We therefore reasoned that differences in the mag-
nitude of inhibition of conductance of our cysteine mutants
by thiol-reactive reagents of different size or charge ought to
be informative about the geometrical location of each
mutated residue within the pore. We hypothesized that res-
idues in the narrowest part of the claudin pore would exhibit
the greatest degree of conductance inhibition and would be
equally blocked by small and large molecules. By contrast,
residues in wider regions of the pore would be blocked pref-
erentially by larger molecules and exhibit less or no inhibi-
tion with small molecules. The physicochemical properties
of the thiol-reactive reagents used for these experiments are
listed in Table 1.
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Fig. 7 shows the results of these experiments. S68C exhibited
the most conductance inhibition by both the cationic and neu-
tral MTS reagents (Fig. 7A). MTSEA blocked more than 60% of
the pore conductance. MTSET, MTS-PTrEA, and MTSEA-bi-
otin inhibited the conductance similarly by 40 —-55%. Cationic
MTS reagents inhibited the conductance of 166C and S47C by
20-35%, and MTSEA-biotin (neutral) inhibited their conduct-
ance by ~15%. T56C and T62C had similar conductance inhi-
bition by cationic MTS reagents, yet they were not inhibited by
MTSEA-biotin. Conductance of T32C was inhibited by ~10%
by small MTS reagents (MTSEA and MTSET) and 20-25% by
large ones (MTS PTrEA and MTSEA-biotin). In contrast to
T32C, G45C was inhibited by small MTS reagents but not by
the large ones. M52C could only be inhibited by MTS-PTrEA,
by 13%.

To better visualize the size dependence of MTS block in the
mutant pores, the relative inhibition of conductance by MTS-
PTrEA and by MTSEA (a large and a small cationic MTS mol-
ecule, respectively) was expressed as a ratio and plotted against
the percentage inhibition of conductance of MTSEA (Fig. 7B).
A general trend could be observed in which mutants with high
levels of inhibition by MTSEA (S68C and S47C) showed little
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TABLE 3

Summary of estimated pore size of cysteine mutants and wild-type
claudin-2

Pore diameter

Mutation Best fit value 95% confidence interval R?
A

Wild type 6.5 [6.1,7.4] 0.75
T32C 6.6 [6.1,7.5] 0.90
G37C 6.7 [6.6, 6.8] 1.00
G45C 6.6 [6.2,7.3] 0.85
S47C 6.4 [6.1, 6.7] 0.90
M52C 6.5 [6.1,6.9] 0.96
T56C 7.3 [6.3,10.2] 0.75
S58C 7.2 [6.6, 8.0] 0.83
T62C 6.4 (6.2, 6.7] 0.97
166C 6.4 [6.1, 6.9] 0.94
S68C 7.0 [6.2,9,2] 0.78

size dependence and were similarly inhibited by large and small
MTS reagents. By contrast, mutants with low levels of inhibi-
tion by MTSEA (M52C and T32C) were much more effectively
blocked by the larger molecule, MTS-PTrEA, than by the
smaller MTSEA. T56C, T62C, and 166C showed behavior that
was intermediate between these extremes. G45C was an outlier
because there was no inhibition by MTS-PTrEA.

The neutral molecule, MTSEA-biotin, was found to have
very little effect on the conductance of T56C and T62C. One
explanation is that at the positions of these residues, the pore is
sufficiently wide that it is incompletely blocked by any MTS
molecule, so that the charge becomes an important determi-
nant of ion permeation. To test this, we applied the anionic
thiol-reactive reagent, MTSES, and one cationic reagent
MTSET, to T56C, T62C, and S68C, and compared their inhi-
bition of conductance (Fig. 7C). MTSES inhibited the conduc-
tance of T56C by 8%, T62C by 2%, and S68C by 13%. MTSET
inhibited the conductance of T56C by 30%, T62C% by 17%, and
S68C by 47%. Thus, cationic reagents inhibited conductance

MARCH 7, 2014 «VOLUME 289-NUMBER 10

through T56C and T62C much more effectively than either
anionic or neutral ones, whereas the effect of the net charge of
the reagent on S68C inhibition was much less pronounced.

Kinetics of Reaction of MTS Reagents with the Substituted
Pore-lining Cysteines—MTS reagents must diffuse into the pore
to react with the accessible free cysteine within the pore.
Because the chemical reaction of the MTS with the free thiol
group is generally very fast (12), the rate of diffusion into the
pore is likely to be the rate-determining step in the overall rate
of inhibition of conductance. If the free cysteine is located in a
region that is wide enough to allow MTS reagents to diffuse
freely, according to the Stokes-Einstein relationship, the overall
rate of reaction will be inversely proportional to the radius of
the molecule. If, however, the residue is located in a narrow part
of the pore, and the diffusion of MTS reagents is partially steri-
cally hindered, the rate of reaction will decrease disproportion-
ately as the size of the MTS molecule increases. To investigate
this, the kinetics of inhibition of conductance by MTSEA and
MTSET were compared. The decrease of conductance over
time fit well with a one-phase exponential decay model. The
second order rate constants (K) for the overall rates of inhibi-
tion by MTSEA and MTSET were derived from this curve (Fig.
8A).547C and G45C were found to have lower K} ;15 . than the
other mutants. To better visualize the size dependence of the
kinetics, the rate constants for each mutant were normalized to
Ky irsea (Fig. 8B). S68C, S47C, and T62C had the lowest ratio of
Kyirser/Kyvrsea (Fig. 8B), suggesting that they are in the nar-
rowest part of the pore, consistent with the findings of the pre-
vious experiment.

