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Clostridium perfringens enterotoxin (CPE) binds to the extra-
cellular loop 2 of a subset of claudins, e.g. claudin-3. Here, the
molecular mechanism of the CPE-claudin interaction was ana-
lyzed. Using peptide arrays, recombinant CPE-(116-319)
bound to loop 2 peptides of mouse claudin-3, -6, -7, -9, and -14
butnotof1,2,4,5,8,10-13,15, 16,18 =20, and 22. Substitution
peptide mapping identified the central motif ***NPL!*°VP, sup-
posed to represent a turn region in the loop 2, as essential for the
interaction between CPE and murine claudin-3 peptides. CPE-
binding assays with claudin-3 mutant-transfected HEK293 cells
or lysates thereof demonstrated the involvement of Asn'*® and
Leu'®° of full-length claudin-3 in the binding. CPE-(116 -319)
and CPE-(194-319) bound to HEK293 cells expressing clau-
din-3, whereas CPE-(116-319) bound to claudin-5-expressing
HEK293 cells, also. This binding was inhibited by substitutions
T151A and Q156E in claudin-5. In contrast, removal of the aro-
matic side chains in the loop 2 of claudin-3 and -5, involved in
trans-interaction between claudins, increased the amount of
CPE-(116-319) bound. These findings and molecular modeling
indicate different molecular mechanisms of claudin-claudin
trans-interaction and claudin-CPE interaction. Confocal
microscopy showed that CPE-(116-319) and CPE-(194-319)
bind to claudin-3 at the plasma membrane, outside cell-cell con-
tacts. Together, these findings demonstrate that CPE binds to
the hydrophobic turn and flanking polar residues in the loop 2 of
claudin-3 outside tight junctions. The data can be used for the
specific design of CPE-based modulators of tight junctions, to
improve drug delivery, and as chemotherapeutics for tumors
overexpressing claudins.

The clinical use of many promising drug candidates is
impeded by unacceptable pharmacokinetics (1). The ability of a
drug to pass through tissue barriers is a major determinant for
its delivery. In epithelia and endothelia, the paracellular route is
blocked by tight junctions (TJ).* Different approaches have
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been used to enhance transcellular drug delivery. These include
the use of influx transporters, blocking of efflux transporters, or
receptor-mediated endocytosis (2). Alternative approaches aim
to enhance paracellular permeation of drugs by loosening the
T7J (3, 4). This strategy has the advantage that it could improve
the delivery of structurally unrelated drugs, and the drug itself
does not have to be modified. Although different T] modulators
have been described, most of these are based on surfactants or
chelators (3). These often have low tissue specificity and cause
severe side effects, e.g. exfoliation of cells, which irreversibly
compromise the barrier functions (5, 6). Fewer side effects may
be obtained by more specific modulation of a molecular key
component of the TJ (7).

T7J consist of transmembrane proteins, mainly the tetraspan
proteins of the claudin family, as well as occludin and tricellulin
(8). Other molecules associated with TJ include membrane-
bound scaffolding and signaling proteins (9). However, claudins
(Cld) are the major functional constituent of T] (10). Claudins
tighten the paracellular space, selectively for tissue, size, and
charge. The tissue-specific combination of the claudin subtypes
present in heteropolymers is assumed to determine the perme-
ability properties of TJ (11). It was therefore proposed that tis-
sue-specific drug delivery via the paracellular route would be
possible by modulation of the barrier-function of claudins in a
subtype-specific manner (7).

A subset of claudins, e.g. Cld3 and -4 but not -1 and -2, have
been shown to be receptors for Clostridium perfringens entero-
toxin (CPE) with high association constants of about 10% m~*
(12). CPE causes one of the most common food-borne diseases
(13). It consists of two functional domains, an N-terminal
region that mediates the cytotoxic effect and the C-terminal
region (CPE-(184-319)), which binds to extracellular loop 2
(ECL2) of CId3 but not of Cld1 nor to the ECL1 of Cld3 (12).
Treatment of epithelial monolayers with non-cytotoxic CPE-
(184 -319) increases paracellular permeability (14). CPE-(184.—
319) enhanced drug absorption in rat jejunum 400-fold relative
to sodium caprate, which is in clinical use (15). Thus, CPE is a
promising tool to specifically modulate claudins, the key con-
stituents of TJ, and thereby to enhance paracellular drug deliv-
ery. In addition, some studies have suggested the use of CPE for
the chemotherapy of tumors overexpressing claudins (16 —18).

resonance; BLU, Boehringer light units; GST, glutathione S-transferase;
CFP, cyan fluorescent protein; YFP, yellow fluorescent protein; HRP, horse-
radish peroxidase; PBS, phosphate-buffered saline; HEK, human embry-
onic kidney; TEER, transepithelial electrical resistance.
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Cld1 and -5 are potential targets for transepidermal and
brain drug delivery, respectively (19, 20). However, it has been
reported that these claudins do not interact with CPE (12).
Modification of CPE could enhance and/or shift its claudin-
subtype specificity. Therefore, the design of CPE-based TJ
modulators could permit efficient claudin subtype-specific
modulation, which would also be tissue-specific modulation of
TJ. To achieve this, an understanding of the molecular mecha-
nism of the CPE-claudin interaction is a necessary prerequisite.
In this study, we identify the residues within the ECL2 of Cld3
that are involved in interaction with CPE.

EXPERIMENTAL PROCEDURES

Plasmids—For construction of plasmids encoding GST-
CPE-(116-319), GST-CPE-(194-319), and GST-CPE-(290—
319) fusion proteins, cDNA of CPE (kindly provided by Dr. Y.
Horiguchi, Osaka, Japan) was amplified by PCR and cloned into
pGEX-4T1 (GE Healthcare) using EcoRI and Sall; GST-CPE-
(194-309) was generated by site-directed mutagenesis. Plas-
mids encoding Cld5wt-CFP, Cld5wt-YFP, and mutant fusion
proteins have been described previously (21). A pECFP-N1-
plasmid containing the Cld3 sequence with a stop codon ahead
of CFP was generated by subcloning full-length Cld3 with Sall
and BamHI from pSK-Cl-3, kindly provided by Dr. M. Furuse
(Kyoto, Japan). Similarly, Cld5wt was subcloned from
pGTCL-5 (Dr. M. Furuse, Kyoto, Japan) into pEYFP-N1 using
EcoRI. To generate the in-frame fusion Cld3,,-CFP, the stop
codon in pECFP-N1-Cld3, was removed by side-directed
mutagenesis. Cld3,,,-YFP was generated by subcloning CId3,,,-
CFP in pECFP-N1 into pEYFP-NI1 using Sall and BamHI. The
plasmids encoding mutants of Cld3 (Y147A, N148D, L1504,
E153V, A154N, and Q155E, N148D/L150A) were generated by
site-directed mutagenesis of pECFP-N1-Cld3,,,. pPEGFP-Cld4
was kindly provided by Dr. W. Hunziker (Singapore).

