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Mechanism of Clostridium perfringens Enterotoxin Interaction
with Claudin-3/-4 Protein Suggests Structural Modifications
of the Toxin to Target Specific Claudins™
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Background: Clostridium perfringens enterotoxin (CPE) binds to a subset of claudin tight junction proteins.

Results: The molecular interface of the CPE-claudin interaction was mapped.

Conclusion: Claudin-3 and -4 interact with CPE in the same orientation but in different modes.

Significance: The mechanistic insights might advance design of CPE-based claudin modulators to improve paracellular drug

delivery or to target claudin-overexpressing tumors.

Claudins (Cld) are essential constituents of tight junctions.
Domain I of Clostridium perfringens enterotoxin (cCPE) binds
to the second extracellular loop (ECL2) of a subset of claudins,
e.g. Cld3/4 and influences tight junction formation. We aimed to
identify interacting interfaces and to alter claudin specificity of
cCPE. Mutagenesis, binding assays, and molecular modeling
were performed. Mutation-guided ECL2 docking of Cld3/4 onto
the crystal structure of cCPE revealed a common orientation of
the proposed ECL2 helix-turn-helix motif in the binding cavity
of cCPE: residues Leu'*°/Leu'®" of Cld3/4 bind similarly to a
hydrophobic pit formed by Tyr*°¢, Tyr*!°, and Tyr*'? of cCPE,
and Pro'°?/Ala'®® of Cld3/4 is proposed to bind to a second pit
close to Leu??3, Leu®**, and Leu®'°. However, sequence variation
in ECL2 of these claudins is likely responsible for slightly differ-
ent conformation in the turn region, which is in line with differ-
ent cCPE interaction modes of Cld3 and Cld4. Substitutions of
other so far not characterized cCPE residues lining the pocket
revealed two spatially separated groups of residues (Leu®?,
Asp??®, and Arg®>” and Leu®®*, 11e?*®, and Asp?®%), which are
involved in binding to Cld3 and Cld4, albeit differently. Involve-
ment of Asn'*® of Cl1d3 in cCPE binding was confirmed, whereas
no evidence for involvement of Lys'®® or Arg'®” was found. We
show structure-based alteration of cCPE generating claudin
binders, which interact subtype-specific preferentially either
with Cld3 or with Cld4. The obtained mutants and mechanistic
insights will advance the design of cCPE-based modulators to
target specific claudin subtypes related either to paracellular
barriers that impede drug delivery or to tumors.

Clostridium perfringens enterotoxin (CPE)® causes the gas-
trointestinal symptoms of one of the most common foodborne
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illnesses in the United States and Europe (1). CPE binds to clau-
din-3 and -4, initially defined as CPE receptors (2), and some
other members of the claudin (Cld) family (3). Claudins form
the backbone of tight junctions and regulate paracellular
permeability in epithelia and endothelia (4, 5). After CPE
binding to claudins via the C-terminal domain (cCPE), pore
formation in the plasma membrane of the host mucosa cells
is meditated by the N-terminal domains, leading to cell death
(6, 7). However, cCPE is not cytotoxic and was suggested to
be a promising claudin modulator (8, 9). It increases paracel-
lular permeability (10) and could be used to improve drug
delivery across tissue barriers. Furthermore, CPE constructs
can be used to target claudin-overexpressing tumors (11-14)
because deregulation of claudin expression and function is
associated with tumor proliferation/growth (15). Functional
domain mapping of cCPE demonstrated that Tyr®°®, Tyr>'°,
Tyr?'?, and Leu®'® are involved in binding to Cld4 (16, 17).
The crystal structure of cCPE;y, 5,4 (18) and recently of
full-length CPE (19, 20) revealed a globular, nine-stranded
B-sandwich of the claudin binding domain and that Tyr3°¢,
Tyr3'°, Tyr?'?, and Leu®'” form part of a surface loop and an
adjacent B-strand.

CPE and cCPE bind to the different claudin subtypes with
distinct affinities: to Cld3, 4, 6, 7, and 8 with high affinity (K
between 1 X 10°m™ "and 1.1 X 10° M~ ') (10, 21), to Cld1, 2,
and 14 with low affinity (22), and they do not interact with
Cld5, 10, 11, 12, 13, 15, 16, 18, 19, 20, and 22 (3, 23). Despite
the fact that cCPE (GST-CPE,,, 5,,) does not bind to Cld5,
weak binding was obtained for Cld5 with GST-CPE, 4 3,9
(23). Claudins are tetraspan transmembrane proteins with
two extracellular loops (ECL). cCPE binds to the ECL2 but
not to the ECL1 of Cld3 or Cld4 (21, 22). Previously, we
identified the motif ***NPLVP'*? in the turn region of the
ECL2 of Cld3 to be involved in binding to cCPE (23). Here,
we revealed the molecular interface between cCPE and ECL2
of its high affinity receptors, Cld3 and Cld4. Furthermore, we
achieved a clear shift of claudin subtype specificity by struc-
ture-based mutations of cCPE. These modifications might
advance claudin targeting for improvement of paracellular
drug delivery (9) or tumor treatment (15, 24, 25).
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EXPERIMENTAL PROCEDURES

Plasmids—For construction of plasmid encoding GST-
CPE, o, _319 (GST-cCPE) fusion protein, 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 (23). Plasmids encoding GST-CPE,,, _5;, with single
or multiple mutations (L223A, D225A, R227A, L254A, S256A,
K257A,1258A, D284A, D284N, Y306A, Y310F) were generated
by site-directed mutagenesis of pGEX-4T1-CPE,, 4,4 (23).
Plasmids based on pEYFP-N1/pECFP-N1 encoding murine
Cld3y, Cld3y; 485 Cld3, 15045 Cld3g) 53y, Cld3G) 55 Cld3ygr-
YFP (23), murine Cld5-YFP (26), and human Cld1-YFP (27)
have been described previously. Cld3y,,y, Cld3, ;50-YFP,
and Cld3;564-YFP were generated by site-directed
mutagenesis of Cld3y or Cld3\-YFP, respectively.
pEGEFP-Cld4 encoding human Cld4 with N-terminal GFP
was kindly provided by Dr. W. Hunziker (Singapore). GFP-
Cld4, ;5 and GFP-Cld4 5 55p,51548,G1554 Were generated by
site-directed mutagenesis of pEGFP-Cld4.

