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Claudin, a 24-kDa integral membrane protein with four transmembrane domains, plays a pivotal role in barrier-function
of epithelial cell sheets. There are more than 20 members of the claudin family with different tissue-specific expression
and barrier-function. The epidermis consists of several cell layers of strata corneum, granulosum and spinosum. Recently,
Tsukita’s group found that claudin-1 is expressed in the strata granulosum and is responsible for epidermal barrier. This
finding indicates that a claudin-1 modulator may be a promising candidate for trans-epidermal delivery of cosmetics, such as
anti-aging compounds and radical scavengers. However, a method to modulate claudin-1-barrier has never been developed.

A C-terminal fragment of Clostridium perfringens enterotoxin (C-CPE) is the only claudin modulator, and C-CPE
disrupts barrier-function of claudin-4 in epithelial cells. We previously showed that modulation of claudin-4 is a novel
strategy for intestinal absorption of drugs using C-CPE as a claudin modulator, and we also found that deletion of the
C-terminal 16 amino acids of C-CPE lost its ability to modulate claudin-4. Taken together, we started to develop a claudin-1
modulator using C-CPE as a prototype. Previously, substitution of Tyr310 with Cys reduced binding of Clostridium
perfringens enterotoxin to its receptor. Until now, we investigated roles of the tyrosines (Tyr306, Tyr310, and Tyr312) of the
C-terminal 16 amino acids of C-CPE in claudin-4 binding and modulation of epithelial barrier by site-directed mutagenesis.
Single mutations of Tyr306, Tyr310 and Tyr312 to alanine resulted in partial reduction of claudin-4-binding. Double mutants
Tyr306Ala/Tyr310Ala and Tyr306Ala/Tyr312Ala lost the ability to bind to claudin-4 and to modulate epithelial barrier.

These data provide us useful information in the development of claudin-1 modulator based on C-CPE.
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Figure 1 Diagram of C-CPE structure.

C-CPE is the C-terminal fragment of CPE. C-CPE binds to
claudin-4 and decreases TJ barrier function as indicated by a
decrease in TER (2). The C-terminal 30 amino acids of CPE
and C-CPE mediate interaction with the CPE receptor and
claudin, respectively ?(6). Further analysis shows that the
C-terminal 16 amino acids are responsible for the interaction
of C-CPE with claudin and for its ability to decrease the TJ
barrier function ”(4).

Table 1 Primers used for site-directed mutagenesis.
The underline in forward primer and in reverse primer is Ndel site and BamHlsite,
respectively. The italic letters in the reverse primer indicated the site of mutation.

Primers

Sequences (5’ to 3°)

Common forward primer

Reverse primer for Y306A

Reverse primer for Y310A

Reverse primer for Y312A

Reverse primer for Y306A/Y310A

Reverse primer for Y306A/Y312A

Reverse primer for Y310A/Y312A

Reverse primer for Y306A/Y310A/Y312A

ggaattc cat atg gaa aga tgt gtt tta aca gtt cca tct aca

cgggatcce tta aaa ttt ttg aaa taa tat tga ata agg gta att
tce act agc tga tga att agc ttt cat tac

cgggatcce tta aaa ttt ttg aaa taa tat tga ata agg ggc att
tcc act ata tga tga att age ttt ¢

cgggatcce tta aaa ttt ttg aaa taa tat tga agc agg gta att
tce act ata tga

cgggatcc tta aaa ttt ttg aaa taa tat tga ata agg ggc
att tcc act age tga tga att agce ttt cat tac

cgggatcc tta aaa ttt ttg aaa taa tat tga agc agg gta
att tcc act ggc tga tga att agc ttt cat tac aag

cgggatcc tta aaa ttt ttg aaa taa tat tga agc agg ggc
att tcc act ata tga tga att agc ttt cat tac