Antibodies—Rabbit anti-Cld3, rabbit anti-Cld4, rabbit anti-
Cld5, HRP- and Alexa Fluor 488-conjugated anti-rabbit
antibodies, HRP-, Cy3-, and Alexa Fluor 647-conjugated anti-
mouse antibodies were obtained from Invitrogen. Mouse anti-
GST (GST-2) was from Sigma. To detect CFP and YFP fusion
proteins, mouse anti-GFP antibodies (Clontech) were used for
Western blots.

Expression and Purification of CPE Constructs—CPE-(116—
319), CPE-(194-319), CPE-(194-309), and CPE-(290-319)
with N-terminal GST fusions as well as GST (control) were
expressed in Escherichia coli BL21. Bacteria were grown to
Agoo = 0.6-0.8, harvested by centrifugation, and lysed in PBS
with 1% (v/v) Triton X-100, 0.1 mMm phenylmethylsulfonyl flu-
oride, 1 mm EDTA, protease inhibitor mixture (Sigma) by using
an EmulsiFlex-C3 homogenizer (Avestin, Mannheim, Ger-
many). To remove insoluble cell debris, the lysates were centri-
fuged at 40,000 X g for 1 h at 4 °C. The recombinant proteins
were purified from supernatants using glutathione-agarose
(Sigma) and eluted proteins were dialyzed against PBS buffer
with Ca*" and Mg>".

Surface Plasmon Resonance (SPR)—Measurements were per-
formed using a Biacore 2000 instrument (Biacore AB, Uppsala,
Sweden). Claudin3-ECL2 peptides (Cld3-(140-159), Cys-(6-
aminocaproic acid)-NTIIRDFYNPLVPEAQKREM; and Cld3-
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(140-159)N148D/L150T, Cys-(6-aminocaproic acid)-NTI-
IRDFYDPTVPEAQKREM) were synthesized with N-terminal
cysteine followed by a 6-aminocaproic acid linker. Peptides
were immobilized on a CM5 chip using the thiol coupling pro-
cedure, according to the supplier’s instructions (Biacore AB).
To determine the binding affinities of GST-CPE-(116-319)
and GST-CPE-(290-319), an amount of covalently coupled
Cld3-(140-159) peptide, corresponding to a signal increase of
~1600 resonance units was used. For comparison of Cld3-
(140-159) and Cld3-(140-159)N148D/L150T, 500 and 250
resonance units of Cld3 peptides were immobilized, respec-
tively. Binding experiments were performed as described ear-
lier (22). The analytes GST-CPE-(116-319), GST-CPE-(290 -
319), and GST (control) were injected in concentrations
between 0.01 and 20 uMm in running buffer (PBS, pH 7.4, supple-
mented with 2 mm dithiothreitol). For regeneration 10 mm
NaOH solution with 1 M NaCl was used. For every analyte con-
centration the maximal amount of GST-CPE-(116-319) and
GST-CPE-(290-319) bound was calculated in femtomole
(~1000 resonance units = 1 ng of protein bound).

Peptide Arrays—Arrays were generated by spot-synthesis
using Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry as
described (23). The AutoSpot-Robot ASS 222 (Intavis Bioana-
lytical Instruments AG, Koln, Germany) was used for auto-
matic synthesis of 15-20-mer peptides on Whatman 50 cellu-
lose membranes (C-terminal immobilization). The quality of
synthesized peptides was evaluated by mass spectrometry of
control spots. For binding experiments membranes were incu-
bated with 10 ug/ml GST-CPE-(116-319) or GST in blocking
buffer (Sigma) overnight at 8 °C, followed by incubations with
mouse anti-GST and HRP-conjugated goat anti-mouse anti-
body in blocking buffer for 1.5 and 1 h at room temperature,
respectively. The ECL Western blotting detection reagent (GE
Healthcare) was applied and chemiluminescence intensities
were measured as Boehringer light units (BLU) using a Lumi-
Imager (Roche Applied Science). Determined BLU values of
GST-incubated SPOTs were subtracted from BLU values of
corresponding GST-CPE-(116 —319)-incubated spots (ABLU).
Background corrected ABLU values were normalized to the
binding of GST-CPE-(116-319) on Cld3-spots (%Cld3).

Cell Culture and Transfection—Caco-2 human intestinal
carcinoma cells and HEK293 cells (HEK cells) were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum, 100 units ml~" penicillin, 100 pug ml™"
streptomycin, and 1% L-alanyl-L-glutamine. Transient transfec-
tions of HEK cells were preformed with Lipofectamine 2000
(Invitrogen).

Electrical Cell Substrate Impedance Sensing (ECIS)—Caco-2
cells were seeded into the wells of ECIS™ 8W10E+ elec-
trode arrays for ECIS™ model 1600R (Applied Biophysics)
at a density of 5 X 10° cells per well and grown in a humid-
ified CO, incubator with 5% CO,. Junctional resistance was
measured every 5 min at 400 Hz frequency, as in a previous
report (24). When monolayers reached maximum resistance
(~1500 Q) 10 pg/ml GST-CPE-(116-319) or GST were
introduced into the medium.

VOLUME 284 +NUMBER 28+JULY 10, 2009



Measurements of Transepithelial Electrical Resistance
(TEER) and Paracellular Permeation—5 X 10° Caco-2 cells
were seeded into a 24-well transwell filter (Millipore, Eschborn,
Germany). TEER was determined with Endohm electrodes
(Millipore). After reaching stable TEER values, cells were incu-
bated with GST-CPE-(116-319) or GST for 16 h. For perme-
ation studies cells were incubated with 25 ug/ml fluorescein
(Sigma) in Hanks” balanced salt solution buffer on the apical
side and Hanks’ balanced salt solution on the basal side for 10
min. 100-ul samples were removed from the basal compart-
ment and the fluorescence units were measured using a fluo-
rescence plate reader (Tecan, Crailsheim, Germany) to calcu-
late the permeation coefficient.

Immunocytochemistry—Immunocytochemistry was per-
formed as described (25). Briefly, 2—3 days after transient trans-
fection, HEK cells were incubated with 10 pg/ml GST-CPE-
(116 -319), GST-CPE-(194-319), or GST for 20 min, 1 h, or
14 h at 37 °C. Cells were fixed with acetone, incubated with
anti-GST antibodies, followed by incubation with anti-Cld3 or
anti-Cld5 antibodies, and incubated with 4’,6-diamidino-2-
phenylindole, Cy3, or Alexa Fluor 647-conjugated goat anti-
mouse and Alexa Fluor 488-conjugated goat anti-rabbit sec-
ondary antibodies. Cells were analyzed with the LSM 510
META confocal microscope (Zeiss, Jena, Germany).

