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Identification of a Wide Range of Motifs Inhibitory to Shiga Toxin by
Affinity-Driven Screening of Customized Divalent Peptides
Synthesized on a Membrane

Mihoko Kato, Miho Watanabe-Takahashi, Eiko Shimizu, Kiyotaka Nishikawa
Faculty of Life and Medical Sciences, Doshisha University, Kyoto, Japan

Shiga toxin (Stx), a major virulence factor of enterohemorrhagic Escherichia coli, binds to target cells through a multivalent in-
teraction between its B-subunit pentamer and the cell surface receptor globotriaosylceramide, resulting in a remarkable increase
in its binding affinity. This phenomenon is referred to as the “clustering effect.” Previously, we developed a multivalent peptide
library that can exert the clustering effect and identified Stx neutralizers with tetravalent peptides by screening this library for
high-affinity binding to the specific receptor-binding site of the B subunit. However, this technique yielded only a limited num-
ber of binding motifs, with some redundancy in amino acid selectivity. In this study, we established a novel technique to synthe-
size up to 384 divalent peptides whose structures were customized to exert the clustering effect on the B subunit on a single cellu-
lose membrane. By targeting Stx1a, a major Stx subtype, the customized divalent peptides were screened to identify high-affinity

binding motifs. The sequences of the peptides were designed based on information obtained from the multivalent peptide li-
brary technique. A total of 64 candidate motifs were successfully identified, and 11 of these were selected to synthesize tetrava-
Ient forms of the peptides. All of the synthesized tetravalent peptides bound to the B subunit with high affinities and effectively
inhibited the cytotoxicity of Stx1a in Vero cells. Thus, the combination of the two techniques results in greatly improved effi-

ciency in identifying biologically active neutralizers of Stx.

%nfection with enterohemorrhagic Escherichia coli (EHEC)
causes bloody diarrhea and hemorrhagic colitis, sometimes
followed by fatal systemic complications, such as acute encepha-
lopathy and hemolytic-uremic syndrome (HUS) (1-6). In 2011,
unprecedented outbreaks of E. coli 0104:H4 occurred in the Eu-
ropean Union (EU), particularly in Germany, with more than
4,000 cases of infection and 50 fatalities (7, 8). Since antibiotic use
is controversial (9-11), novel therapeutic strategies against the
infection are urgently required. EHEC produces Shiga toxin (Stx)
as a major virulence factor; therefore, one of the most promising
approaches is to develop an Stx neutralizer that effectively binds to
and inhibits Stx.

Stx, a typical ribotoxin, is present in various forms that can be
classified into two subgroups, Stx1 and Stx2, each of which has
various closely related subtypes: Stx1a, -1¢, and -1d and Stx2a, -2b,
-2¢, -2d, -2e, -2f, and -2g, respectively (12—14). Each Stx subtype
consists of a catalytic A subunit and a B-subunit pentamer, which
is responsible for high-affinity binding to the functional cell sut-
face receptor Gb3 [Gala(1-4)-GalB(1-4)-GlcB-ceramide] (4,
15, 16), or Gb4 [GalNAcB(1-3)-Gala(1-4)-GalB(1-4)-GlcB-cet-
amide], which is preferred by Stx2e (17). Each B subunit has three
distinctive binding sites (sites 1, 2, and 3) for the trisaccharide
moiety of Gb3 (18, 19), resulting in the formation of a multivalent
interaction between the B-subunit pentamer and Gb3. This type
of interaction is known to markedly increase the binding affinity a
millionfold and is generally known as the “clustering effect.”

Previously, we developed a multivalent peptide library that can
exert the clustering effect and identified Stx neutralizers with tet-
ravalent peptides by screening this library based on high-affinity
binding to specific receptor-binding sites (20-22). By targeting
one of the receptor-binding sites (site 3) of subtype Stx2a which is
most closely associated with high disease severity (23, 24), we
identified four tetravalent peptides that bind to Stx2a with high
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affinity and specificity as novel peptide-based neutralizers (20).
One of the neutralizers, PPP-tet, protected mice from a fatal dose
of E. coli O157:H7 (20) and inhibited the lethal effect of intrave-
nously administered Stx2a in a nonhuman primate model (25).
Receritly, by targeting receptor-binding site 1 of Stxla, the most
frequently observed subtype, we identified tetravalent peptide
MMA-tet (22). Interestingly, MMA-tet strongly inhibited Stxla
and Stx2a with greater potency than that of PPP-tet as well as
rescuing mice from the lethality caused by the infection by E. coli
0157:H7, which produces both toxins. This multivalent peptide
library technique, however, can yield only a limited number of
binding motifs for the intended receptor-binding region of the B
subunit, with redundancy of amino acid selectivity at some posi-
tions.

" In this study, we established a novel technique to determine a
wide range of binding motifs for the B subunit by directly screen-
ing hundreds of divalent peptides on a membrane whose struc-
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tures were customized to exert the clustering effect. By targeting
one of the receptor-binding sites (site 2) of the Stxla B subunit, a
site which plays a significant role in the receptor binding of Stxla
(18, 26), we successfully identified 11 peptide-based neutralizers
of Stxla using this novel technology combined with multivalent
peptide library screening. Screening the multivalent peptide li-
brary alone could not identify a biologically active inhibitor of this
site. Thus, the combination of the two techniques will provide a
powerful strategy to develop customized neutralizers for a re-
stricted area of the receptor-binding region of the B subunit, en-
abling the identification of tailored neutralizers for each Stx sub-
type with highly conserved structural similarity.

MATERIALS AND METHODS

Materials. Recombinant Stx1a, histidine-tagged Stxla B subunit (1BH),
and 1BH with a single-amino-acid substitution (1BH-G62A) were pre-
pared as described previously (27). The amino-PEGs,,-UC540 mem-
brane (Intavis Bioanalytical Instruments AG, Germany) used for the spot
synthesis of peptides was purchased from PerkinElmer, Tokyo, Japan.
Porcine erythrocyte Gb3 and egg phosphatidylcholine (PC) were pur-
chased from Wako Pure Industries, Osaka, Japan.