Antibodies—Rabbit anti-Cld3, rabbit anti-Cld4, goat HRP-
anti-rabbit, goat HRP-anti-mouse were from Invitrogen.
Mouse anti-GST was from Sigma-Aldrich. Phycolink® anti-
GST R-phycoerythrin-conjugated antibodies were from
Europa Bioproducts Ltd., Cambridge, UK. Mouse anti-GFP/
YFP was from Clontech.

Expression and Purification of cCPE Constructs—CPE g, 310
with N-terminal GST fusions as well as GST (control) were
expressed in Escherichia coli BL21 strain. For use of GST fusion
proteins, see supplemental Comment. Bacteria were grown to
Agoo = 0.6-0.8, and expression was induced by addition of 1
mM isopropyl-B-p-thiogalactopyranoside. Three h later bacte-
ria were harvested (10 min, 20,000 X g, 4 °C) and lysed in PBS
with 1% (v/v) Triton X-100, 0.1 mm PMSF, 1 mm EDTA, prote-
ase inhibitor mixture (Sigma-Aldrich) and sonicated with Vibra
Cell™ model 72434 (BioBlock Scientific, Strasbourg, France)
by 10 X 1-s pulses. To remove insoluble cell debris, lysates were
centrifuged at 20,000 X g for 1 h at 4 °C. The proteins were
purified from supernatants using glutathione-agarose (Sigma-
Aldrich), and eluted proteins were dialyzed against PBS. Pro-
tein concentration was determined with the BCA Protein kit
(Thermo Scientific).

Cell Culture and Transfection—MDCK 1 cells were main-
tained in Minimum Essential Medium with Earle’s salts (MEM)
supplemented with 10% fetal calf serum, 100 units/ml penicil-
lin, 100 ug/ml streptomycin, and 1% L-alanyl-L-glutamine.
HEK293 cells (HEK cells) were maintained and transfected as
described (28).

Pulldown Assay—The assay was performed as described pre-
viously (23). Briefly, transient or stable transfected HEK cells or
MDCK I cells were lysed with 1% Triton X-100, EDTA-free
protease inhibitor mixture (Roche Applied Science) in PBS.
The 10,000 X g supernatant was incubated with GST-cCPE
constructs bound to glutathione-Sepharose beads (GE Health-
care) for 2 h on a shaker at 4 °C. Beads were washed three times
with PBS containing 0.5% Triton X-100 and bound proteins
eluted with Laemmli buffer and analyzed by SDS-PAGE and
Western blotting with anti-Cld3, anti-Cld4, or anti-GFP anti-
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bodies. After stripping, membranes were incubated with anti-
GST antibodies to verify that similar amounts of GST-cCPE
were bound to the beads.

Cellular cCPE Binding Assay—Two to 3 days after transient
transfection or 1 day after plating of stable lines, HEK cells
expressing claudin constructs were incubated with 0.5 ug/ml
GST-CPE constructs (30 min, 37 °C) in 12- or 24-well plates
(Techno Plastic Products AG, Trasadingen, Switzerland). Cells
were washed with ice-cold PBS (with Ca>" and Mg>™), scraped,
harvested (300 X g, 5 min, 4 °C), and lysed with radioimmune-
precipitation assay 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) deoxy-
cholate, 0.1% SDS, EDTA-free protease inhibitor mixture
(Roche Applied Science)) for 10 min on ice. After centrifuga-
tion (10,000 X g, 5 min, 4 °C), supernatants were analyzed for
the amount of bound GST-cCPE by SDS-PAGE and Western
blotting. Alternatively, for detection of bound GST-cCPE with
fluorescence plate reader (Tecan), cells were washed twice with
ice-cold PBS (with Ca®>* and Mg*"), fixed (10 min with 2.4%
(w/v) paraformaldehyde in PBS) followed by quenching (20 min
with 100 mm glycine in PBS) and blocking (10 min with 1%
(w/v) BSA, 0.05% (v/v) Tween 20 in PBS). Cells were incubated
with PhycoLink® anti-GST-R-phycoerythrin conjugate in 1%
(w/v) BSA, 0.05% (v/v) Tween 20, 2 uMm Hoechst 33258 in PBS
for 1 h and washed three times with PBS. Bound GST-cCPE was
detected via fluorescence intensity of PhycoLink® o-GST at A,
545 = 12 nm/A,,, 578 = 12 nm; claudins were detected at A,
506 = 5 nm/A,,, 525 = 5 nm for YFP-tagged, or A, 488 = 5
nm/A,,, 510 = 5 nm for GFP-tagged claudins. Cell number was
monitored with Hoechst dye at A, 365 = 12 nm/A,,,, 480 = 12
nm. Untransfected HEK cells were used as a negative control
(fluorescence intensity of GST-cCPE bound to Cld3, was
15.4 £ 0.8 times higher than the negative control). Fluores-
cence intensity of bound cCPE was normalized to amount of
claudins (YFP or GFP intensity) or cell number (Hoechst
intensity).

Measurements of Transepithelial Resistance (TER)—Subcon-
fluent cultures of MDCKI cells, expressing both Cld3 and Cld4
endogenously, were seeded in Millicell® culture inserts (Milli-
pore). TER of cell monolayers was measured every 3 h by using
a CellZscope® (NanoAnalytics). Normalization of TER values
by area of the cell monolayers was done automatically by Cell-
Zscope. When TER values reached the plateau, indicating a
stable tight junction barrier, MDCK I monolayers were treated
with GST (negative control), GST-cCPE,1 or its mutants
(R227A, L254A/S256A /1258 A/D284A, Y306A) on both basal
and apical sides of the chamber. The background (value of
blank Millicell® culture insert) was subtracted from the meas-
ured TER. TER values 18 h after the addition of cCPE were
normalized to the TER values immediately before the cCPE
addition.