Pull-down Assay—HEK cells seeded in 6-well plates were
transiently transfected with Cld3,,,, Cld3,, cnt Or GFP-Cld4.
Two to 3 days after transfection, cells were washed with ice-
cold PBS, with Ca®* and Mg>", scraped, harvested (300 X g, 5
min, 4 °C), and quick frozen in liquid nitrogen. The cells were
lysed (1% Triton X-100 in PBS, EDTA-free protease inhibitor
mixture (Roche), 0.1 mm phenylmethylsulfonyl fluoride), incu-
bated on ice for 10 min, and centrifuged (5 min, 10,000 X g,
4.°C). The supernatants were incubated with GST, GST-CPE-
(116-319), GST-CPE-(194-319), or GST-CPE-(194-309)
bound to glutathione-Sepharose beads (GE Healthcare) in mini
columns (MoBiTec, Gottingen, Germany) for 30 min on a
shaker at4 °C. Beads were centrifuged (2 min, 500 X g, 4 °C) and
the flow-through (unbound fraction) collected. After washing
three times with PBS, 0.5% Triton X-100, bound proteins were
eluted with Laemmli buffer (eluate). Eluate and unbound frac-
tions were analyzed by SDS-PAGE and Western blot as
described previously (26).

Cellular CPE-binding Assay—Two to 3 days after transfec-
tion, HEK cells expressing Cld3,,,, Cld3  ne Cld3,.-CFP,
Cld5,,,, Cld5,,,-YFP, or Cld5-YFP,  .nis Were incubated with 1
or 10 pg/ml GST-CPE-(116-319), GST-CPE-(194-319), or
GST for 1 h at 37 °C in 24- or 12-well plates. Cells were washed
with ice-cold PBS supplemented with Ca®>* and Mg>*, scraped,
and harvested (300 X g, 5 min, 4 °C). Cells were lysed with RIPA
buffer (50 mm Tris, pH 7.5, 150 mm NaCl, 1.0 mm EDTA, 1.0%
(v/v) Nonidet P-40, 0.5% (w/v) deoxycholate, 0.1% SDS, EDTA-
free protease inhibitor mixture (Roche, Mannheim, Germany)
for 10 min on ice. After centrifugation (10,000 X g, 5 min, 4 °C),
supernatants were analyzed by SDS-PAGE and Western blot.
For each claudin mutant the ratios of the BLU values of the
GST-CPE and the claudin signal were calculated relative to the
ratio for the claudin,, (internal standard).

wt?
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Structural Bioinformatics and Molecular Modeling—The
ECL2 of claudins was predicted by alignment of sequences of
mouse (human when indicated) Cld-(1-23) with the GCG pro-
gram package (GCG Wisconsin package, Accelrys Inc., San
Diego, CA). A homology model for Cld3-ECL2-(134 -164) was
built on the model for murine Cld5-ECL2-(135-165) as
described (21). The Cld5-ECL2 model was based on part of
Protein Data Bank structure 2BDV (Phage-related Protein
BB2244 from Bordetella bronchiseptica). This resulted in a
helix-turn-helix motif for ECL2, where the helices of the ECL2
are extensions of the predicted transmembrane helices 3 and 4
of Cld3. All manual reciprocal dockings, manipulations, and
optimizations of ECL2 models were performed with the pro-
gram Sybyl 7.3 (Tripos Inc., St. Louis, MO). The models were
energetically minimized, using the AMBER95 force field.

Statistics—Unless stated otherwise, results are shown as
mean = S.E. Statistical analyses were performed by one-way
analysis of variance and followed by an unpaired Student’s ¢
test. p < 0.01 was taken as significantly different.

RESULTS

CPE-(116-319) Binds with Higher Affinity Than CPE-(290 -
319) to the ECL2 Peptide of Claudin-3—The C-terminal end of
CPE-(290-319) is sufficient for interactions with Cld3 and
Cld4 (27). In addition, further regions within CPE-(116 -290)
have been implicated in binding to Cld3/4 (28, 29). To deter-
mine whether CPE region 116 —290 enhances the interaction of
CPE with CId3-ECL2, we compared binding of GST-CPE-
(290-319) with the binding of GST-CPE-(116 —319) to peptide
Cld3-(140-159) (predicted ECL2, see “Experimental Proce-
dures”). SPR spectroscopy using immobilized Cld3-ECL2-
(140-159) showed that a 20-fold higher concentration of GST-
CPE-(290-319) compared with GST-CPE-(116-319) was
needed to obtain similar amounts of bound CPE (Fig. 14). This
demonstrates that GST-CPE-(116-319) binds much more
strongly to Cld3-ECL2 than GST-CPE-(290-319). Thus, GST-
CPE-(116-319) was used for further experiments. When con-
fluent monolayers of Caco-2 cells were incubated with GST-
CPE-(116-319), a decrease in junctional resistance, TEER, and
an increase in paracellular fluorescein permeability compared
with GST were detected (Fig. 1, B-D). Thus, GST-CPE-(116—
319) binds to native claudins on living cells and influences para-
cellular tightness.

Substitution Analysis Identified the Motif NPLVP in Peptides
of the ECL2 of Claudin-3 as Essential for Binding to
CPE-(116-319)—To compare the binding ability of GST-CPE-
(116 -319) to the ECL2 of different claudins, peptide arrays
were used. Peptides corresponding to the predicted ECL2 (11)
of Cld1-22, except -17 and -21 were synthesized on mem-
branes and incubated with GST-CPE-(116-319) or GST as
control. GST-CPE-(116 —319) specifically bound to ECL2 pep-
tides of Cld3, -6, -7, -9, and -14 but not Cld1, -2, -4, -5, -8,
-10-13, -15, -16, -18 —20, and -22 (Table 1).

For the identification of amino acids involved in the CPE-
claudin interaction, additional peptide arrays were performed.
Because GST-CPE-(116 -319) did not bind to Cld5-ECL2 pep-
tides (Table 1), we tested whether introduction of defined
amino acids of Cld3-ECL2 into Cld5-ECL2 enables binding to
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A immobilized: Cld3-ECL2 B C D stitution S155A in Cld2 further
[l superinfused: GST-CPE116.319 increased the binding. For Cld4, the

201 [lsuperinfused: GST-CPEjg).319 - e 7 it " double substitution M151L/A153P
= 54 & . permitted binding of GST-CPE-
3 E5 B s aEr (116 -319) (Table 2, lower part). In
5“’ Y 2 ﬁ addition to the peptide arrays, in
" ge 057 | | 4 S5 & o0 surface plasmon resonance ex-
periments N148D/L150T blocked

0 0.0 0.0 0.0:100 L binding of superinfused GST-CPE-
S PP B S ,@°°.3>Q C’%\j’ fif i’i@"g (116—?19) topimmobilized CLd3-
cinuM Fa & S ECL2 peptides (0.75 um GST-CPE-

& & & (116 -319) resulted in binding of

FIGURE 1. A, CPE-(116-319) binds much more strongly to the ECL2 peptide of Cld3 than does CPE-(290-319).
ECL2 peptide (amino acids 140-159) of mouse Cld3 was immobilized and superinfused with different concen-
trations of GST-CPE-(116-319) and GST-CPE-(290-319), respectively. The binding of GST was negligible (<1
fmol for <20 um GST). The binding was analyzed by surface plasmon resonance spectroscopy. Mean = S.E.,.n >
3 except for 18 um GST-CPE-(290-319), n = 1.Incubation of Caco-2 cells with CPE-(116-319) reduces junctional
resistance (B) and transepithelial electrical resistance, TEER (C), and increases the permeation coefficient (P,) of
fluorescein (D). For B, cells were incubated for 12 h with 10 ng/ml GST or GST-CPE-(116-319) and the junctional
resistance relative to the value before GST or GST-CPE-(116-319) incubation was determined by electric cell-
substrateimpedance sensing. Mean = S.E. (error bars); n = 9;*,p < 0.001. For Cand D, cells were incubated with
25 pg/ml GST or GST-CPE-(116-319) for 16 h and TEER determined relative to the value before incubation.