DISCUSSION

Claudin-2 functions as a paracellular cation pore. Previous
work showed that both Asp®” (8) and Tyr®” (10) operate as sites
that confer cation selectivity, whereas I1e®® was shown to be

JOURNAL OF BIOLOGICAL CHEMISTRY 6481



Mapping Pore-lining Residues of Claudin-2

A
10+ G37C S58C M52C G45C T32C T56C T62C 166C  S47C  S68C
0_
< -104
x
[0
(&)
§ -20-
[}
=}
el
c
8 -30-
k]
[
2
S -40-
e
o
50 @ MTSEA
[ MTSET
60 ] MTS-PTrEA
[ MTSEA-Biotin
-70-
B ¢ o T56C  T62C  S68C
oy j—
< 5 L] U U
2 Q
s 3
I 4 o -204
e kS
[}
o =}
T 3 S
g § 401
= k]
§ 27 e
E= 166C_T56C g
o < -60
€ 14 o S68C 5
o T62C (]
% G45C s47C [ MTSES
° 0 O T T T T 1 -80- [ MTSET

0 10 20 30 40 50 60 70
Inhibition of conductance by MTSEA (%)

FIGURE 7. Inhibition of conductance through cysteine-substituted claudin-2 mutants by thiol-reactive reagents. Monoclonal MDCK | Tet-Off cells
expressing the indicated cysteine mutants were grown on Snapwell filters for 7 days before mounting on Ussing chamber and then treated with the indicated
MTS reagents. A, the change in conductance was calculated as the percentage change of claudin-2 conductance 2 min after adding the indicated MTS reagent,
compared with time 0. B, relationship between the magnitude of inhibition by MTS reagents and its dependence on the size of the MTS molecule. The ratio of
the percentage inhibition of conductance by MTS-PTrEA relative to that by MTSEA (relative inhibition) was plotted against the percentage inhibition of
conductance by MTSEA (curve arbitrarily fitted to a power function). C, effect of MTSES and MTSET on conductance.

A 50 B 15
;|; [ li| [
o
< 100- l l 1 l T l
o 5 T
s g1
2 ¥
s g
2 ¥
8 504 0.5+
L
T
k=
] ’_‘
0
T32C G45C T56C  166C  T62C S47C  SB8C T32C G45C T56C  166C  T62C S47C  S68C
[ ] mMTSEA [] mTsET [ ] MTSEA [] mTsET

FIGURE 8. Kinetics of reaction of MTS reagents with the substituted cysteines. The decrease in conductance over time was modeled as a one-phase decay
model (by Prism 6.0). A, rate constants (Ky,rs) of MTSEA and MTSET. B, the same data from A are shown normalized to Kyrsea-

6482 JOURNAL OF BIOLOGICAL CHEMISTRY @@@& VOLUME 289-NUMBER 10-MARCH 7, 2014



located within the pore (14). However, the composition of the
pore region was incompletely understood. This work aimed to
map out the pore-lining region of claudin-2 by comprehensive
cysteine-scanning mutagenesis and thiol group modification.

Conventionally, pore-forming claudins are studied by over-
expression in monoclonal epithelial cell lines of low baseline
transepithelial conductance, such as MDCK I cells, to obtain a
high signal to noise ratio and experimental precision (16). How-
ever, this method is not practical for investigating 45 mutants.
Instead, we profiled the role of each residue of ECL1 using poly-
clonal MDCK I Tet-Off cells, followed by confirmatory studies
on the candidate pore-lining residue mutants in monoclonal
MDCK I Tet-Off cells. The MDCK II strain was used because
they have a more stable and homogenous epithelial phenotype
than MDCK I cells, making them more amenable to high
throughput screening. The screening assay of conductance
inhibition by MTSET was used to identify nine new residues
(Thr??, Gly*’, Gly*®, Ser®, Met>?, Thr*°, Ser®®, Thr®% and
Ser®®) that are probably lining the pore. Because we used a strin-
gent statistical test in this experiment to minimize false posi-
tives, we may have excluded other potential pore-lining resi-
dues. Mutants at these positions, such as S33C and S34C (close
to Thr®?), A43C (close to Gly*®), F46C (close to Gly** and
Ser®”), Q63C (close to Thr®?), and T69C (close to Ser®®),
showed some inhibition by MTSET that was not statistically
significant. Because each of these is a neighbor of at least one of
the nine residues we selected to study further, we believed that
detailed investigation of the nine selected residues should yield
sufficient information to define broader subregions of ECL1
that line the pore.