Structural Bioinformatics and Molecular Modeling—Ho-
mology models for murine Cld3-ECL2,;, ;4,and human Cld4-
ECL2,,5_;45 Were created based on the model for murine Cld5-
ECL2,55_ ;45 as described previously (28). Due to sequence and
binding differences of Cld3 and Cld4 in the N-terminal region
(153-158, 154-159, respectively) of the C-terminal helix an
extensive search for further templates was conducted by per-
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forming sequence similarity searches (FASTA program) of the
Protein Data Bank (PDB). For murine Cld3-ECL2 parts of the
PDB structure 1W5C (Photosystem II from Thermo-synechoc-
occus elongatus) were used as template for the N-terminal helix
cap region of ECL2 helix 2. For human Cld4-ECL2, no further
sufficient template was found (cCPE crystal structure used as
deposited by Van Itallie et al. PDB 2QUO (18)). All manual
reciprocal dockings, manipulations, optimizations of ECL2
models, and calculations of hydrophobic and electrostatic
potentials on the molecular surfaces were performed with Sybyl
X1.2 (Tripos, Inc.). Models were energetically minimized using
the AMBER7 FF99 force field.

Statistics—Unless stated otherwise, results are shown as
means = S.E. Statistical analyses were performed using Prism
version 5.0 (GraphPad, San Diego, CA). First, normality tests
were performed (D’Agostino and Pearson omnibus, Shapiro-
Wilk and Kolmogorov-Smirnov test). Data sets showing nor-
mal distribution were analyzed using an unpaired, one-tailed
Student’s ¢ test. Data sets not showing normal distribution were
analyzed using Wilcoxon Signed Rank test. p < 0.05 was taken
as significant.

RESULTS
cCPE

Mapping Claudin Binding Pocket on Surface of cCPE
Structure—Inspection of the crystal structure of cCPE (PDB
2QUO (18)) showed a two-pit cavity nonuniformly surrounded
by residues previously described for Cld4 binding. Ala substi-
tution of the cCPE residues Tyr>°¢, Tyr*'°, Tyr®!?, and Leu®'”
crucially inhibits Cld4 binding (16). Mapping these positions
(blue sticks in Fig. 1C) onto the surface of the cCPE structure
reveals that they are located close to, or in, the potential binding
cavity for claudins. The cavity is formed by two pits and sur-
rounded on the upper rim by the residues Leu®*?, Asp**®,
Arg®’, and Ser®'?, on the lower rim by Leu®**, Ser®*®, Lys**”,
le**®, and Asp*®** (Fig. 1C). Displaying the calculated hydro-
phobic potential on the cCPE surface indicates a deep, large,
and strong hydrophobic pit (yellow in Fig. 1B) lined by the triple
Tyr motif (Tyr*°®, Tyr®!°, and Tyr®*'?) and a smaller, less deep
and weaker hydrophobic or nonpolar pit (Fig. 1B, gray) sur-
rounded by the triple Leu motif to the left (Leu?*?, Leu***, and
Leu?'®). This second pit is less hydrophobic because it is flanked
by polar amino acids (Fig. 1B, green) on both the upper (Asp*>°,
Arg®*’, and Ser®'®) and the lower rim (Ser?®®, Lys®>*’, and
Asp?®).

Amino Acid Substitutions around Putative Claudin Binding
Pocket Affect ¢cCPE-Cld3 Interaction—The above mentioned
cCPE residues were substituted with Ala to test the contribu-
tion of the side chains to claudin binding. Mutants of GST-
CPE,y, 3,9 (GST-cCPE) were analyzed by previously estab-
lished pulldown assay (23) using lysates of claudin-transfected
HEK cells. Since Y306A in cCPE was shown to inhibit binding
to Cld4, it was used as a positive control. As expected, Y306A
inhibited binding of full-length Cld4 to GST-cCPE in pulldown
assays (Fig. 2, A and B). In addition, Y306A inhibited binding of
full-length Cld3 to GST-cCPE (Fig. 2, A and B). First, residues
on the upper rim of the putative binding pocket were analyzed.
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FIGURE 1. Putative binding pocket for claudins on surface of cCPE struc-
ture (PDB 2QUO (18)). A, scheme of cCPE (green) binding to ECL2 (orange) of
Cld3 or Cld4. Residues investigated are shown as circles (red and cyan, in cCPE;
orange, in ECL2). B, hydrophobic potential calculated for surface of cCPE struc-
ture showing polar (green) and hydrophobic (yellow) areas for residues
(labeled) that surround putative binding pocket for claudins. C, cCPE structure
showing positions of residues (ball and stick) in more detail (blue, previously
described positions for which Ala substitution inhibits binding; gray, previ-
ously described positions for which Ala substitution increases binding (16);
red/cyan, reported in this study).

L223A in GST-cCPE strongly reduced binding of Cld3. D225A
had no effect, and R227A slightly weakened binding to Cld3.
However, the latter did not reach statistical significance. Sur-
prisingly, the corresponding triple substitution L223A/D225A/
R227A affected Cld3 binding less than L223A alone. On the
lower rim, L254A showed strong reduction of Cld3 binding.
S256A and I258A resulted in a slightly weakened, but not sta-
tistically significant, reduction of Cld3-cCPE interaction. How-
ever, the triple substitution L254A/S256A/1258A reduced
binding more strongly than each of the three single substitu-
tions. D284A severely affected Cld3 binding whereas K257A
showed no clear reduction. L254A/S256A/I258A/D284A
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FIGURE 2. cCPE-binding to full-length Cld3 and Cld4 is affected differently by amino acid substitutions in cCPE. A, lysates of HEK cells transfected with

Cld3,,; or Cld4,,; used for pulldown assays with GST-cCPE constructs. Bound

fractions were analyzed by SDS-PAGE and Western blotting. Top rows of / and I/

show bands of Cld3 or Cld4 bound to particular GST-cCPE mutants, and bands in bottom rows show Cld3 or Cld4 bound to corresponding GST-cCPE,, 1 (used as
internal standard). Substitutions in upper (left panel) or lower (middle panel) rim of cCPE binding pocket and D284A/Y306A or Y306A (right panel) are shown.
LDR, L223A/D225A/R227A; LSID, L254A/S256A/1258A/D284A; DY, D284A/Y306A. B and C, quantification of pulldown (B) and cellular binding assay (C). Results

reflect mean = S.E. (error bars); n = 4. *, p < 0.05 to GST-cCPE,,. Dotted lines
Cld3in C, n = 2; additional data were quantified by Western blotting relative

blocked Cld3 binding completely. Taken together, the pull-
down data indicate involvement of Leu???, Leu?*, Asp***, and
possibly Ser®*® and/or 1le**® of cCPE in the interaction with
Cld3 (Fig. 2, A and B).