cgggatcc tta aaa ttt ttg aaa taa tat tga agc agg ggc
att tcc act agc tga tga att agc ttt cat tac
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Figure 2 Effects of Tyr306, Tyr310 and Tyr312 on the interaction of C-CPE with claudin-4.
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A) Competitive inhibition of C-CPE-PSIF-induced cytotoxicity by mutants of C-CPE. Claudin-4-expressing L (CL4/L) cells were
pretreated with the indicated concentrations of C-CPE or C-CPE mutants for 1 h. The cells were then incubated with 0.2 ug/mé
of C-CPE-PSIF. After 36 h, LDH release was assessed using a commercially available kit. The results are representative of three
independent experiments, and the values are means = SD (n=3).

B) Pull-down assay. Confluent Caco-2 cells were harvested and lysed in lysis buffer. The lysate (10 ug) was incubated with vehicle,
C-CPE, or mutants of C-CPE for 30 min at 37°C. After addition of Ni-resin, the lysate was incubated for 3 h at 4°C. The resin was
then precipitated, and the bound proteins were analyzed by SDS-PAGE followed by Western blotting using anti-claudin-4 or anti-His-
tag antibodies. The lanes containing Caco-2 lysates (10 ug), C-CPE (1 ug), and mutants of C-CPE (1 ug) were positive controls for
claudin-4, C-CPE, and mutants of C-CPE, respectively. The results are representative of three independent experiments.

A. TER values

TER (Ohm - cm?)

400 1

300 A1

200 +

(0]

O on
1 @ 1sn

Al

Vehicle

T T T T T

C-CPE Y312A Y310A Y306A Y306A Y306A Y310A
/Y310A /Y312A /Y312A

Figure 3 Effects of mutants of C-CPE on the TJ barrier function

and jejunal absorption.

A) Effects of mutants on the TJ barrier function of Caco-2 monolayer
cells. Confluent Caco-2 cells were cultured in Transwell chambers
for 10-14 days. When TER values stabilized, C-CPEs were added
to the basal side of the Transwell chamber at the indicated

concentrations.

SEM (n=4).

TER values were measured after 0 and 18h.
Values are meanstSD (n=4). The results are representative of three
independent experiments.

B) Effects of mutants on jejunal absorption of FD-4 in rat. Rat jejunum
was treated with FD-4 (10mg/m¢ ) in the presence of vehicle, C-CPE
(0.2 mg/me), or mutant C-CPEs (0.2mg/mf ). The FD-4 levels in plasma
collected from the cervical vein were determined at the indicated
times. Values are means = SEM (n=4).

C) The AUC,.4, values were calculated from (B) and are means=t

The results shown in (B) and (C) are representative of

three independent experiments.
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Figure 4 Interaction of double mutants at residues 306, 310, and 312 of C-CPE with claudin-4

A) Competition assay. CL4/L cells were incubated with double mutants at the indicated concentration for 1h and then mixed
with C-CPE-PSIF (0.2 ug/m¢). After 36h, LDH release was assessed using a commercially available kit. The results are
representative of three independent experiments. Values are means=+SD (n=3).

B) Pull-down assay. Caco-2 lysates (10ug) were incubated with double mutants (Y306A/Y310A, Y306A/Y312A, or Y310A/
Y312A) for 30 min at 37°C . Ni-resin was then added, and the lysate was incubated for 3h at 4°C . Next, the resin was
precipitated, and the bound proteins were analyzed by SDS-PAGE followed by Western blotting.
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Figure 5 Effect of triple mutation on the activities of C-CPE.
Interaction of the triple mutant with claudin-4 was examined
using competitive assay with C-CPE-PSIF (A) and a pull-
down assay (B) as described in Figs. 2A and 2B,
respectively. Effects of the triple mutant on the TJ barrier in
Caco-2 monolayer cells (C) and jejunal absorption in rat (D,
E) were assayed as described in Fig. 3. The values in (C)
are means = SD (n=4), and those in (D) and (E) are means
+ SEM (n=4). The results are representative of three
independent experiments.