The screening assay using polyclonal MDCK II cells has lim-
itations. First, the pore properties of the mutants cannot be
accurately determined because of the high baseline conduc-
tance of MDCK II cells and hence the low signal to noise ratio.
Second, MDCK 1II cells have endogenous expression of clau-
din-2. Thus, claudin-2 protein in transfected cell lines might be
expected to exist in heteromultimeric complexes composed of
endogenous claudin-2 and heterologous claudin-2 cysteine
mutant protomers in various ratios, which would make con-
ductance inhibition results difficult to interpret. Therefore, for
the confirmation and detailed characterization studies, the
pore-lining residue mutants were expressed in monoclonal
MDCK I Tet-Off cells, which lack endogenous claudin-2.

Mutants of the nine candidate pore-lining residues, when
expressed in MDCK I cells, displayed similar cation selectivity
and pore size. This indicates that these residues, although likely
lining the pore, are not directly involved in the mechanism of
ion permeation, nor do they play any critical structural roles,
and that their substitutions do not lead to changes in higher
order pore conformation. These residues, however, displayed
very different accessibility and kinetics of reaction to thiol-re-
active reagents, which provided indirect structural information
about the pore.

To interpret our results, we used a simplified model in which
the claudin-2 pore is shaped like a cylindrical channel with fun-
nel-like vestibules. The entry to either side of the pore is wide,
and the selectivity filter is located in the middle, which is nar-
row. Three informative parameters could be derived from the
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FIGURE 9. Location of predicted pore-lining residues in the claudin-2
pore. A, funnel model of the claudin pore. The heat map indicates the relative
position within the pore (red at the narrowest region and green near the
opening). B, cartoon of the claudin-2 ECL1 showing all 52 residues from Arg®’
to Ala®, anchored by the first and second transmembrane helices (TM1 and
TM2). Pore-lining residues are color-coded according to their predicted posi-
tionin the modelin A. Residues that when mutated to cysteine resulted in loss
of expression or function are shaded gray. Cys>* and Cys®* are shown to be
connected by a disulfide bond (pink).

conductance inhibition assay: maximum degree of inhibition,
size selectivity of degree of inhibition, and size dependence of
the kinetics of reaction. We used these parameters to deduce
the location of residues within the pore (Fig. 9).

S68C and S47C exhibited a high degree of inhibition that was
largely independent of the size of the reagents and kinetics of
reaction that were steeply dependent on size. These findings
suggest that the residues at these two positions are located in
the narrowest part of the pore.

T56C, T62C, and 166C all exhibited moderate degrees of
inhibition by MTS reagents and no dependence of the degree of
inhibition on reagent size, suggesting that they are located in a
region of the pore of intermediate width. There were some sub-
tle differences between these three mutants. 166C, unlike the
other two mutants, was similarly inhibited by the cationic MTS
reagents and the neutral reagent, MTSEA-biotin, and also by
the negatively charged 4-(chloromercuri) benzenesulfonic acid
(14), suggesting that it is located in a relatively narrow part of
the pore. T62C exhibited relatively steep size dependence in its
reaction kinetics, suggesting that it might be located in a some-
what narrower region than T56C.

T32C, G45C, and M52C all exhibited low degrees of inhibi-
tion, preferential inhibition by larger molecules (except for
G45C), and size independence of reaction kinetics, suggesting
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that they are located in a wide part of the pore or in the vesti-
bule. Interestingly, mutants at two sites in close proximity,
G45C and S47C, had particularly slow rates of reaction with
MTSEA and MTSET. We speculate that there may be a local
steric hindrance effect by the neighboring residue, Phe*®, which
has a bulky aromatic side chain. This hindrance would also be
predicted to render G45C inaccessible to MTS PTrEA, hence
explaining why no inhibition was seen with this molecule.

The major limitation of these experiments is that they
assume a relatively simple cylindrical pore model in which all
the pore-lining residues behave independently and are biophys-
ically equivalent other than their location in a wide or narrow
portion of the pore, and they assume that MTS reagents are
identical in physicochemical properties other than their size
and charge. This is, of course, a simplification. Differences in
the shape and conformation of the different thiol-reactive
reagents and differences in the shape of the pore and chemical
environment surrounding each residue may account for some
of the apparent inconsistencies between the conclusions drawn
from the different experiments.

Our data support the following sequence of pore-lining res-
idues located from the narrowest to the widest part of the pore:
Ser®®, Ser”, Thr®?/1le®®, Thr®®, Thr®?/Gly*®, and Met®?. The
paracellular pore appears to primarily be lined by polar side
chains, as expected for a predominantly aqueous environment.
We already know that Asp®® and Tyr®” act as selectivity deter-
minants and must therefore also be located in the pore with
their side chains facing the lumen. We therefore propose the
existence of a continuous sequence of residues in the ECL1
from Asp®® to Ser®® (arguably from Thr®? to Thr®®) that forms a
major part of the lining of the paracellular pore. In conclusion,
this study provides a map of the claudin-2 pore region that will
be extremely valuable in informing future structural studies
and molecular modeling of claudins to further understand the
molecular mechanism for paracellular ion transport.
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