Substitutions in c¢CPE Affect Binding to Cld3 and Cld4
Differently—To compare binding of cCPE to Cld3 with that of
Cld4, GST-cCPE pulldown assays were also performed with
lysates of Cld4-transfected HEK cells (Fig. 2, A and B). On the
upper rim of the putative binding pocket D225A had no effect
on Cld4 binding, as found for Cld3. In contrast to Cld3, L223A
did not affect Cld4 binding, but R227A strongly reduced Cld4
binding. In addition, L223A/D225A/R227A weakened Cld4
binding much more strongly than observed for Cld3. In con-
trast to Cld3, none of the single substitutions on the lower rim
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separate different groups of substitutions. For L254A/S256A/1258A/D284A and
cCPE binding = 1.0% = 0.9%, n = 8.

strongly reduced Cld4 binding. Furthermore, the triple substi-
tution L254A/S256A/I1258A did not influence the Cld4-cCPE
interaction. However, L254A/S256A/1258A/D284A clearly
reduced the Cld4 binding, but not as strongly as Cld3 binding.
The data indicate that binding of cCPE to Cld3 and Cld4 is
affected differently by amino acid substitutions in cCPE.
Cellular Binding Assays Verify Different Involvement of
Leu®?3 Arg227, Leu”?, 11e**®, and Asp®®* of cCPE in Their Inter-
action with Cld3 and/or Cld4—Pulldown assays depend on
detergent solubilization of the transmembranal claudins. To
investigate binding of GST-cCPE to native Cld3 and Cld4 on
the surface of living cells, the previously established cellular
binding assay was optimized. Here, Cld3- or Cld4-transfected
HEK cells were incubated with GST-cCPE constructs, and their
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FIGURE 3. Substitutions L254A/S256A/1258A/D284A (LSID) and R227A in
cCPE inhibit cCPE-mediated decrease in TER. MDCK | cells were cultured on
Millicell® cell culture inserts, and TER was monitored by CellZscope. Cells
were incubated for 18 h with 3.5 ug/ml GST or GST-cCPE constructs. TER

values relative to the values before cCPE application were calculated. Results
are means = S.E. (error bars); n = 5. %, p < 0.05 to GST-cCPE,,.

binding was detected after fixation using R-phycoerythrin-con-
jugated anti-GST antibodies in a fluorescence plate reader.
Similar to the results from the pulldown assay, L223A and
R227A, but not D225A (upper rim of the cCPE pocket), affected
binding to Cld3, and L223A/D225A/R227A showed weaker
reduction than L223A or R227A alone (Fig. 2C). Likewise, the
results for R227A also correspond to the pulldown assay, with
Cld4 binding being more strongly reduced than Cld3 binding.
In contrast to the pulldown assay, Cld4 binding was strongly
inhibited by L223A and weakly inhibited by D225A. On the
lower rim of the pocket, binding to Cld3 was reduced in the
order L254A/S256A/1258A, L254A, 1258A, S256A, similar to
the pulldown data. In addition, all of these substitutions
together with D284.A and D284N affected binding to Cld3 more
strongly than that to Cld4. Furthermore, like in pulldown assay,
L254A/S256A/1258A/D284A blocked Cld3 binding nearly
completely, whereas Cld4 binding was only weakly inhibited.
K257A only slightly reduced binding of GST-cCPE to Cld3 and
Cld4. Taken together, the data verify that amino acid substitu-
tions around the putative claudin binding pocket of cCPE affect
binding to Cld3 and Cld4 differently. In particular, substitu-
tions in the upper rim (L223A, R227A) affect Cld4 binding
more strongly than Cld3 binding, whereas those in the lower
rim (L254A, D284A) mainly reduce Cld3 binding.

Effect on TER Is Weakened by Particular Substitutions—In-
cubation of epithelial monolayers with cCPE decreases the TER
due to cCPE-triggered destabilization of tight junctions (10).
To test whether substitutions in GST-cCPE that inhibit binding
to Cld3 and/or Cld4 also impede TER reducing activity, MDCK
I cells were used. These cells are a standard model to investigate
paracellular barriers (10). In addition, GST-cCPE binds to
endogenous Cld3 and Cld4 of MDCKI cells (supplemental Fig.
S6). As shown in Fig. 3, treatment of cells with GST-cCPE
reduced TER to 41.3 * 3.3% of the TER values before applica-
tion. This demonstrates that the recombinantly expressed and
purified GST-cCPE, . is capable of increasing paracellular per-

1702 JOURNAL OF BIOLOGICAL CHEMISTRY

meability. Incubation with GST-cCPEy;,,, reduced TER to
70.3 = 3.1% of the TER values before application, verifying the
inhibitory effect of Y306A on cCPE activity (17). Incubation
with  GST-cCPEgy;4 0r GST-CCPE| 5544 /5056/12584/D2824
resulted in TER values significantly higher than that for GST-
cCPE\, 1 (51.5 = 3.5% and 67.1 = 4.2% relative to values of TER
before application, respectively, Fig. 3). These data demon-
strate that the cCPE substitutions R227A and L254A/S256A/
1258 A/D284A inhibit the cCPE-mediated decrease of TER.