Mean = S.E.n=6,* p < 0.001.

TABLE 1

GST-CPE-(116-319) binds to peptides corresponding to the
extracellular loop two (ECL2) of claudin-3, -6, -7, -9, -14

20-mer peptides of the predicted ECL2 of the claudins (Cld1-16, 18, 19, 22, mouse;
Cld20 human; 3rd column) were immobilized on a membrane and incubated with
10 ug/ml GST (1st column) or GST-CPE-(116—-319) (2nd column). Bound CPE was
visualized via mouse anti-GST and HRP-conjugated anti-mouse antibodies. Chemi-
luminescence intensities relative to that for Cld3 are shown (last column). Mean of
n = 2. Representative membranes are shown. Underlined, region (NPLVP) highly
conserved between claudins that bind CPE-(116-319). Bold, amino acids in this
region that are identical to that of claudin-3.

Peptide array incubated with CPE
Sequence of bound
ECL2 peptide (relative to

GST GST-CPE 16319 Cld3)
Cld 114161 NRIVQEFYDPLTPINARYEF -0.09

Cld 2141-160 HGILRDFYSPLVPDSMKFEI 0.10

. Cld 314015 NTIIRDFYNPLVPEAQKREM 1.00
Cld 4141160 HNVIRDFYNPMVASGQKREM 0.04

Cld 5141-160 NIVVREFYDPTVPVSQKYEL 0.05

. Cld 6,41-160 HSIIQDFYNPLVADAQKREL 1.34
. Cld 7 4-161 HQIVTDFYNPLTPMNVKYEF 0.55
Cld 84161 NSIIRDFYNPLVDVALKREL -0.02

e} Cld 9y41-160 HAIIQDFYNPLVAEALKREL 115
Cld 10,49.150 NKITTEFFDPLYMEQKYELG -0.09

Cld 11141160 WFPVCAHREITIVSFGYSLY -0.09

Cld 12444163 WAIFYNSHLNRKFEPVFSFD -0.07

Cld 13140150 HNIIHGFFNPLLGFSKKVQM -0.11

- Cld 1441160 NDVVONFYNPLLPSGMKFET 0.63
| Cld 15140150 VNITTDFFNPLYAGTKYELG 0.04
Cld 1640150 VDVYVERSSLVLHNIFLGIQ 0.02

Cld 1854173 MY SGMGGMGGMVQTVQTRYT -0.08

| Cld 19142161 TLVTQEFFNPSTPVNARYEF -0.01
| Cld 20449.159 TKEIIANFLDLTVPESNKHE -0.09
Cld 22143161 HKTVREFWDETMPEIVPRWE -0.08

CPE. In contrast to single or certain multiple substitutions
including E146D, V154E, S155A, and Y158R, specifically the
double substitution D149N/T151L in CId5-ECL2 peptides
facilitated the binding of GST-CPE-(116-319) (Table 2, upper
part). Similarly, substitution of S149N in Cld2-ECL2 corre-
sponding to substitution of D149N in Cld5 enabled binding of
GST-CPE-(116-319) (Table 2, lower part). The additional sub-
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10.3 = 1.6 fmol of GST-CPE-(116—
319) to Cld3,,, and 0.0 = 0.1 fmol
of GST-CPE-(116-319) to Cld3-
N148D/L150T, n = 4, mean = S.E.).
These data indicate that the posi-
tions corresponding to 148 and 150

in murine Cld3 are strongly
involved in the claudin-CPE
interaction.

To analyze the molecular determinants of the Cld3-CPE
interaction in more detail, substitution mapping was per-
formed. Here, peptide arrays were used that contained peptides
with every possible single amino acid substitution for each posi-
tion in Cld3-ECL2-(145-159) (Fig. 2). Cysteine was excluded
because it leads to artificial covalent bonds during peptide syn-
thesis. None of the substitutions at positions 145 to 147 had a
considerable effect on the binding of GST-CPE-(116-319). In
contrast, every substitution in the region **NPLVP'> except
V151I/L/R abolished binding of GST-CPE-(116-319). This
indicates that the NPLVP motif is essential for the Cld3-CPE
interaction. In addition, several substitutions at positions 154 —
158 also influenced the amount of GST-CPE-(116 —319) bound.
In particular, the introduction of negatively charged amino
acids or proline at positions 154157 strongly reduced the
binding of GST-CPE-(116-319).

Interaction between Full-length Claudin-3 and CPE-(116—-
319) Is Affected by Amino Acid Substitutions in ECL2—To
determine whether amino acid substitutions in ECL2 affect
binding of GST-CPE-(116-319) to full-length Cld3, transfec-
tions of Cld3 in TJ-free HEK cells (21) were performed. Lysates
of the cells were used for pull-down assays with GST-CPE-
(116-319) (Fig. 3). Cld3 bound specifically to GST-CPE-(116 —
319) but not GST. Substitutions N148D and L150A in the ECL2
of Cld3 caused a strong reduction in the amount of Cld3 that
bound to GST-CPE-(116-319). In contrast, substitutions
A154N and Q155E did not affect the interaction of full-length
Cld3 with GST-CPE-(116-319). Substitution E153V used to
mimic a sequence element in Cld5 slightly reduced the amount
of bound Cld3. Removal of the aromatic side chain of Tyr'*’
(Y147A), which is involved in the trans-interaction between
claudins (21), increased the amount of Cld3 bound to GST-
CPE-(116-319).

Binding of CPE to Claudin-3 on the Surface of Living Cells Is
Affected by N148D/L150A Double Amino Acid Substitution—
To analyze the binding of CPE to Cld3 in the plasma membrane
of living cells, HEK cells were transfected with Cld3,, or
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Cld3,,  tanee incubated with GST-CPE-(116-319) or GST as a
control, and the presence of bound GST-CPE in cell lysates
tested by Western blots. GST-CPE-(116-319) bound specifi-

TABLE 2

Introduction of amino acids from the extracellular loop two (ECL2) of
murine claudin-3 (Cld3,,,) into the ECL2 of other claudins increased
the binding of C. perfringens enterotoxin (CPE-116-319)

20-mer peptides were immobilized on a membrane and incubated with 10 ug/ml
GST-CPE-(116-319). Bound CPE was visualized via mouse anti-GST and HRP-
conjugated anti-mouse antibodies. Chemiluminescence intensities relative to that
of Cld3, mean of n = 2, representative membranes are shown. Underlined, amino
acid of Cld3 introduced in another claudin. Bold, amino acid substitution that
enabled CPE binding.