Peptides and peptide library screening. Tetravalent peptides and tet-
ravalent peptide libraries were synthesized using N-a-9-fluorenylmethoxy
carbonyl (FMOC)-protected amino acids and standard BOP [benzotriazol-
1-yloxytris(dimetylamino)phosphonium hexafluorophosphate]/HOB (1-
hydroxybenzotriazole hydrate) coupling chemistry as described previously
(20). A Met-Ala sequence was included at the amino terminus of each library
peptide to verify the identity and origin of the peptides being sequenced and
to qualify the peptides. Recombinant 1BH or 1BH-G62A (0.5 mg protein)
bound to Ni** beads was incubated with 300 j1g of a given library peptide in
phosphate-buffered saline (PBS) overnight at 4°C. After extensive washing,
the bound peptides were sequenced on an Applied Biosystems model 477A
protein sequencer. To calculate the relative amino acid preference at each
degenerate position, the corrected quantities of amino acids in the peptides
recovered from the 1BH beads were compared with those recovered from the
1BH-G62A beads to calculate the abundance ratios of amino acids (20).

ELISA of the binding between 1BH and inhibitory peptides. The
indicated amounts of the tetravalent peptide dissolved in PBS were ap-
plied as a coating onto each well of a 96-well enzyme-linked immunosor-
bent assay (ELISA) plate and incubated for 24 h at 4°C. After blocking, the
plate was incubated with 1BH or 1BH-G62A (1 pg/ml) for 1 h at room
temperature. Bound 1BH was detected using rabbit anti-Stx1a antiserum
as described previously (20).

Cytotoxicity assay. Subconfluent Vero cells were cultured in a 96-well
plate in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum and treated with Stxla (1 pg/ml) in the absence
or presence of a given tetravalent peptide for 72 h at 37°C. The relative
number of living cells was determined using cell counting kit 8 (Dojindo,
Kumamoto, Japan) as described previously (22).

Spot synthesis of peptides on cellulose membrane. Basic spot synthe-
sis of peptides on a cellulose membrane was performed as described
previously (28, 29) using the ResPep SL spot synthesizer (Intavis Bioana-
Iytical Instruments AG, Cologne, Germany). The density of peptides syn-
thesized on a membrane was controlled by using a mixture of FMOC-
BAla-OH and Boc-BAla-OH (Watanabe Chemical Industries, Japan) at
different ratios (100:0, 30:70, or 10:90, respectively) for the first cycle.
t-Butyloxycarbonyl (Boc) is resistant to the deprotection procedure and
inhibits the subsequent elongation reaction. The spacer length of the pep-
tide was controlled by the number of amino hexanoic acids following the
first BAla. After the addition of amino hexanoic acid(s), FMOC-Lys(F-
MOC)-OH (Watanabe Chemical Industries) was used for the next cycle to
bifurcate the peptide chain for subsequent motif synthesis. This step was
omitted for monovalent peptide synthesis. The successful synthesis of
each peptide was confirmed by staining the membrane using bromophe-
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nol blue (1% in N,N’-dimethylformamide), which reacts to free amino
residues. Free amino residues are produced only after the completion of
all the reactions and before the deprotection of the side chain residues.
After destaining with N,N'-dimethylformamide, the membrane was used
in the binding assay. As a positive control for Stx B-subunit binding, Gb3
(0.1 jug) mixed with PC (1 jg) was directly spotted on the membrane.

Bindingassay of 1BH or 1BH-G62A to divalent peptides synthesized
on the membrane. After blocking with 5% skim milk in PBS, the mem-
brane (prepared as described above) was blotted with the indicated con-
centration of '*I-1BH or '*’I-1BH-G62A (1 X 10° to 2 X 10° cpm/pg
protein) for 1 h at room temperature. After extensive washing, the radio-
activity bound to each peptide spot was quantitated as a pixel value using
a BAS 2500 bioimaging analyzer system (GE Healthcare, Amersham,
United Kingdom). In another detection systen, the membrane was blot-
ted with 1.0 pg/ml 1BH for 1 h at room temperature. After extensive
washing, bound 1BH was detected using rabbit anti-Stxla antiserum as
described previously (22) and quantitated as a pixel value using Image-
Quant LAS 500 (GE Healthcare).

Kinetic analysis of the binding between inhibitory peptides and im-
mobilized 1BH. The binding of tetravalent peptides to immobilized 1BH
was quantified using a Biacore T100 system instrument (GE Healthcare
Sciences, USA) as described previously (20). The resonance unit is an
arbitrary unit (AU) used by the Biacore system. Binding kinetics were
analyzed using Biaevaluation software, v1.1.1 (GE Healthcare).

RESULTS

Tetravalent peptide library screening identified a peptide motif
that specifically binds 1BH through site 2. A tetravalent peptide
library is comprised of peptides containing a polylysine core
that bifurcates at both ends with four randomized peptides
(20). The library was screened for the ability to bind to wild-
type 1BH but not to 1BH-G62A, which contains a mutation in
one of the receptor-binding sites (site 2). Site 2 has been shown
to play an essential role in the receptor binding of Stx1a (26). A
tetravalent peptide library with a fixed Arg at position 4 (the
XRX library) was used for the first round of selection, based on
the previous observation that Stx1a prefers clustered Args in its
binding motifs (22). As shown in Fig. 1A, Arg was strongly
selected at positions 1, 5, and 7, and His was selected at position
5. Based on this result, a second tetravalent peptide library with
clustered Args (the XRR library) was screened to further refine
peptide selection. Lys was strongly selected at position 1, and
both Arg and His were selected at position 3. Based on these
results, we identified KRRRRRR as a candidate motif. A tet-
ravalent form of this peptide with the same core structure was
synthesized and referred to as KRR-tet. As shown in Fig. 1B,
KRR-tet bound efficiently to 1BH, whereas the binding to 1BH-
G62A was less efficient. Under the same conditions, MA-tet,
which has the same core structure but lacks the binding motif,
did not bind to either of the B subunits (data not shown). These
results indicate that KRR-tet specifically binds to the B subunit
through site 2. KRR-tet, however, was found to be cytotoxic
due to its highly basic nature (Fig. 1C) and thus did not inhibit
the cytotoxicity of Stxla in Vero cells, in contrast to MMA-tet
(Fig. 1D).