Claudins

Cld3-mimicking Residues Introduced into Cld4 Led to Partial
Cld3-like Binding—To investigate the differences between
Cld3 and Cld4 binding of cCPE in more detail, we compared
the amino acid sequences of ECL2 for these claudins (Fig.
44). The most striking difference is **PEA'** in Cld3
instead of the corresponding '**ASG'*® in Cld4 (Fig. 44,
box). Hence, Cld4 ,153p/51545/G1554 Was generated, and its
interaction with GST-cCPE was tested using cellular binding
assays. Compared with Cld4y,r, the Cld4 triple mutant
showed 22.3 * 3.4% less binding of GST-cCPE+ (Fig. 4B).
Next, binding of GST-cCPE mutants to Cld3yr-, Cld4gr-,
and Cld4;53p/s1548/G1554-€XPressing cells was compared.
The binding of a given GST-cCPE mutant to a particular
claudin construct was quantified relative to the respective binding
of GST-cCPEy,+ (relative binding). Interestingly, the relative
binding of GST-cCPEy,,,, and GST-cCPE, 55552254 /82274 O
Cld4 5 55p/s1548/G1554 Was significantly higher than to Cld4.
In fact, the binding was as high as the relative binding of
these GST-cCPE mutants to Cld3, (Fig. 4C). In contrast, the
relative binding of GST-cCPE, ,54n /5056412584 and GST-
CCPE| 554a/5256a/1258 /D284 10 Cld4153p/51548/G1554 Was not
significantly different from that to Cld4y (Fig. 4C). These data
indicate that Cld3-mimicking substitutions in Cld4 (A153P/
S154E/G155A) induce Cld3-like sensitivity of Cld4 toward sub-
stitutions in upper but not lower rim of binding pocket of cCPE.

Homology Models of ECL2 in Cld3 and Cld4 Indicate Similar
but Not Identical Conformations—To explain the differences in
binding of cCPE to Cld3 and Cld4, homology models of ECL2
were generated for both claudins (Fig. 4, D and E). The ECL2
conformation is suggested as a helix-turn-helix motif, which is
similar to the ECL2 model of Cld5 previously predicted by us
based on homologous helix-turn-helix motif structure (29).
The only noticeable difference between Cld3 and Cld4 in ECL2
is a triple sequence (***PEA"®* in Cld3 and '**ASG'*® in Cld4).
Consequently, comparative modeling of ECL2 in Cld3 and Cld4
resulted in a helix-turn-helix segment for both proteins. How-
ever, they differ in the N-terminal cap conformation of the
respective C-terminal helix (helix 2) precisely at the variant
triple sequence (Fig. 4, D and E, cyan and dark blue, respec-
tively), which is also involved in differential cCPE binding. Con-
sequently, the tilt of the C-terminal helix of ECL2 is likely dif-
ferent in both claudins.

In Cld3 N148D but Not QI155E, K156A, or R157Y Affects
Binding to cCCPE—W e showed previously that N148D in ECL2
of Cld3 inhibits the binding of GST-cCPE (23). Others sug-
gested that the pI of the ECL2 of claudins contributes to the
affinity to CPE (22). To investigate this in more detail, addi-
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FIGURE 4. Cld3-mimicking substitutions in Cld4 (A153P/S154E/G155A) decrease Cld4-related strong inhibitory effect of R227A and L223A/D225A/
R227A in cCPE. A, sequence alignment of ECL2 of Cld1, 3, 4, and 5 (ClustalW?2) is displayed using Geneious Pro version 5.3.4. Position numbering is according
to murine Cld3. Red frame, striking difference between Cld3 and Cld4; green, bulky hydrophobic; dark green, small hydrophobic; dark blue, polar uncharged;
blue, basic; magenta, acidic; cyan, Tyr; black, Pro; orange, Cys; bold letters, substituted residues; TMH, transmembrane helix. Band C, HEK cells expressing Cld3,y
(black columns), Cld4,,; (gray columns), or Cld4 51 53p/s1548/G155a (blue columns) were incubated with 0.5 wg/ml GST-cCPE,,+ or GST-cCPE mutant. Bound cCPE was
detected using anti-GST antibodies in a plate reader. B, GST-cCPE,\; binds to the Cld3-mimicking Cld4 mutant (Cld4,;53p,51545/G1554) More weakly than to
Cld4,,;. Results are mean =+ S.E. (error bars); n = 4.”, p < 0.05. C, quantification, normalized to GST-cCPE,,; (relative binding) for each claudin construct.
A153P/S154E/G155A induces a Cld3-like sensitivity of Cld4 to R227A and L223A/D225A/R227A mutants of cCPE. Results are mean = S.E.;n = 5.% p < 0.05 to
GST-cCPE,t. D and E, differences in the homologous helix-turn-helix model for ECL2 of Cld3 (orange) and Cld4 (green) are illustrated. Front view shows
turn-flanking residues Leu'*°/Leu’>" highlighted in red and the differing N-terminal cap conformation of the C-terminal helix in cyan (Cld3; based on PDB code

1W5C) or blue (Cld4; based on PDB code 2BDV).

tional Cld3-ECL2 mutants (E153V, Q155E, K156A, and R157Y)
with altered pI (supplemental Table S1) were analyzed. In con-
trast to Cld3y;45p, Cld3g;5,v bound to GST-cCPE as strongly
as to Cld3 (Fig. 54, B, and C, left panel). Furthermore, we
tried to enhance the effects of substitutions in Cld3 by combin-
ing them with substitutions in GST-cCPE. Indeed, substitu-
tions in GST-cCPE (Y306A, L254A, D284A, D284N, and
L254A/S256A/1258A) that were shown to inhibit binding to
Cld3r (Fig. 2) completely blocked binding of GST-cCPE to
Cld3y;4sp-transfected cells (Fig. 5C, middle left panel). How-
ever, such an additive effect was not obtained for Cld3;5,y-
transfected cells because the GST-cCPE mutants bound to
these cells (Fig. 5C, middle right panel). The results verify
involvement of Asn'*® in Cld3 in the interaction with cCPE but
do not support participation of Arg'®’.

Next, Cld3, 55 was analyzed. Although Cld3 55 showed
GST-cCPE binding similar to Cld3 in pulldown assays (23)
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we looked for additive effects after combining Q155E in Cld3
with substitutions in c¢cCPE. GST-cCPE mutants (Y306A,
L254A, D284A, and D284N) bound more weakly to Cld3, 55¢-
transfected cells than GST-cCPEy,+ did (Fig. 5C, right panel).
However, binding was not blocked, showing that an additive
effect, as found for Cld3y;,5p, Was not obtained. This finding
indicates that GIn'*® in Cld3 does not contribute to CPE
binding.