CPE binding to the ECL2 of CPE
Sequence of ECL2 peptide bound

Cld3¢ Claudin (relative to

Cld3,

'y (@ BT NTIIRDFYNPLVPEAQKREM 1.00
K] Clds,, "% NIVVREFYDPTVPVSQKYEL 0.19
[} ] CldSmutant NIVVRDFYNPLVPEAQKYEL 1.10
[ ] “ NIVVREFYNPTVPVSQKYEL 0.00
K] NIVVREFYDPLVPVSQOKYEL 001
. (e NIVVREFYNPLVPVSQKYEL 0.62
K] NIVVREFYDPTVPESQKYEL -0.01
K] NIVVREFYDPTVPVAQKYEL -0.05
K] NIVVRDFYDPTVPVSQKYEL -0.03
& NIVVRDFYDPTVPVAQKYEL -0.03
NIVVRDFYDPTVPVAQKREL -0.02
% NIVVRDFYDPLVPEAQKREL 0.04
. Cld3 scrambled | MERKQAEPVLPNYFDRIITN -0.01
- “ EMPENPAQRDFYINTKLVRI 0.04
- CIdS scrambled | YDPVIVELSQTVFPKYRENV 0.05
L - LEYKQSVPVTPDYFERVVIN 0.29
o Cla2, 1% HGILRDFYSPLVPDSMKFET 0.18
2 (¥ 2w HGILRDFYNPLVPDSMKFEI 0.99
e ] “ HGILRDFYNPLVPDAMKFEI 1.64
. HGILRDFYNPLVPDAMKREI 1.48
K] Cldd, "% HNVIRDFYNPMVASGQKREM 0.1
K] Cld4mutant HNVIRDFYNPMVEPSGQKREM -0.04
. 9 “ HNVIRDFYNPLVPSGQOKREM 0.84
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cally to Cld3-transfected but not to non-transfected cells (Fig. 4,
left). This binding was not clearly affected by single amino acid
substitutions N148D or L150A but strongly reduced by N148D/
L150A double substitution in Cld3 (Fig. 4, middle). Similar
results (Fig. 4, right) were obtained with GST-CPE-(194-319),
which contains a CPE fragment of which the structure has been
recently solved (30).

CPE Binds to Cld3 on the Surface of Transfected HEK Cells
Outside Tight Junctions—The binding of GST-CPE to Cld3-
transfected HEK cells was also analyzed by confocal micros-
copy. Cld3 was detected in the plasma membrane and intracel-
lular compartments (Fig. 5, A—C). Marked enrichment of Cld3
at contacts between two Cld3-expressing cells was observed.
This enrichment is known to correspond to the formation of T
strands (21). No binding of GST to either Cld3 expressing or
non-expressing cells was detected (Fig. 54). In contrast, GST-
CPE-(116 -319) bound specifically to Cld3 expressing cells and
did not bind to non-expressing cells (Fig. 5B). Interestingly,
almost no GST-CPE-(116-319) signals were detected at the
contacts between two Cld3-expressing cells, where Cld3 was
strongly enriched. However, strong GST-CPE-(116-319) sig-
nals were detected on the surface of the cells outside the con-
tacts. Similar results were obtained with GST-CPE-(194-319)
(Fig. 5C). Cld3-N148D/L150A was enriched at contacts simi-
larly to Cld3,,, (Fig. 5D). This indicates that the amino acid
substitutions do not alter plasma membrane targeting and abil-
ity for trans-interaction of Cld3 (21). Instead, binding of GST-
CPE-(194-319) was strongly reduced. In addition, incubation
of transfected HEK cells with GST-CPE-(194-319) for 14 h
resulted in internalization of CPE and CId3 (Fig. 5E, left). This
was blocked by the N148D/L150A substitution (Fig. 5E, right).

CPE-(116-319) but Not CPE-(194-319) Binds to CldS5-trans-
fected HEK Cells—GST-CPE-(116-319) not only bound to
Cld3- but also to Cld5-transfected cells (Fig. 6A4). Cld3- and
Cld5-YFP expression levels were detected via anti-YFP anti-
bodies. Due to differences in the formation of SDS-resistant
oligomers (31), the intensities of the Cld3- and Cld5-YFP bands
were difficult to compare. Nevertheless, Cld5-YFP was

expressed at least as high as Cld3-

AA position AA substituted in Cld3-ECL2 Effect of substitution on CPE binding | Essential YEP, but gave a weaker s1gnal for
(wt) less equal stronger | for binding bound GST—CPE—(116 _319) This
DIas be - indicates that GST-CPE-(116-319)
e X - binds more strongly to Cld3 than to
N148 X N Cld5. In contrast to GST-CPE-
ne B & z ] (116-319), GST-CPE-(194-319)
i P8 s e VL0 | hound to Cld3. but not to Clds.
B %B’E’H’ GNSM X ; transfected HEK cells (Fig. 6B).

%gz : g,g,EHGYI § ALLNST Amino Acid Substitutions in
RIS7 |® PDETAYLV X ECL2 Of Clds Aﬁ‘ect the Binding Of
1 : > KR CPE-(116-319) to Cld5-transfected

FIGURE 2. Single amino acid substitution analysis of the ECL2 of Cld3 (Cld3-ECL2) identified the motif
148NPLVP'>2 as essential for the association of GST-CPE-(116-319). The C-terminal flank (Cld3-(154-157))
also contains amino acids involved in the interaction. 15-mer peptides of Cld3-ECL2 were immobilized on a
membrane. In the left column, all spots contain the wild type sequence (wt); the letter and number give the
position of the amino acid replaced in the same line of the second column. The membrane was incubated with
10 ng/ml GST-CPE-(116-319). Bound CPE was visualized via mouse anti-GST and HRP-conjugated anti-mouse

antibodies. Binding was considered to be decreased or increased if the

increased or decreased by a factor of 4, respectively, compared with the wt (n = 2). AA, amino acid; X, every
amino acid except Cys and those mentioned as less or stronger. Dotted circles, wt sequence; dashed boxes,
substitutions resulting in decreased binding. A representative membrane is shown.
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HEK Cells—To identify determi-
nants in the ECL2 of Cld5 for the
binding of CPE-(116-319), a set of
Cld5-ECL2 mutants (21) was used.
The plasma membrane targeting of
these mutants was not affected.
Transfection of most of the mutants
resulted in binding of GST-CPE-

mean chemiluminescence was

JOURNAL OF BIOLOGICAL CHEMISTRY 18867



Claudin-3-CPE Interaction

A

Immobilized: GST GST-CPE116-319

CPE-bound fraction “1 -  —-—-—an 20 kDa

-\——"’“-’_

unbound fraction = 1-20 kDa

\b \b N ‘> el
@ @ r>> '% "; Nad
\b S) \,b '8> 8)
QAN AN Q Q\ &
B 2.5 1 *
bound Cld3 20 1
unbound Cld3 1.5 4
1.0 "
0-5 -
*kk kk*k
0.0 A
KY
\gb*&\ AR @Vé 0550
TS FFS
M Y & & oY ¢

FIGURE 3. Binding of full-length Cld3 to CPE is affected by amino acid
substitutions in the ECL2 of Cld3. HEK cells were transfected with Cld3,,, or
a Cld3,,, tane- Lysates thereof were used for pull-down assays with GST-CPE-
(116-319) or GST immobilized on glutathione-Sepharose. Bound and
unbound fractions were analyzed by SDS-PAGE and Western blot. A, repre-
sentative blots are shown. Cld3,,, bound specifically to GST-CPE-(116-319)
but not to GST. The substitutions N148D and L150A reduced the binding
strongly, Y147A increased the amount of bound Cld3. B, the intensity of the
immunoreactive bands was quantified. For each mutant the ratio of intensity in
the bound fraction to that in the unbound fraction relative to the ratio for Cld3,,,
(internal standard in each experiment) was determined (bound Cld3/unbound
Cld3). Mean = S.E. (error bars); n > 4;*, p < 0.05; ***, p < 0.001 to Cld3,,,.