Establishment of a technique to synthesize peptides on a
membrane that can exert the clustering effect on the Stxla B
subunit. KRR-tet has an Arg cluster at positions 4 to 7; this cluster
is also observed in MMA-tet, indicating that the motif is com-
monly required for the efficient binding to the Stxla B subunit.
Based on this motif, we tried to identify a series of site 2-targeted
binding motifs by establishing a novel technique in which hun-
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FIG 1 Identification of a peptide motif that specifically binds to Stx1a B subunit through site 2 by using tetravalent peptide library screening. (A) The tetravalent
peptide library was comprised of tetravalent peptides with a polylysine core bifurcating at both ends with four randomized peptides. The peptide library for the
first screening had the sequence Met-Ala-X-X-X-R-X-X-X-Ala-U (U, amino hexanoic acid), where X indicates all amino acids except Cys. Screening of the library
was performed to identify tetravalent peptides that bound to 1BH but not to 1BH-G62A. For the second screening, a peptide library with fixed Args at positions
4to 7 (XRR library) was used. Values in parentheses indicate relative selectivities for the amino acids. Bold letters indicate amino acids that were strongly selected.
Each screening was performed twice; representative values are shown. (B) The binding of 1BH or 1BH-G62A (1 pg/ml) to KRR-tet at the indicated concentra-
tions was examined using ELISA (mean * standard error, 1 = 3). (C) The effect of KRR-tet on the cell viability in Vero cells was examined by the cytotoxicity
assay. Data are presented as a percentage of the control value (mean = standard error, n = 4). (D) The effect of KRR-tet or MMA-tet on the cytotoxic activity of

Stxla (1 pg/ml) in Vero cells was examined by the cytotoxicity assay (mean * standard error, n = 4).

dreds of peptides with the Arg cluster were synthesized in a diva-
lent form on a cellulose membrane and screened for high-affinity
binding to 1BH but not to 1BH-G62A. We also optimized the
structure of the peptide synthesized on the membrane (Fig. 2A). A
divalent form of the peptide, KRRRRRR, was found to exert the
clustering effect and exhibited markedly increased binding to 1BH
compared to the monovalent form (Fig. 2B). Under the same con-
ditions, Gb3 blotted on the membrane was specifically detected by
1BH. Using the divalent peptide, we found that a spacer of one
amino hexanoic acid functioned most efficiently and that the
higher density yielded higher binding efficacy (Fig. 2B). We fur-
ther examined the binding of other divalent peptides. The divalent
form of MMARRRR, a binding motif present in MMA-tet, also
efficiently bound to 1BH in a dose-dependent manner when one
amino hexanoic acid was used as a spacer (Fig. 2C). Similar den-
sity dependency was observed for the divalent peptide (Fig. 2B).
The divalent form of AAARRRR, another binding motif previ-
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ously determined for 1BH (22), could still efficiently bind to 1BH.
In contrast, the divalent form of AAADDDD, in which all Args of
AAARRRR were replaced with Asps, completely lost binding ac-
tivity (Fig. 2C), confirming the requirement of the Arg cluster in
the binding motif.

Screening of divalent peptides synthesized on a membrane
successfully identified a wide range of peptide motifs that spe-
cifically bind to the Stxla B subunit through site 2. Using the
optimized conditions identified above, 380 divalent peptides con-
taining the Arg cluster and shuffled amino acids at motif positions
1 to 3 were synthesized on a cellulose membrane. One group had
the XXA-RRRR motif, and the other group had the AAX-RRRR
motif, respectively, where X indicates a fixed amino acid as indi-
cated (Fig. 3A). The divalent peptide with the original motif KRR-
RRRR was also synthesized. The membrane was blotted with '*°I-
1BH or '*°I-1BH-G62A (Fig. 3B), and the radioactivity bound to
each peptide spot was quantitated and analyzed. Divalent peptides
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FIG 2 Optimization of the structure of the peptides synthesized on a membrane to exert the clustering effect. (A) The structure of a monovalent or a
divalent peptide synthesized on a cellulose membrane is shown as described in Materials and Methods (density: y = 10, 30, or 100%; spacer length: n =
1, 2, or 3; U indicates amino hexanoic acid; R = Met-Ala-[indicated motif]-Ala). (B) The monovalent or the divalent form of the KKKRRRR motif was
synthesized with different spacer lengths in triplicate (y = 100%, upper panel). The divalent form of the KKKRRRR or MMARRRR motif was synthesized
with different densities (n = 1, lower panel). The membrane was blotted with 1.0 wg/ml of 1BH. Bound 1BH was detected using rabbit anti-Stxla
antiserum and quantitated as a pixel value. Each value is shown after subtraction-of the control value obtained without 1BH. (C) Divalent peptides with
the MMARRRR, AAADDDD, or AAARRRR motif were synthesized on a membrane with different spacer lengths (y = 100%). The membrane was blotted
with the indicated concentration of '*°I-1BH, and the radioactivity bound to each peptide was detected (upper panel) and quantitated. Data obtained with
1.0 pg/ml of '*’I-1BH are shown (lower panel).

with a normalized value of ***I-1BH binding (1BH-binding value)
greater than 1.14 were selected and then resorted in descending
order of the product (1BH X ratio) of the I1BH-binding value and
the normalized ratio (1BH/G62A ratio), as shown in Table S1 in
the supplemental material. A total of 64 peptides with 1BH X ratio
values greater than 1.3 were identified as candidate motifs. These
64 divalent peptides were synthesized on a membrane (Fig. 4A)
and blotted with different concentrations of *’I-1BH or '*I-
1BH-G62A (Fig. 4B). The radioactivity bound to each peptide was
quantitated and analyzed (see Fig. S1 in the supplemental mate-
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rial). Among these divalent peptides, 11 motifs were selected
based on the binding intensity and specificity of 1BH, excluding
peptide motifs that had tandem basic amino acids in the first three
amino acids (e.g., KHA or KKA). The exclusion was implemented
to avoid selecting potentially cytotoxic motifs.