In addition, K156A in Cld3 did not inhibit interaction with
GST-cCPEy . (Fig. 5D). Again, we looked for additive effects by
combining K156A in Cld3 with substitutions in cCPE (Fig. 5E).
The binding of each GST-cCPE mutant to a Cld3 construct was
quantified relative to the binding of GST-cCPE, to the same
Cld3 construct (relative binding). As observed for Cld3, 5., no
significant difference in the relative binding of GST-cCPE
mutants (D284A, Y306A, and L254A/S256A/1258A) with
Cld3y; 564 Was found compared with Cld3y,. The relative
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FIGURE 5. Effect of substitutions in Cld3 on binding of cCPE and mutants thereof. HEK cells transfected with Cld3,,; or Cld3 mutant were used for pulldown
(A and B) or cellular binding assays (C-E). For pulldown assays, representative blots (A) and quantification (B) are shown. Cld3; 45p interacts with GST-cCPE,,+
more weakly than Cld3,,, whereas R157Y in Cld3 does not affect binding. Results are mean = S.E. (error bars); n = 4. %, p < 0.05 to Cld3,,+. C, cellular binding
assays analyzed by Western blotting verified inhibition of cCPE binding by N148D but not R157Y (left panel). N148D in Cld3 blocks binding of cCPE mutants
(middle left panel) whereas R157Y does not enhance the effects of substitutions in cCPE (middle right panel). D and E, cellular binding assays were analyzed using
afluorescence plate reader. GST-cCPE,,; binds to Cld3y; 56 as well as to Cld3,,+. D, additive effect of changed charge in ECL2 of Cld3 (E153V, K156A, R157Y) and
substitutions in cCPE was tested. E, binding of GST-cCPE mutants to Cld3 construct was quantified relative to GST-cCPE, binding (relative binding). Substitu-
tions K156A and R157Y do not change the effect of substitutions in cCPE considerably. E153V slightly decrease relative binding of GST-cCPE, ;. Results show

mean = S.E. (error bars); n =4).*, p < 0.05 to GST-cCPE, .

binding of GST-cCPE mutants to Cld3g;53,, compared with
Cld3+ was slightly reduced, although this reduction reached
statistical significance only for GST-cCPE54,. In total, the
results do not indicate involvement of GIn'®°, Lys**®, or Arg">”
of Cld3 in cCPE binding. However, the data suggest that Glu'**
has a minor contribution to the interaction.

Claudin-cCPE Interaction: Orientation of ECL2 within the
Binding Pocket of cCPE

According to our ECL2 models (Fig. 4, D and E), Leu'*° of
Cld3 and corresponding Leu'®! of Cld4 could either fit in the
deep triple Tyr pit or in the less deep triple Leu pit of cCPE (Fig.
64, la and Ila). To clarify the orientation of the ECL2 of clau-
dins within the binding pocket of cCPE, we substituted Leu'*°/
Leu'®" with Phe, a bulkier and larger residue (Cld3, s
Cld4 ;5,5), because this would fit better in the deeper triple Tyr
pit (Fig. 6A, Ib) than in the less deep triple Leu pit (Fig. 6A, IIb).
Both Cld3; ;50 and Cld4; ;¢ interacted with GST-cCPE+
and showed no significant change in binding compared with
the corresponding wild-type claudin (Fig. 6B). This indicates
that Leu'*°/Leu"*" might bind into the triple Tyr pit. Additionally,
this is also supported by the interaction models of cCPE with ECL2
of Cld3y (Fig. 6D) and Cld4,+ (supplemental Fig. S1), where in
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both cases the shape of side chain Leu'*°/Leu’®! is comple-
mentary to the shape of the triple Tyr pit. Furthermore, the
interaction model for the L150F/L151F mutants indicate
that the substituted side chains can only fit properly in same
orientation with the triple Tyr pit and not the triple Leu pit
(supplemental Fig. S2).

To substantiate orientation I further, binding of a given GST-
cCPE mutant to the Cld3 and Cld4 constructs was quantified
relative to the binding of GST-cCPE,, . to the respective clau-
din construct (relative binding, Fig. 6C). As shown above (Fig. 2,
B and C), binding of GST-cCPE;p6 to Cld3,r-transfected
HEK cells was significantly decreased compared with GST-
cCPE 1 (Fig. 6C). Strikingly, binding of GST-cCPEy;p4a to
Cld3; ;5op or Cld4, ;- was only slightly weaker than binding of
GST-cCPE (Fig. 6C). In contrast, binding of other GST-
¢CPE mutants (cCPE, 5545, CCPEpjg4a, CCPE 554450564 /125840
and cCPE| ,534,02254,r2274) Was not increased but rather partly
decreased by the L150F/L151F substitution (Fig. 6C). The data
show that L150F in Cld3 and L151F in Cld4 specifically rescue
the inhibitory effect of Y306A in cCPE, but not that of the other
substitutions in ¢cCPE. These results strongly support binding
in orientation I (Fig. 6A).
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FIGURE 6. L150F in Cld3 and L151F in Cld4 do not block binding to cCPE but rescue the inhibitory effect of Y306A in cCPE. A, scheme of two possible
orientations of ECL2 in Cld3 and Cld4 within the putative binding pocket of cCPE, which has two pits differing in shape. As shown on the scheme, the turn
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columns) and CId3 5o (green columns) or with Cld4,,+ (gray columns) and Cld4, , 5, (red columns). Bound GST-cCPE was detected by use of a fluorescence plate
reader. Substitution L150F in ECL2 of Cld3 and L151F of Cld4 did not influence interaction with GST-cCPE,,;. C, binding of a given cCPE mutant to cells
expressing a particular claudin construct quantified relative to the respective cCPE,,; binding (relative binding). L150F in Cld3 and L151F in Cld4 rescued the
inhibitory effect of Y306A but not other substitutions in cCPE. Results are mean = S.E. (error bars); n = 4.*, p < 0.05 to GST-cCPE,,;. The binding data support
suggested orientation | (A) and the interaction models. D, L150 in ECL2 of Cld3 fitting perfectly into deeper pit of cCPE binding pocket encircled by Tyr*°¢, Tyr3'°,
and Tyr*'2, In cross-section of the interaction model, cCPE is illustrated (white) with the surface displayed (green, polar/charged; gray, unpolar; yellow, hydro-

phobic) and the pocket-defining residues in ball and stick. Cld3 is shown in orange, with the residues of the turn region as ball and stick (white, C and H; blue, N;
red, O) and the surface of Leu'™° (orange mesh). E, interaction model for Cld3, ;5or With cCPEy306a. Y306A (magenta) widens the triple Tyr pit, and Phe

150

resembles the aromatic ring structure of Tyr*° in cCPE thereby re-establishing the hydrophobic core of the triple Tyr pit.