GST- GST- GST-
CPE116-319 CPE116-319 CPE194-319
L 98 kDa 98 kDa 98 kDa
GST 50 kD [ e L 50 kDa L 50 kDa
CPE -l | R O S | R
| 26 1Da 36 kDa 36 kDa
36 kDa 36 kDa
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Cld3 5015 22 kDa | e |e> sl 20 kDa
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Cong O Oongy o”
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FIGURE 4. Binding of GST-CPE to Cld3-transfected HEK cells. Three days
after transfection, cells were incubated with 1 wg/ml GST-CPE-(116-319) (left,
middle) or GST-CPE-(194-319) (right) for 1 h at 37 °C, washed with PBS, and
the amount of bound GST-CPE and claudin in the lysate analyzed by SDS-
PAGE and Western blot using anti-GST (top) and anti-Cld3 (bottom) antibod-
ies. Left, GST-CPE-(116-319) bound to Cld3,,-transfected (Cld3) but not to
non-transfected (n.t.) cells. Middle, GST-CPE-(116-319) bound to Cld3-N148D
and Cld3-L150A to a similar extent as to Cld3,,,. In contrast, binding to Cld3-
N148D/L150A was strongly reduced. Right, similar results were obtained for
GST-CPE-(194-319). Representative blots are shown.

(116-319) that was, at least, as strong as for Cld5,,,-YFP (Fig. 6,
C and D). In contrast, for mutants Cld5-T151A and Cld5-
Q156E, the binding of GST-CPE-(116-319) was greatly
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FIGURE 5. Binding of GST-CPE-(116-319) and GST-CPE-(194-319) to Cld3 on
the surface of transfected HEK cells. Cells were transfected with Cld3,,,-CFP (A
and B), Cld3,,, (C and E), or Cld3-N148D/L150A (D and E), 3 days later, the cells
were incubated with 10 ug/ml GST-CPE-(116-319) GST-CPE-(194-319), or GST
for 20 min at 37 °C, washed with PBS, and fixed. GST (red) was stained using
mouse anti-GST antibodies, nuclei (blue) with 4’,6-diamidino-2-phenylindole,
and Cld3 (green) detected via CFP-fluorescence (A and B) or anti-Cld3 antibodies
(C-E). Confocal images are shown. In contrast to GST (A, red), GST-CPE-(116-319)
(B, red) and GST-CPE-(194-319) (C, red) bound to cells expressing Cld3 (green) but
not to Cld3 negative/4’ 6-diamidino-2-phenylindole positive cells (violet arrows).
GST-CPE-(116-319) and GST-CPE-(194-319) bound to Cld3 on the cell surface (B
and C, arrow) but not to Cld3 in the tight junction area at cell-cell contacts (B and
C, arrowhead). For the detection of Cld3, high (C, left and middle) or low (C, right)
detector gain was used to visualize colocalization of GST-CPE-(194-319) and
Cld3 (arrow) or enrichment of Cld3 at contacts between two Cld3-expressing cells
(arrowhead), respectively. Cld3-N148D/L150A (D) showed enrichment at con-
tacts between two Cld3-expressing cells similar to Cld3,,.. Binding of GST-CPE-
(194-319) to Cld3-N148D/L150A-transfected cells was barely detected. E, 14 h
incubation with 10 wg/ml GST-CPE-(194-319) led to internalization (arrows) of
Cld3 (green) and GST-CPE-(194-319) (red) for Cld3,,;, but not Cld3-N148D/L150A
expressing cells. Zstacks, xy (quadrat), xz (top), and yzimages (side) are shown and
the position within the stack indicated by lines; 4’,6-diamidino-2-phenylindole is
shown for the xy image only. Equal detector gains were used for A and B; C, right,
and D; E, left; and E, right. Bar, 4 pm.

reduced. In addition, Cld5-P150A showed reduced association
with GST-CPE-(116-319). Interestingly, transfection of
mutants F147A, Y148A, Y158A, E159Q, known to block the
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- 1301?2319 C In the recently solved x-ray struc-
- e ture of CPE-(194-319), region
anti- |_ L soumn A 50 kDa 290-319 is part of a nine-strand 3
GST . anﬂ-GSTl T —— [—— r sandwich that forms the claudin-
- ] binding domain (30). This explains
| E— i-GFP o ST “memy i X R
=T 148 kDa a | 730 kD2 our SPR results (Fig. 1) showing that
anti- | == & LS aﬁ‘ P ST G Y Y ST T o the ECL2 of Cld3 interacts more
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B N N N N
1.5 1 N N N N of Cld3, -6, -7, -9, and -14 but not
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FIGURE 6. Binding of GST-CPE-(116-319) to Cld5-transfected HEK cells. Cel
GST-CPE-(116-319) (A) or GST-CPE-(194-319) (B) at 37 °C 3 days after transfec

amount of bound GST-CPE and claudin in the lysate analyzed by SDS-PAGE and Western blot using anti-GST
and anti-GFP (A) or anti-Cld3 and anti-Cld5 antibodies (B). Representative blots are shown. A, GST-CPE-(116-

319) bound to Cld3-YFP- and Cld5-YFP-transfected cells. B, GST-CPE-(194-3

Cld5-transfected cells. C, binding of GST-CPE-(116-319) to claudin-5 mutants. Transfected cells were incu-
bated with 10 wg/ml GST-CPE-(116-319) for 1 h at 37 °C. Representative Western blots show that neither GST
(n.t. + GST) nor GST-CPE-(116-319) (n.t. + GST-CPE,,5_5,0) bound to non-transfected cells. GST-CPE-(116-319)
(Cld5,,,) but not GST (Cld5wt+GST) bound to Cld5,,.-YFP transfected cells. D, quantification of the binding. The

ratio of GST-CPE-(116-319) intensity to Cld5-YFP intensity relative to the ratio
ard) was determined for each mutant (bound CPE). Substitutions T151A and Q1

Y148A, Y158A, and E159Q increased the amount of GST-CPE-(116-319) bound. Striped columns, substitutions
that block trans-interaction between claudins. Mean = S.E. (error bars), n > 4.

clds,.

trans-interaction (21), resulted in increased binding of GST-
CPE-(116-319). The binding of CPE-(116-319) to Cld5,,, and
a marked reduction of this binding by substitutions T151A and
QI156E, but not Q156A and F147A, were also detected by
immunostaining (supplemental Fig. S2).