Tetravalent peptides with the identified motifs bind to 1BH
through site 2 with high affinities. Tetravalent peptides with the
11 motifs identified above were synthesized using the same core
structure as described in Materials and Methods and were referred
to as NKA-tet, [IA-tet, KGA-tet, KMA-tet, KFA-tet, FRA-tet,
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FIG 3 Screening of divalent peptides synthesized on a membrane based on binding to 1BH but not to 1BH-G62A. (A) The structure of the divalent peptide
synthesized on a membrane was the same as that shown in Fig. 2A. The density of the peptides (y) was 100%, and the spacer length (1) was 1. The first three amino
acids present in the XXA-RRRR or AAX-RRRR motif are shown at positions A5 to P5 or positions P6 to P23, respectively. The divalent peptide with the original
motif, KRR-RRRR, was synthesized at position P24. The gray boxes indicate the 64 candidate motifs that were selected after the binding analysis. (B) The
membrane was blotted with '*°I-1BH or '**I-1BH-G62A (1 wg/ml), and the radioactivity bound to each peptide spot was quantitated and analyzed as shown in
Table S1 in the supplemental material.
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FIG 4 Binding analysis of the divalent peptides with 64 candidate motifs
synthesized on a membrane to 1BH or 1BH-G62A. (A) The structure of the
divalent peptide synthesized on a membrane was the same as that shown in Fig.
3A. The 64 divalent peptides with candidate motifs, the first three amino acids
of which are shown in the panel, were synthesized at the indicated positions.
The gray boxes indicate the 11 candidate motifs selected after the binding
analysis as shown in Fig. S1 in the supplemental material. (B) The membrane
was blotted with the indicated amounts of '*’I-1BH or '*’I-1BH-G624, and
the radioactivity bound to each peptide spot was quantitated and analyzed (see
Fig. S1 in the supplemental material).

PQA-tet, YTA-tet, VIA-tet, AAL-tet, and AAK-tet. The binding of
these tetravalent peptides to 1BH or 1BH-G62A was examined
(Fig. 5). All of the tetravalent peptides bound to 1BH with more
potency than to 1BH-G62A, indicating that site 2 is involved in the
binding of these peptides. Under the same conditions, MMA-tet,
which binds to sites 1 and 3 of 1BH but not site 2 (22), bound to
1BH-G62A with similar affinity as that of 1BH (data not shown),
further confirming the binding specificity of the identified tetrava-
lent peptides. As shown in Table 1, all of these tetravalent peptides
bound to 1BH with high affinities.

Tetravalent peptides with the identified motifs efficiently in-
hibit the cytotoxicity of Stxla. The ability of the identified tet-
ravalent peptides to inhibit the cytotoxicity of Stxla in Vero cells
was examined (Fig. 6). MMA-tet was used as a positive control.
Among the 11 tetravalent peptides, KGA-tet, KFA-tet, FRA-tet,
PQA-tet, YTA-tet, VIA-tet, and AAL-tet inhibited Stxla cytotox-
icity as efficiently as MMA-tet, although the inhibitory effects of
KFA-tet and FRA-tet were reduced at 52 M because of their own
cytotoxicity (data not shown). NKA-tet, IIA-tet, KMA-tet, and
AAK-tet exerted inhibitory effects with lower efficiency.
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DISCUSSION

In this study, we established a novel technique to synthesize, on a
single cellulose membrane, divalent peptides that could exert the
clustering effect on the Stxla B subunit. By targeting one of the
receptor-binding sites (site 2) of the B subunit, we screened diva-
lent peptides whose sequences were designed based on informa-
tion obtained by multivalent peptide library screening. We suc-
cessfully identified 11 peptide-based neutralizers of Stxla. Thus,
the combination of these two techniques enables us to identify a
wide range of biologically active neutralizers of Stx1a, whereas the
multivalent peptide library technique yielded only one motif,
which was found to be cytotoxic.

Previously, we developed a series of carbosilane dendrimers
with clustered trisaccharides of Gb3, named SUPER TWIGs, as Stx
neutralizers (27, 30). One of these compounds, SUPER TWIG
(1)2, which has a divalent form of the trisaccharide, was found to
sufficiently exert the clustering effect on the Stx B subunit to
markedly increase binding affinity. Their K, (dissociation con-
stant) values toward the Stxla B subunit and Stx2a B subunit were
determined to be 88 and 68 M, respectively, using the Biacore
system; no binding was observed with free trisaccharide up to 1.6
mM (20, 27). These observations provide a theoretical rationale
for the use of membrane-synthesized divalent (but not mono-
meric) peptides during screening of high-affinity binding motifs
against the B subunit. Furthermore, our finding that higher den-
sity and shorter spacer length of the divalent peptide resulted in
higher binding efficacy clearly demonstrates that a spatially con-
densed configuration of the divalent peptide enables each motif to
exert the clustering effect.

Here, we focused on site 2 as a target region to develop an Stx1a
neutralizer because this site has already been shown to play an
essential role in the receptor binding of Stxla (26, 31, 32). One of
the Stx neutralizers with clustered trisaccharides, the STARFISH
compound, containing 10 trisaccharides assembled into a single
glucose core through bifurcated spacers, was found to exclusively
occupy site 2 of the Stxla B subunit, further confirming the im-
portance of site 2 as a target region (33). The 11 Stxla neutralizers
that we identified here are the first peptide-based neutralizers to
target site 2, while PPP-tet and MMA-tet, which were identified by
targeting site 3 of Stx2a and site 1 of Stxla, respectively, did not
touch site 2 on each B subunit (Fig. 5) (20, 22). Among these
inhibitors, KGA-tet, PQA-tet, YTA-tet, VIA-tet, and AAL-tet in-
hibited the cytotoxicity of Stxla with potency similar to that of
MMA-tet (Fig. 6).