DISCUSSION

Here, we aimed to answer the question of how the interface
between CPE and the ECL2 of Cld3 and Cld4 is arranged at the
molecular level. Novel mechanistic insights into the interaction
were identified by combining structural information, molecular
modeling, different binding assays, and mutagenesis. None of
the analyzed mutations prevented the ability of the respective
claudin construct to reach the plasma membrane (supplemen-
tal Fig. S5). This indicates that the substitutions did not induce
misfolding of the protein which would interfere with the bind-
ing assays.

As a well established method to analyze claudin-cCPE inter-
action, a pulldown assay was applied (17, 23). However, since
detergent solubilization might change the structure of trans-
membrane proteins, additional cellular binding assays were
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used to analyze claudins in their native membrane environ-
ment. In general, similar results were obtained with the differ-
ent binding assays (summarized in supplemental Table S1). The
only noticeable difference was observed for the substitution
L223A in cCPE. We propose that this could be due to the above
mentioned solubilization having a different effect on the struc-
ture of Cld3 compared with Cld4. This interpretation is con-
sistent with the idea that the ECL2 structure of Cld3 and Cld4
partly differs (Fig. 4, D and E).

Comprehensive Mapping of the Binding Pocket for Claudins
in cCPE—Previously, it has been shown that mutation of the
hydrophobic residues Tyr®°¢, Tyr*'°, Tyr®'?, and Leu®'® disturb
Cld4 binding (16). Inspecting the surface of the cCPE structure
revealed that these residues are distributed in a fragmentary
pattern around a rather hydrophobic cavity. Because several
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FIGURE 7. Superimposed interaction models of ECL2 for Cld3 and Cld4
bound to the surface of the cCPE structure. cCPE residues identified by
mutation as binding sensitive preferentially for Cld3 (cyan) or for Cld4 (red) are
discrete located at the lower and upper rim of the binding pocket. The ECL2
helix-turn-helix models demonstrate common (N-terminal helix) but also
partly differing binding modes (C-terminal helix) between Cld3 (orange) and
Cld4 (green). This opposing helix tilt is caused by the variant helix capping
sequence motifs ">?PEA">*and '*>ASG'*?, of CId3 and Cld4, respectively (side
chains not visualized for clarity, see Fig. 4D) Thus, the C-terminal ECL2 helix of
Cld3 is tilted toward residues showing stronger mutational effects on Cld3
binding (cyan), whereas that of Cld4 is tilted to residues exhibiting stronger
effects on Cld4 binding (red). Residues previously shown to participate in Cld4
binding are labeled in blue.

amino acids that surround this cavity had not yet been investi-
gated, we performed site-directed mutagenesis of these
remaining residues (Fig. 7). Our results clearly show that the
residues Leu®®®, Arg®”’, Leu®®*, 1le**® (and/or Ser**®) and
Asp®®* of cCPE, which are flanking the cavity on both sides, are
involved in binding to Cld3 and/or Cld4. The structure of cCPE
used here (PDB code 2QUO) (18) shows no relevant differences
in the region of the binding pocket compared with the recently
published structure of full-length CPE (PDB code 3AM2) (19).

ECL2 Orientation in the Pocket of cCPE—Leu*° of Cld3 and
L151 of Cld4 bind to the triple Tyr pit of cCPE

Our results indicate that Cld3, ;5o or Cld4; 5, can only
interact with cCPE in orientation I (Fig. 6A, Ib) because the
bulkier Phe side chain can be placed into the triple Tyr pit but
not into the less deep triple Leu pit (Fig. 64, IIb), supporting
that ECL2 of Cld3,+ and Cld4 is oriented within the bind-
ing pocket of cCPE in orientation I (Fig. 6A, Ia). This orienta-
tion was further substantiated by three other findings. First,
Cld3; ;50r and Cld4y 5, rescue the impaired binding of GST-
cCPEy 5064 but not other mutants (Fig. 6C). Not a bulk reduc-
tion by the L150A mutation in Cld3 but the larger phenyl ring
introduced by L150F in Cld3 or L151F in Cld4 is likely to com-
pensate for the lack of an aromatic ring in the triple Tyr pit
caused by the Y306A substitution in cCPE (Fig. 6E). Second,
contrariwise at the triple Leu pit of cCPE the decrease in Cld
binding by Ala substitutions such as by L254A cannot be res-
cued by Cld3, ;50 Third, the alternative orientation II, where
the N-terminal ECL2 helix is located close to the triple Leu pit
of cCPE (Fig. 64, IIa), is ruled out by testing a potential inter-
action between Asn'*® in Cld3 and Asp®** in cCPE (Asn'*® <
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Asp?®?). Initially, we suspected an interaction such as that pre-

dicted in orientation II because N148D in Cld3 (23) and corre-
sponding N149D in Cld4 (30) and D284A in cCPE disturbed the
binding. This disturbance might be caused either by polar
repulsion (Asp'*® <> Asp*®**) or missing H-bond acceptors
(Asn'*® <> Ala®®*). However, after enabling the possibility of
H-bond interactions to form between the two complementary
mutated positions (Asp'*® <> Asn***), we found that D284N in
cCPE did not rescue the inhibition of cCPE-Cld3 interaction
caused by N148D in Cld3 (Fig. 5C, middle left panel). Accord-
ingly, the substitution D284N in cCPE also did not enable or
enhance cCPE binding to Cld5 or Cld1 (supplemental Fig. S3),
which also both have an Asp in the position corresponding to
Asn'*® in Cld3. This fits in with our suggested orientation I of
cCPE-bound ECL2 in which Asn'*¥/Asn'* is placed close to
the triple Tyr pit, and thus the accessibility to allow interaction
with D284 is spatially prevented.