Structural Determinants of Claudin-CPE Interaction—Our
homologous helix-turn-helix model for the ECL2 of Cld3 shows
a strong hydrophobic area at the turn (**PLVP, green in Fig.
7C) between the helices. This probably matches complemen-
tary with a hydrophobic pit on the surface of CPE formed by
residues (Tyr®°¢, Tyr*'?, Tyr®'?, Leu®'?, magenta, Fig. 7E). The
Cld3 ECL2 residues Asn'*® and Lys'*® (blue in Fig. 7C) form
loop-stabilizing hydrogen bridges. The residues (Phe'®,
Tyr'*’, and Arg'®’, yellow in Fig. 7E) point away from the
potential CPE-binding motif and do not seem to be involved in
CPE binding.

DISCUSSION

This study identifies amino acid residues and a sequence
motif in the ECL2 of claudin-3 involved in the interac-
tion with CPE by the use of biochemical and cellular ap-
proaches. Together with molecular modeling and literature
data the results allowed us to deduce determinants of the
interaction.
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and -10 (12). In addition, for the first
time, interaction of CPE-constructs
with ECL2 peptides of Cld9, but not
of Cld13, -15, -16, -18, -19, -20, and
-22 has been demonstrated. All
claudin subtype peptides that inter-
acted with GST-CPE-(116-319)
contain the consensus sequence
NPL(V/L)(P/A). Introduction of
Cld3-like residues in ECL2 peptides
of Cld5 (D149N/T151L), Cld2
(S149N), or Cld4 (M151L/A153P)
created the consensus sequence and enabled binding of GST-
CPE-(116-319) (Table 2). Substitution mapping showed that a
central region (mouse 148 —152) and the C-terminal flank, but
not the N-terminal flank, of the loop are involved in interaction
of GST-CPE-(116 —-319) with Cld3-ECL2 peptides (Fig. 2). Neg-
ative charges, proline, and other residues at positions 154 —157
block binding of GST-CPE-(116 —319). But especially, the motif
8NPLVP'>? was essential for the interaction, because any sub-
stitution other than V151I/L/R in this motif abolished CPE
binding. In addition to the peptide arrays, SPR measurements
confirmed the involvement of Asn'*® and Leu** in the interac-
tion. Taken together, the data consistently demonstrate that
the central motif ***NPLVP**? in the ECL2 of Cld3 is funda-
mental for the interaction with CPE.

Low and High Affinity Binding of CPE to Full-length
Claudins—GST-CPE-(116 —319) pull-down assays with lysates
of Cld3-transfected HEK cells showed that substitutions
N148D and L150A strongly inhibit the interaction of GST-
CPE-(116-319) with full-length Cld3 (Fig. 3). This is compara-
ble with findings obtained by ECL2-peptide arrays. Substitu-
tions at other positions in full-length Cld3 did not inhibit the
interaction to a similar extent.

Binding of GST-CPE-(116-319) and GST-CPE-(194-319)
to Cld3 on the surface of living HEK cells was diminished by the

Is were incubated with 1 ug/ml
tion, washed with PBS, and the

19) bound to Cld3- but not to

for Cld5,,-YFP (internal stand-
56E decreased whereas F147A,

*** p < 0.001 compared with
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FIGURE 7. Schemes of molecular interaction between CPE and the ECL2 of claudin-3. A, topology of claudins with ECL2 marked in a box. B, alignment of
ECL2 of Cld3 and -5, with similarity of residues calculated with matrix blossomé62 (dot = weak; colon = strong similarity; bar = identity). Secondary structure
(SecStr) according to the model, helices (H), turn (t). C, homologous helix-turn-helix model for ECL2 of Cld3 based on the fragment of PDB code 2BDV in front
view. N-terminal helix, orange; C-terminal helix, cyan. The hydrophobic residues "*°PLVP (green) constituting the turn region of the loop are found to be
important for CPE binding. The residues Asn'*® and Lys"*® (light blue) stabilize the turn-fold of the ECL2 by hydrogen bridges (hydrogens in cyan). Residues
Phe'*®, Tyr'#’, and Arg'®’ (yellow) correspond to aromatic residues Phe'*’, Tyr'#%, and Tyr'*8 in Cld5, which were found to be important for trans-interaction.

Heteroatoms are red (oxygen) and dark blue (nitrogen). D, according to the results, CPE cannot bind to trans-interacting claudins (left), probably due to steric
hindrance, but needs a free ECL2 for binding (right). E, supposed spatial regions of interaction between binding sensitive residues (Tyr>°¢, Tyr®'°, Tyr*'2, and
Leu®'” from literature (36)) visualized at the CPE-(194-319) x-ray structure (PDB code 2QUO) and the residues ('*®NPLVP, GIn'*?) identified in this study for Cld3.

double substitution N148D/L150A, but not by the single sub-
stitutions N148D and L150A (Figs. 4 and 5). This difference to
the pull-down assay indicates that, in addition to amino acid
substitutions, detergent solubilization decreases the affinity/
avidity of the CPE-Cld3 interaction. This could be due to disso-
ciation of multimeric claudin complexes (21) and/or destabili-
zation of the claudin loop structure caused by solubilization.
Similar differences were found between membranous and
non-membranous Cld5: GST-CPE-(116-319) bound to Cld5-
expressing cells (Fig. 6 and supplemental Fig. S2) but not to
solubilized Cld5 (data not shown) nor Cld5-ECL2 peptides
(Table 2). Interestingly, GST-CPE-(194-319) did not bind to
Cld5-transfected HEK cells (Fig. 6). In separate experiments,
similar results were obtained with Cld5-transfected L-fibro-
blasts ruling out the possibility that this differential binding is
due to unique properties of HEK cells. Preliminary experiments
indicate that GST-CPE-(116-319) and GST-CPE-(194-319)
as well as membranous and solubilized claudins differ in their
oligomeric state. Hence, multivalent binding (32) between
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CPE-oligomers (33) and claudin-oligomers (34, 21) could
enhance the presumably low affinity CPE-Cld5 interaction and
promote binding between GST-CPE-(116-319) and Cld5 in
the membrane, only.

In other studies, CPE-Cld5 interaction could not be detected
(35). However, these authors used CPE-(184—319), ashort frag-
ment similar to CPE-(194-319), which, in contrast to CPE-
(116 -319), shows no binding to Cld5 in our study either. Fujita
et al. (12) reported no high affinity binding of full-length CPE to
Cld5. This does not rule out low affinity binding. Taken
together, the data obtained with claudin peptides, full-length
claudins, and from the literature, are consistent with the
assumption of high affinity binding of CPE to Cld3 and low
affinity binding of CPE to Cld5.