All the divalent peptides synthesized on a membrane have the
RRRR motifat positions 4 to 7: this motif was introduced based on
information obtained from multivalent peptide library screening.
The addition of even a single acidic amino acid (Asp or Glu) to this
motif at position 1, 2, or 3 markedly reduced the binding of **’I-
1BH and '*’I-1BH-G62A (positions C14 to D8, E4 to E22, F23,
G16, G18, H11, H13, I6, 18, J1, J3, K15, K17, M5, M7, N2, and
N21, in Fig. 3B), and surprisingly, no acidic amino acids were
selected in the data shown in Table S1 in the supplemental mate-
rial. This significant finding about the negative selectivity of acidic
amino acids cannot be theoretically obtained by using the multi-
valent peptide library technique. In accordance with this observa-
tion, all the motifs with 1BH-binding values and 1BH-G62A val-
ues greater than 2.2 have at least one Lys in positions 1 to 3 (see
Table S1 in the supplemental material), demonstrating that the
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FIG 5 Analysis of the binding of the identified tetravalent peptides with 1BH or 1BH-G62A. The binding of 1BH (closed diamonds) or 1BH-G62A (open
triangles) (1 pg/ml) with the indicated amounts of the tetravalent peptides was examined using ELISA.

basic amino acid cluster is required to efficiently bind to the B
subunit, irrespective of the presence of Gly 62. It is possible that
this basic amino acid cluster interacts with the acidic amino acids
present on the receptor-binding surface of the B subunit (Asps 16,

TABLE 1 Binding kinetics of the identified tetravalent peptides”
Kp (WM), mean * SE RU,,o (AU), mean * SE

Tetravalent peptide (n=23) (n=3to4)
NKA-tet 0.28 = 0.01 2,460 *= 57
TIA-tet 0.51 + 0.05 3,580 * 52
KGA-tet 0.21 = 0.01 1,390 £ 77
KMA-tet 0.43 = 0.03 2,510 = 71
KFA-tet 0.55 = 0.04 3,630 + 44
FRA-tet 0.63 + 0.11 3,910 = 95
PQA-tet 0.57 = 0.01 2,140 = 19
YTA-tet 0.34 = 0.03 2,170 = 364
VIA-tet 0.40 = 0.01 2,050 + 202
AAL-tet 1.00 = 0.14 2,400 + 175
AAK-tet 0.35 += 0.02 2,630 *+ 35

“ The binding kinetics of the identified tetravalent peptides to immobilized 1BH were
analyzed using the Biacore system. K, dissociation constant; RU ..., maximum
resonance unit.
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17, and 18) (18) through electrostatic interactions. Thus, amino
acids in other positions may contribute to binding site specificity.
Specifically, 8 out of 11 identified Stx neutralizers have at least one
hydrophobic amino acid in positions 1 to 3 (e.g., lle, Met, Phe,
Val, Pro, Tyr, or Leu) which might be involved in hydrophobic
interactions at site 2, where hydrophobic interactions with the
trisaccharide are prominent during receptor recognition com-
pared to the other receptor-binding sites (18).

The novel membrane-screening technique established here
substantially overcomes the problems of the multivalent peptide
library technique, where only a limited number of binding motifs
are determined and redundancy of amino acid selectivity may be
observed in some positions in the motif. In this technique, hun-
dreds of divalent peptides synthesized on a membrane with
known sequences can be screened quantitatively, thus yielding a
wide variety of binding motifs that could successfully distinguish a
small change in amino acid sequence, such as Gly to Ala. Various
closely related subtypes for Stx1 (Stxla, -1c, and -1d) and Stx2
(Stx2a, -2b, -2¢, -2d, -2e, -2f, and -2g) are present (12-14), but
their modes of globosugar recognition are shown to be substan-
tially different because of the minute differences present on the
receptor-binding surface of the B subunits (34). Thus, the combi-
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FIG 6 Inhibitory effects of the identified tetravalent peptides on the cytotox-
icity of Stxla in Vero cells. The effects of the identified tetravalent peptides on
the cytotoxicity of Stx1a (1 pg/ml) in Vero cells were examined by the cytotox-
icity assay. Data are presented as a percentage of the control value (mean *
standard error, n = 3).

nation of the two techniques presented here will provide a pow-
erful strategy to develop optimal neutralizers against specific sub-
types, enabling customized therapy that targets individual Stx
subtypes produced by various EHEC strains.
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1&EME & omeprazole (2 X 5% 19 20 CYP1A2 ORBEFENBEE I NT-, HpaRG iz & PXB
P DORBTEERT LT 52 28 LT ad-MED B R FACTER L2 A, WThD
Mifa s BIF s AR L-, A-MED v RV #1032 LY, HepaRG 12
DFEBO LR PBEINTZ, L, CYP3A4
BL T, EH50MIBICBNTHEENBIETER2h o7z, HepG2 IZ X H{bEW DEMERR
T, ME~OBER TR INHIEDB W TREKRFOREFEEOR T HNEALE S, PXB
HERES> HepaRG Mz AW CEMHRBREIT O BOERT — 2 2/ L LN TE L,
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A. BFEER

By OB RSBV T, B R OR
é@%ﬂﬁ#ék W LS ORBHR K
EENIZ K FELREETHZ LIIMNAT
%éoy<®%%%gwﬁﬁ%mo¢@%&
gzsidfrligch ., ZoEEZHES & MNFE
EHRAZOBHOEDICEZHA I TV,
L L s, EDOAFIT—HERE M
EELTRY, ZELTELT, BAZEICH
KT DX OELHFAET D, Lizni->T, M
JORSRE O FHMEOCMBEE OB AN b B
MEHEEMOFMR L LT Lb#EE ke
HO TS TR, 2 TR TR
TEZRERNAEET, LY b RO
BRABML CWAREHMSITHI AL