Hence, all of these results strongly support binding in orien-
tation I, where the triple Tyr pit of cCPE interacts with large and
bulky hydrophobic residues (Leu'*°/Leu'*" in mouse Cld3 and
human Cld4; Met'®! in mouse Cld4; Fig. 4A4), and the triple Leu
pit interacts with less bulky hydrophobic residues (Pro'>?/
Ala'®?). Thereby the turn region (PLVP/A) of ECL2, previously
shown to be important for interaction with cCPE (23), binds
along the cavity.

The strong dependence of the claudin-cCPE binding on
hydrophobic interactions is underlined by improved Cld4 bind-
ing of cCPE mutants containing Ala at positions of polar resi-
dues (Ser®**, Ser®®®, Ser®®”, Asn®*?, Ser®'?) close to the binding
pocket (16). The fact that multiple mutations at these six posi-
tions partially affect Cld4 binding (31) is consistent with our
model too.

Others have suggested electrostatic attraction between pos-
itively charged residues in the ECL2 of CPE-sensitive claudins
and negatively charged counterparts at CPE (22) (see supple-
mental Fig. S4 for electrostatic potential map). We found that
single substitutions of basic residues in the ECL2 of Cld3
(K156A, R157Y) did not significantly reduce the Cld3-cCPE
interaction. Therefore, we propose that the basic residues in the
ECL2, atleast for Cld3, are not significantly involved in binding.
However, the findings of Kimura et al. are consistent with elec-
trostatic interaction mediated by Asn**® in Cld3 (22), verified in
this study, and Asn'*® in Cld4 (30).

Claudin Subtype-specific Differences in Structure of ECL2—
For claudins, no crystal structures are currently available. Com-
bining mutagenesis studies and molecular modeling enables
insights into the structural characteristics of transmembrane
proteins. Based on an experimentally supported homology
model of Cld5 (28), we propose here similar structures (helix-
turn-helix motif) for ECL2 of Cld3 and Cld4. Molecular dock-
ing of ECL2 models using the crystal structure of cCPE proved
to be a suitable tool to validate the ECL2 models of claudins.
Despite a predicted general similarity in conformation (Refs.
23, 28 and this study), we also describe structural differences
between the ECL2 of Cld3 and Cld4. (Figs. 4 and 7).

Cld3 and Cld4 Show in Part a Different Mode of Binding cCPE—
Cld3-mimicking substitutions of the helix-capping residues in
Cld4 (A153P/S154E/G155A) lead to Cld3-like cCPE binding
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functionality, suggesting a different binding behavior (Fig. 4C).
These results are not only consistent with the predicted slightly
different ECL2 conformations for Cld3 and Cld4 (Fig. 4, D and
E) but are also concordant with the proposed different binding
mode for Cld3 and Cld4 with cCPE (Fig. 7).

Whereas the N-terminal ECL2 helices (helix 1) of both CId3
and Cld4 interact in a similar way with the triple Tyr pit of
cCPE, the C-terminal ECL2 helix (helix 2) of Cld3 is tilted closer
to the lower rim of the triple Leu pit of cCPE than the C-termi-
nal ECL2-helix of Cld4, which is closer to the upper rim (Fig. 7).
This corresponds with the finding that substitution of the res-
idues located on the upper rim of the cCPE binding pocket has
a stronger influence on the binding to Cld4 (Fig. 7, red high-
lighted residues), whereas substitution of the residues on the
lower rim of the cCPE binding pocket has a stronger influence
on the binding to Cld3 (Fig. 7, cyan highlighted residues).

We previously demonstrated binding of GST-cCPE, ;¢ _3,,to
synthetic mouse Cld3 but not to mouse Cld4 peptides (23).
A152P (together with M150L) enabled Cld3-like binding of
Cld4 peptides to GST-cCPE, ;3,0 (23). This is in line with the
Cld3-like binding characteristics described here of full-length
Cld4 containing the Cld3-mimicking '**PEA">*, The multiple
substitution in the upper rim (L223A/D225A/R227A) had a
weaker effect than R227A alone. This indicates that removal of
the negative charge of Asp”*® partially rescues the effect of
removal of the positive charge at Arg**”. As a consequence,
GST-cCPE,| 5554,00054,/ 82274 Showed only a minor reduction in
Cld3 binding but strong inhibition of Cld4 binding. In contrast,
GST-cCPE| 554a/5256A/1258/D284a  ShOws  strong binding to
Cld4 but weak binding to Cld3. Hence, along with our mecha-
nistic analysis we obtained GST-cCPE mutants with shifted
claudin subtype specificity.

In summary, we propose claudin subtype-specific structural
differences in the ECL2, which could contribute to the subtype-
specific barrier properties. In addition to the ECL1 (4, 32), ECL2
also contributes to paracellular tightening (33, 34). Hence, our
data are relevant for mechanistic understanding of paracellular
barrier formation (27). Furthermore, we have mapped the
cCPE-Cld3/4 interaction sites comprehensively and present a
mutation-guided docking of the ECL2 of Cld3 and Cld4 onto
the cCPE structure by discriminating between two possible
binding orientations. Our data strengthen a previously sug-
gested helix-turn-helix conformation for claudin ECL2 and
improve the molecular understanding of these tight junction
proteins with yet unknown structure. Along with distinct bind-
ing data and slightly different ECL2 sequences partly differing
binding modes between Cld3 and Cld4 were identified.

However, by our major finding, we prove that claudin sub-
type specificity of cCPE can be altered by structure-based
molecular modification of cCPE. This facilitates the improved
targeting of specific claudins. Here, as an initial step, we nar-
rowed the specificity by generating claudin binders preferen-
tially either for Cld3 or for Cld4. Several carcinomas overex-
press particular claudins (including Cld3 or Cld4) in a subtype-
specific manner (15, 24, 25). Targeting these tumors could be
enhanced by use of cCPE-variants with optimized claudin sub-
type specificity (31, 35). Moreover, the prospective design of
cCPE-variants binding to claudin subtypes that are not recog-
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nized by cCPE,y- might be achieved. cCPE variants that bind to
Cld5 or Cld1 could either improve modulation of tight junc-
tions and in turn paracellular drug delivery across the blood
brain barrier (9, 37) or mask Cld1 as a cofactor of hepatitis C
virus entry and therefore inhibit virus infection (36).
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