Previously, we characterized a set of Cld5-ECL2 mutants that
were targeted to the plasma membrane in a similar manner to
Cld5,,, (21). To assess the CPE-Cld5 interaction in more detail,
CPE binding to HEK293 cells transfected with these mutants
was analyzed. In contrast to all other analyzed Cld5

mutants?
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Cld5-T151A and Cld5-Q156E show strong reduction in bind-
ing of GST-CPE-(116-319) compared with Cld5,,. Interest-
ingly, position Thr'>' in Cld5 corresponds to Leu'*° in Cld3,
which is strongly involved in the interaction with CPE-(116 -
319). In addition, substitution T151L together with D149N
enabled the binding of CPE-(116-319) to Cld5-ECL2 peptides.
This underlines the involvement of position 150/151 in the
CPE-Cld3/5 interaction. For Cld5, Q156E reduced but Q156A
increased binding of CPE-(116-319) to transfected cells. The
corresponding position in Cld3 peptides (GIn'>®) was the most
sensitive one outside the NPLVP motif (Fig. 2). For example,
QI155E or Q155D inhibited, whereas Q155A increased, binding
of GST-CPE-(116-319) to Cld3 peptides. This indicates
involvement of position GIn'>® and GIn'*® in the CPE-Cld3 and
CPE-CId5 interactions, respectively.

Structural Determinants Support an Interaction of the Helix-
turn-helix Conformation of the ECL2 of Cld3 with CPE—The
experimental binding data were combined with molecular
homology modeling. Our previously generated helix-turn-helix
homology model for the ECL2 of Cld5 indicates that mutations
of exactly those residues that are supposed to stabilize the turn
conformation led to folding defects (11). Because all of these
stabilizing residues are identical (except a Asp — Asn
exchange, which still preserves the same H-bonds) in Cld3, a
comparable turn conformation could also be adapted for the
ECL2 of Cld3 (Fig. 7). This is consistent with results of GST-
CPE-(116-319) binding on ECL2 peptide arrays of Cld3 found
in this study. For exactly those residues forming the turn
(***NPLVP), almost any possible substitution abolished CPE
binding (Fig. 2). Substitutions at Val'®' that preserved CPE
binding were mainly hydrophobic. This is consistent with the
suggested turn conformation, because Val'®! forms the hydro-
phobic core of the turn between the two helices and is itself not
supposed to be involved in the CPE binding. The hydrophobic
property on the surface of this turn portion of our helix-turn-
helix model is formed by nPLvP.

In CPE, Tyr306, Tyr3 10, Tyr3 12 and Leu®!” have been shown
to be involved in the CPE-Cld4 interaction (36, 37). Similarly,
we found that deletion of amino acids 310-319 diminished
binding of Cld3 and Cld4 to GST-CPE (supplemental Fig. S1).
On the basis of the complementary properties and shape, direct
interaction of the hydrophobic ECL2-turn with a hydrophobic
pit on the surface of CPE formed by Tyr*°®, Tyr®'°, Tyr®'?, or
Leu'® (30) is very likely. This is supported by mutations Cld3-
L150A, which strongly reduced the binding (Fig. 3), and addi-
tionally by the peptide array data (Fig. 2). Substitution of
N148D, flanking the hydrophobic turn, strongly reduced CPE
binding also (Fig. 3). This also indicates that the amino group of
Cld3-N148 is involved in interaction with CPE. In addition,
double substitution N148D/L150A in Cld3 diminished binding
of GST-CPE-(116-319) and GST-CPE-(194-319) (Figs. 4 and
5). Consistently, Cld5 whose turn (DPTVP) contains no amino
group and a smaller hydrophobic property than that of Cld3
(NPLVP) binds more weakly to CPE than does Cld3.

CPE has been shown to bind to full-length Cld4 and CId8 (12,
14). Indeed, we found that GST-CPE-(116-319) and GST-
CPE-(194-319) bind to full-length Cld4 (supplemental Fig. S1).
In contrast, we did not observe an interaction between CPE and
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synthesized ECL2-peptides of Cld4 and Cld8. Similar results
have been reported by others earlier. They found that CPE pep-
tides do not bind to claudin-4 fragments without transmem-
brane segments (38). Strikingly, Cld4 and -8 do not contain the
conserved second proline implicated in the stabilization of the
loop structure (11). In addition, Cld4 is the only CPE-binding
claudin that contains a methionine, instead of leucine (Leu*®®in
Cld3), in the turn region. It is possible, that due to lack of the
corresponding leucine and proline, the conformation of ECL2
peptides of Cld4 and -8 on the peptide mapping membrane
differs more markedly from the native structure than it does for
CLd3, -6, -9, or -14. Indeed, substitutions of M150L/A153P in
the Cld4 ECL2 peptide enabled binding to GST-CPE-(116 -
319) (Table 2). Our results with ECL2 peptides and full-length
claudins, as well as other reports (38), are consistent with the
idea that transmembrane segments stabilize the native confor-
mation of the ECL2 and, thereby, increase the affinity of the
CPE-claudin interaction.

CPE Binds to the Free ECL2 of Claudins Outside of Tight
Junctions—Aromatic residues in CPE (Tyr>°¢, Tyr®'°, Tyr?'?)
are involved in interaction with claudins (36) and formation of
an aromatic core within an ECL2-dimer is involved in the ¢rans-
interaction of claudins between two opposing cells (21). Others
have speculated that aromatic residues in claudin could also
interact with the aromatic residues in CPE (38). But interest-
ingly, removal of the aromatic residues (F147A, Y148A, Y158A)
in Cld5 resulted in an increase in binding of GST-CPE-(116—
319) to transfected cells (Fig. 6). Similarly, substitution of
Y147A in Cld3, which corresponds to Cld5-Y148A and also
blocks trans-interaction, increased the amount of Cld3 pulled
down with GST-CPE-(116-319) (Fig. 3). Moreover, in our
model, the aromatic residues in the ECL2 do not sterically
match the aromatic residues in CPE (Fig. 7). These data indicate
that residues in the turn region of the loop, but not aromatic
residues in the flanking helices, are involved in the claudin-CPE
interaction.

It has to be stressed that the aforementioned substitutions
(F147A,Y148A,and Y158A in Cld5; Y147A in Cld3) and E159Q
in Cld5 block trans-interaction and strand formation of clau-
dins (21) as well as increase binding of GST-CPE-(116-319).
Consistently, confocal microscopy showed binding of GST-
CPE-(116-319) and GST-CPE-(194-319) to Cld3 outside the
tight junction area. These observations demonstrate that CPE
binds to the free ECL2 of claudins that is not occupied by trans-
interaction and not incorporated in TJ strands.

Treatment of epithelial cells with CPE increases paracellular
permeability. To explain this, two mechanisms have been dis-
cussed (14). Either 1) CPE binding to TJ strands leads to direct
depolymerization of the claudins, or 2) CPE sequesters claudins
in the plasma membrane, preventing their incorporation in the
strands during the dynamic assembly of strands. Our results
strongly support the sequestration mechanism and this
explains our and other findings (37) in which CPE treatment
needs hours for the T to be opened, despite high affinity inter-
action with claudins (12).

In conclusion, we have shown that the molecular mechanism
of the CPE-claudin-3 interaction is different from the trans-
interaction between claudins. This improves the understanding
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of the molecular organization of TJ. In addition, the informa-
tion gained is highly relevant for the design of CPE-based clau-
din modulators to improve drug delivery across tissue barriers
(7) or treatment of tumors overexpressing claudins (16 —18).
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