LTW5,

AHFSEIZ 1T HepaRG #ifa & PXB #ifa % A
V2, HepaRG #ifEix > 7 > 2 INSERM &
BWT CBIFFR BE D bR S PR E
FoRiBEES R MR Th v . IFEEMIEIC Y
bT52 8. BERO. HHBRETIITEEM
fa L ZIERE O M Z R Z L A 6 9
EnhTwa, 7=, PXB fifaix. (&) 7
Ty I ARALFHOE h X AT AEFE
® hepatocyte T, Z D~ 7 ALt N O
DRI & - T, gD 70%~90%LL L3 1E
Br MFMRicEBRI N TWnD, 207D
PXB~ U ADFETIE. & T AT I U DRE
£, B MEIEERO N7 VAR —F —DF
BB X OVEM, b MOEHERERK 2 £
BINTWD

ad-MED v ]\ U 7 NA® G HepG2 &S
HEBEDOSL— NTEE LESA LB L
THRENEM (8A4) BNEL D2 L 2MRL



TW5, BENIFNVEIR, ad—F AR
a7V E KR RE T A AL LI b DT,
IhEEBERECCALEMELIZDO R
ad-MED B U 7L TH B,

AWFFETIE PXB HEfROMRGE. FHEHBRA~
DISA%Z B L, PXB Mo yRH, KO
FHERE A5 L7z, 2 ad-MED E U &1
®%F WS Z L2 LY HpaRG fifa & PXB ##
FaORENEMER A L4252 L 2 8FF L, Wi
fd% ad-MED t kU 7 /Lo ChesE LTz, F72,
PXB #ifz<° HepaRG TILEW DO FEMERERE
TOBOREBRET — 2 %2HB57-HIZ, HepG2
AR TER % I b St 2 R E 1T o
7,

B. #F%E51E
HepaRG il 0553 & 53 {LF5E

HepaRG #0553 1%, Williams’ medium
E (invitrogen b)) E#ilZ 10% FBS. 2 mM
50 uM
hydrocortisone. 50 U/mL penicillin and
streptomycin M 7=b D EHAWT, 5%
CO: ZE TR T 8TCTITo 72, FFREMAE
~DFHEFEIL, FE% 14 A2 L 28 HE
F CEHIFIZ 2% DMSO 28N+ 2 = LT &

DiT->7,

ML LT IFEEMZ R T 5 BRI, &
L& MERFT 272012, MRENNAETO 2 %DM
JAEE CHaZ R LEELTToTn, 72,
AR Z /NS R B ORE TR T 572D, b
U7y A%, BB BNy T 4T
W PICHIA DL TR o T RFRIZ LT,

glutamine ., 5 pg/mL insulin |

PXB #faDiE

PXB Mpalx, (BR) 7x==w 7 A4 F%L
I T AQ-MED B R U #0025 —4 0 a—
FFL—MCHlREREREL, 2 HREEE LR
%, BERIC CENEERESEENIFTE T
Bk L7z, MREORHEIT, 5% CO: &R
FBF 87°CTIT -7, BFICIE dHCGM 5

(7= /=Ny FRE) ZHVWE,

PXB #ife iz 317 2 Y HREHEHE R

aZ—rFra— 7L — FTEEFODO
PXB #HaiZ 25uM omeprazole (in DMSO)
% 1/500 & (FKJBE 50nM) WML T 1 B
BEL, RNAZEIR L, $72, OO
IZ 0.2%DMSO % ¥ L7=4:4C 1 B RsEE
1T oT,

=R

Ad-MED t kU ZZLe (BBE(EZE) ZEK
Mg o7dis, TE#ES (12 v =17 v —1h)
(2 1.5ml @ PBS /%2, ®(Z ad-MED £
U 7neA o— b (EEER) 12 0.3ml @ PBS
EMA, TS BERIZ D E CTEIR T
B Lz, BARRTH®, TREA V=10
PBS #HU Y R & TREEA~EERICHA VDR
15mlinz, A —bE&E L, £
FhoOMBORERKRZ AE L. FTEOME
E (PXB: 2.1X105cells/cm2, HepaRG : #&
FERTOD 2 (FOMBEE) 1Zbd L oA Y
— MCBHE L7z, SR OBRIR I T
JB 1.5ml, ¥ —h0.3ml & L7, Fi,
Ad-MED t F U ZFLeRgTclid, TRBICHEE
TR E ANTRE COBESE 2 - E. T
JBICEERIRE AT, KABIZ LIREE T O
BEREME-TERE L Lz,

ag—Fra— b FL— MNMIEHRE

Ad-MED t kU Z/LoRs3 L IR OREE
Tk, RENEHELZ T 57200, EnEh
DfNE =5 —4 v Ta— kh&hiz 7 L— b
TREE L, TN EoMiafEBERZHE L.
FTEDOMREE (PXB : 2.1 X105 cells/cm?2,
HepRG : BREATD 2 FOMBHEE) L7725 X
HITHETE LT, BRI T DIERIEE T
0.225ml & L7=,

LC-MS/MS 2 X % REHEMERIE




1mM @ midazoram ¥&i& (in DMSO) %
TERL L. N ZHORHIT 1/1000 &H0L
C midazoram ¥ & L7z, Ad-MED v
N ZASEER a5 —F 7 L — NEEORE
#FK % midazoram WINEFHICE X2 72,
ZORE, HEHio &Y ad-MED B R U S8
FH 0.280ml, =T —7 7 L— MERIT
0.218ml & L7-, midazoram ¥ANESH TR
XU, 0. 1, 2 BRI B IZ 30ul DRSER
ZENY LT LC-MS/MS O# e L,
U T IEBIZ-80CTRFL. %A, KT
AT A AR TR AT 4 DIVRREIT
FE LT, FEAKAT 4 BV TlE, midazoram
ORBEH TH D 1'"OH midazolam %
LC-MS/MS IZTHIZE L7z, LC-MS/MS 44T
Wik, BEY v (80 L) 27k R=h
Uy (10 pL) UIWEERKR (10 uLl) %iE
&L, a_fu/\%ﬁ (4:fF : 10,000x g, 4°C, 5
) KWTHREBLEZLEEBEEHWE,
LC-MS/MS Z#r DFEHI7Z2 S IT5R.1 IR L
7o

P450-Glo 2 & % {REE M

CYP3A4 OEERTEMEZ P450-Glo CYP3A4
Assay (Luciferin-IPA) % FIVCHIE L7z, #l
EILRFM OERNZHE » TIT o 72, P450-Glo
DOHIEFERIT CellTiter-Glo (T L > THIEL
T AEFEETEI D Z LI X o THK (L ZTT-
7

real-time PCR
PXB #fifg & HepaRG #MfEn> 5D RNA @
i, RNeasy mini kit (QIAGEN #H) % H

WTITo T2, TS L7 total RNA X, &£V

7 WZ>E HepaRG #fEIX 200ng, PXB
& X 150ng % TagMan Reverse
Transcription Reagent (Applied Biosystems
)& A, IS OFEICHEVY, Oligo dT(16)
7T A~— b LTHERE LT, HEEEEY
1%, TagMan Universal PCR Master Mix

(Applied Biosystems #t) & FFEEE T I FFR
B 72 TagMan 7 7 A4 —~ — (Applied
Biosystems #1)% FA\ T ViiA™7 real time
PCR system (Applied Biosystems #)iZ & ¥
HEEZPIE LT,

HepG2 IZ X 2 {LEMOEMEFER

HepG2 fifid% 96 7 = /L7 L — FZ 4.24 X
104 cells ¥57E L7z, 24 FrfEitE. HERZAL
BTN HIZESR L LA ~DIRE 2 B
th LTz, {LEWRE 24 FEE B /L EHERN
MO AE TV, REERLS 48 R E I
CellTiter-Glo {2 & 0 A& % 8/ L 7=, &
MEBRIZIIUToEmEER Lz, 7 b
TR 7z AR, T I A v R
YImRAT 7 I KK, IR R
TxF A, SRV, vTaATEY
V. FrueYr, £, AT T vk
o—LZix. TR v, TaudseF,
AT b=y, a7 E RN,

(R E ~DEE)
KEFEITF Y EER L

C. MR
D ay—rFra—rFL—hzL? PXB
f DKL

as—gFra— b7 L—MIBNT PXB
Hifaa 8 HERER Lic (K1),
HAE DERF

8 HEIZRBWT, FL— MIEE Lzl
OFRIE. FEEMEFEORR FaR) =
LTHEY, vz VEIZERN 2T (K2),
P450-Glo I & 2 A EERIEME D HIE

6 HRE5EE L7~ HepaRG Mifa s CYP3A4
EHEL R LTz Z A, PXB ffifad> CYP3A4
EM X HepaRGHIAB DK 1/4 TH - 72 (K 3)
Z OB, PXB ffaiz BT, CellTiter-Glo
WWEAEFEERIECICO 0D LT,
CYP3A4 &N T = VI CTENE LTz, —F,




HepaRG iz CYP3A4 JEMEIZY = VT
EDIR DT,
real-time PCR & L A (REHFEEHER
omeprazole |2 1 HEI&FE L, CYP3A4 &
CYP1A2 D# B % real-time PCRIZ & ¥ HIE
L7z, RNA OEINEN Do liz®d,
Control /% n=2, 0.2%DMSO & omeprazole
WMR, ThE =1 ORRTH D,
omeprazole {Z L W CYP1A2 DFEEN 19.56 5
FEINE (X4,

2) AA-MED £ kU #1102 & 5 HepaRG filha
DIEFE

Ad-MED E kU ZF S8 553 Tl
HepaRG Ml %+ S & A7 DI 4 H
M OWEAE - EEE 2 1TV, T D%, R
R 2t 5 b O L RAE-JAESE ~BIT
THbDO~EFTT (’5),

A OET

ad-MED © RV ZAC~DOHIBEETED HIK
FE-IRAERE R L IRAE-SAREE R I 1T D EATE
TIZBWT, Mlangss, BRid=a7—7
a— R L— N TOEE L L THERE
WTBIER TE 2o To, RS & IRME-R
FZA T 72128V Th, adMED B R U &
AR EIZEEE LTV DI OIS (LIT
no7z (X6),

LC-MS/MS 1z £ 5 REHEMHHEE

LC-MS/MS % F\ T midazolam DfUHIEY
T# 5 1-OH midazolam % HIE (n=3) L.
CYP3A4 OS5 L 7=, iRAE-TRAERE
e TIEA Y — MBS DEERIN T BT HER
LTLE D, A4 — MO OEEEIK -
TS OBERPIFELL TWDE S D &R
E LT, M- R ORIEEEL 7/FICHE LT
fli L7z,

HepaRG Tid, KAEEEEORBNEMEN =T
—Fra— T U— FOERI VK o T
Wiz (E7),
real-time PCR IZ £ % CYP450 OFHRAIE

real-time PCR 2L Y CYP3A4 & 1A2 @

FHREWPE (n=3) L7z, CYPLA2 DOIEHH
WHR-EHEEE TR bE <. WE-JAEEET
bag—Fra— L —TOEELIVE
lpoTWiz (B 7), CYP3A4 OFBII=a T
—Fra— k7L — hTORBETER L E NS
77

3) Ad-MED & VU 7 1®z &5 PXB Hifad
&

Ad-MED ¥ kU ZFASZI1T 5853 Tl
PXBfaz +olc g S ¢ 57206 B D
AR R 2TV, £ 0%, IRFE-IRIEES
FBERITH O LERMB-JHEBEE~BITTS
HO~ESTE (K1),

HIR DR T

ad-MED t kU Z e~ iaiEfE bk
FE-IRFR RS 2R & RAR- KRR I 0T D ERTE
TIZBWT, HMlanEs, BRiZ=7—7
a— N L— FTORE & U CBRERE
W TE o T, TRAE-SAR & IRAE IR
M RIZB T, adMED B R 7
VO RIZEE LTV D RO AR 2 iR
otz (K 8), L, mM-SAEEEICE
WT (ad-MED v b U ZFAeLETiE7e<)
fo B ERE LW AR, JRAR R AR
LT, I ZLFHBRN TV,
LC-MS/MS iz & 2 RE#HEMERIE

LC-MS/MS # Fi\ T midazolam DfRHEE
Y5 1-OH midazolam #HIE (n=3)
L. CYP3A4 ORHVEMEA T L 72, I&RAR-
TRAIEEEE TI3A ¥ — M OBRIRN TE
IR LT LE T2, A i — Mo Dis
BIR & TR OEBRPEELL TS S
O EARE LC, IRAB-IRAEORIEMEZ 7 f510H#
HLUFHm L7,

TR - TR B . TRAE - R O RETE M
Bz ag—rra—r - L VETFH
X RBERMEEI NS, U= VBB
LEBKEL, BERET 1oz (K9),




real-time PCR IZ &L 5 CYP450 O FEHHIE
real-time PCR (2 X ¥ CYP3A4 & 1A2 ®
HEAZRE (n=3) L7z, CYP3A4 & 1A2 D
FHIL, WThb=ad—Fra— 7 r—+h
TOEZETHRbE Lo TV (K 9),

4) HepG2 12 L b &Y OFBMERER

TNE I RRT I AKX a BRI
TeBRD HepG2 DALFEM AR 10 (2R LT,
WP G B ERFERICEFEEENMET L,
FOMOALEY (T VT 7=, HEik
., TIAFa U ERIE, V7 uRRAT 73
FAKF#, ZVEI R AT LB R
A, AT EY Fraevy)
Z WS EID b IR E KRR A TS MEAME
TLiz, BB, xHT 4T arba—nti
H2beM (TR v, TAFFREFL, A
T h=v, vy U EY ) TR, EFEE
DIETFIBETE RhoTz,

D. E%
1) 25—Fra—7FL—hok? PXB#
Ja & HepaRG MfE D15
LC-MS/MS 123317 % REEY ORIE TI,
PXB M2 R 2 Basal @ CYP3A4 iEMEN,
HepeRG & RRRE THo7-, £7-. PXB fija
IZBIT 5 P450-Glo (12 & B CYP3A4EEL Y
TIEA LPCRIZE S CYP3A4 OFEIL,
HepaRG L W {EVMETH o722, BALA—F
—DETH -7z, EiZ PXB MgiciiT 5
Omeprazole |2 X HFFEERTIL, 19.5FD
CYP1A2 ORBFENFRINTZ, U LDZ
& kv, PXB MR, FERBROW
FTAUCBNT S b MTEE MR
RO DBFEREMER DD EEZLND, B,
AE, £ TOREFHEIZB VT, PXB M
HepaRG & B L CHIEEDOIX D DX N K
L holc, ZORREHRAT D=0, B
EERBLETHD EEZL2ON5,

2) Ad-MED B U ZA®Z L% PXB Al L
HepaRG HifE DR

HepaRG % ad-MED t kU #/L0 T L
Tz%a. CYP3A4 IZBIL Tk, ENEME, &
BEFRAONTRIZBN T a7 =~ a—
FFL— N EVEL RSB D LRI,
HepRG (281 % CYP1A2 OFEIICEI L T,
ag—4Sva— L —bMDEELD
ad-MED t kU 7 /LeR 1) 5 AE-S AR RsE,
RAB- RS R OB N EL 72072, £z, PBX
AMAIZEE LTk, CYP3A4 OREEERIEMC
¥H., CYPLA2 OFHMR, a5 —Fra—}
7L— hTOEELY ad-MED B U 7 Le
TORETHRIZELSRDZ &IThoT,
PUbkozE kv, ad-MED v U Z 8%
BICAHWD Z & TERMRHHNEN 2 2002
EEEBZLEFELOS, —HORBEEED
EMECHRBEAM ESEDZ L3I TE 5,
ZOIDRHHEORB L —FELTH~ D Z
ElZEY, ad-MED B U ZFARZ Lo T
EIARBIBEREHLICROT A LN TE
H03h LIV,

3) HepG2 IZ X 2L EMOEERER

HepG2 k% L&MW KIS L LA D
BERFOICAETFEENMET Lz, ZO/RE
L. PXB MilE<° HepaRG filE % AV /=5
HERBROBEDOIMEHDRE LR ET D7D
fEEt &L R D BB OB T 5 AT —
HEB/DHILENTE,

E. #m

PXB #ikand HepaRG ML & BB D72,
AENE, EYRBFEREZALTNDHI L%
LML, ZOZ kY, b NIFEGM
faoRE R & LT, PXB fifim % R HE-e
FYRBFERBR A~ TE DAEBEN RS
Nz, L L, PXB fifaTlE, HepaRG &
B LT = VEIC R 2 B RENEEO =
DREL, 2D, BE, PXBfiglziswn
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DIeOD, FICHEFKT Db DRONEHL
PIZTHARERD D, Elo, MEIZHERT S
DO ThHoTHE, BEFELZED, BELEL
RNELNDEGERTTT HLERD D,

ad-MED v kU 7 /1®73 HepaRG D
CYP1A2 OREBEZTLET S Z LB LN
L7z, LxL., ZOMDIEHE Clid ad-MED &
rU FAORRENEEEZ BT ARERIEIE LN
3, ad-MED E U 7A@ Ko CEYMRH
L% & DITiE, B bBESM
DBRFRNETH D, FTo. YRR
KRE—FELTHRDZENTE DL, A
ZIE=ZEL—a 0OV )= EE AN
B2 Lizk,. adMED B hU FA®ZLY
FEBAMNTLHES B H iz 2 REIEER & Ao
HIERTEDZDS LRV,

HepG2 12 L A& OFMERBR TIL, Mifa
~OBERTREINHIEWITB O TRERK
TR ETFEE DK T84 S v, PXB fiifa
2 HepaRG Mz H W CEMERBR AT 5 B
DEWET —FEB/BHZ LB TET,
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