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Shiga toxin (Stx), a major virulence factor of enterohemorrhagic Escherichia coli (EHEC), can be classified into two subgroups,
Stx1 and Stx2, each consisting of various closely related subtypes. Stx2 subtypes Stx2a and Stx2d are highly virulent and linked
with serious human disorders, such as acute encephalopathy and hemolytic-uremic syndrome. Through affinity-based screening
of a tetravalent peptide library, we previously developed peptide neutralizers of Stx2a in which the structure was optimized to
bind to the B-subunit pentamer. In this study, we identified Stx2d-selective neutralizers by targeting Asn16 of the B subunit, an
amino acid unique to Stx2d that plays an essential role in receptor binding. We synthesized a series of tetravalent peptides on a
cellulose membrane in which the core structure was exactly the same as that of peptides in the tetravalent library. A total of nine
candidate motifs were selected to synthesize tetravalent forms of the peptides by screening two series of the tetravalent peptides.
Five of the tetravalent peptides effectively inhibited the cytotoxicity of Stx2a and Stx2d, and notably, two of the peptides selec-
tively inhibited Stx2d. These two tetravalent peptides bound to the Stx2d B subunit with high affinity dependent on Asn16. The
mechanism of binding to the Stx2d B subunit differed from that of binding to Stx2a in that the peptides covered a relatively wide
region of the receptor-binding surface. Thus, this highly optimized screening technique enables the development of subtype-
selective neutralizers, which may lead to more sophisticated treatments of infections by Stx-producing EHEC.

Shiga toxin (Stx) is a major virulence factor of enterohemor-
rhagic Escherichia coli (EHEC), which causes bloody diarrhea,

hemorrhagic colitis, and sometimes life-threatening systemic
complications such as acute encephalopathy and hemolytic-ure-
mic syndrome (HUS) (1–6). To date, numerous EHEC strains
that produce various Stx subtypes have been reported (7, 8). These
Stxs can be classified into two subgroups, Stx1 and Stx2, each
consisting of various closely related subtypes, such as Stx1a, -1c,
and -1d and Stx2a, -2b, -2c, -2d, -2e, -2f, and -2g (7–9). Stx2a (10,
11) and Stx2d, which is activated by elastase derived from the
intestinal mucosa (12–14), are highly virulent and have been
linked with HUS, the most serious sequela of EHEC infection. The
pathophysiologic importance of these subtypes was also con-
firmed by the finding that Stx2a and Stx2d are highly toxic when
injected into mice (15, 16) or primates (17–19). Therefore, Stx
neutralizers, particularly those customized to specifically neutral-
ize Stx2a and Stx2d, would be highly valuable therapeutic agents
for treating infections caused by various EHEC strains.

Stx molecules consist of a catalytic A subunit, which has RNA
N-glycosidase activity and inhibits eukaryotic protein synthesis
(20, 21), and a B-subunit pentamer. The B-subunit pentamer is
responsible for high-affinity binding to the functional cell surface
receptor Gb3 (Gal�[1-4]-Gal�[1-4]-Glc�-ceramide) (4, 22, 23)
or Gb4 (GalNAc�[1-3]-Gal�[1-4]-Gal�[1-4]-Glc�-ceramide),
which is the receptor preferred by Stx2e (24). Each B subunit has
three distinct binding sites for the trisaccharide moiety of Gb3
(i.e., sites 1, 2, and 3) (25, 26), enabling a multivalent interaction
between the B-subunit pentamer and Gb3. This type of interac-
tion contributes to the highly selective and potent binding of Stx

to target cells, sometimes referred to as the “clustering effect.”
Accordingly, several compounds with clustered trisaccharides
that can bind to the B subunit with high affinity have been devel-
oped and shown to effectively neutralize Stx both in vitro and in
vivo (27–33). These compounds, however, cannot be customized
to specific Stx subtypes, because all Stx subtypes recognize the
trisaccharide as the natural binding unit.

Previously, we developed a library of multivalent peptides ex-
hibiting the clustering effect, from which we identified Stx-neu-
tralizing tetravalent peptides by screening the library for high-
affinity binding to the specific receptor-binding sites (33–36). By
targeting Stx2a receptor-binding site 3 or Stx1a site 1, we identi-
fied various tetravalent peptides demonstrating remarkable ther-
apeutic potency in both a mouse model of EHEC infection (34,
36) and a nonhuman primate model (19). Recently, we estab-
lished a novel technique to determine a wide range of binding
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motifs for the B subunit by directly screening hundreds of divalent
peptides synthesized on a cellulose membrane. The amino acid
sequences of these peptides were designed on the basis of infor-
mation obtained from the multivalent peptide library (37). By
targeting Stx1a receptor-binding site 2 of the B subunit, we iden-
tified 11 peptides that neutralize Stx1a (37). Thus, the combina-
tion of library screening and synthesis of peptides on a cellulose
membrane enables the efficient design of customized neutralizing
peptides targeting a specific region of the receptor-binding surface
of the Stx B subunit.

The amino acid sequence of the Stx2d B subunit is highly ho-
mologous to that of the Stx2a B subunit, with a difference of only
two amino acids (38), Asn16 and Ala24 of the Stx2d B subunit,
corresponding to Asp16 and Asp24 of the Stx2a B subunit, respec-
tively. Asp16 of the Stx2a B subunit constitutes functional recep-
tor-binding site 1 (26, 32, 39). Although Asn16 of the Stx2d B
subunit is predicted to form receptor-binding site 1, thus contrib-
uting to cytotoxic activity (16, 40), it is unclear whether Asn16 is
directly involved in receptor binding.

Using a series of B-subunit receptor-binding site mutant
forms, in the present study, we found that Asn16 of the Stx2d B
subunit plays an essential role in receptor binding. We targeted
Asn16 and screened a series of tetravalent peptides synthesized on
a cellulose membrane, the sequences of which contained the B-
subunit consensus binding motif (34, 36, 37). Using this ap-
proach, we identified two peptides that selectively neutralize
Stx2d. We also investigated the molecular mechanism underlying
the Stx2d-specific inhibitory effects of these neutralizing peptides.

MATERIALS AND METHODS
Materials. Gb3 polymer 1:0, which is a linear polymer of acrylamide with
highly clustered trisaccharides, was obtained as described previously (31).
AlphaScreen reagent and Amino-PEG500-UC540 membranes (INTAVIS;
Bioanalytical Instruments AG, Tübingen, Germany) used in the spot syn-
thesis of peptides were purchased from PerkinElmer (Tokyo, Japan). Re-
combinant Stx2a, the histidine-tagged Stx2a B subunit (2aBH), and
2aBHs containing amino acid substitutions (2aBH-D16A, 2aBH-W29A,
2aBH-W33A, 2aBH-G61A, and 2aBH-W29A/G61A/W33A) were pre-
pared as described previously (32). Stx2d was prepared from the culture
supernatant of E. coli strain B2F1 (O91:H21) as described previously (41).
The histidine-tagged Stx2d B subunit (2dBH) was prepared as follows. An
NcoI-BamHI fragment was prepared from a lysate of E. coli strain B2F1
(O91:H21) by PCR with primers 5=-AGAGCCATGGATTGTGCTAAAG
GTAAAATT-3= and 5=-AGAGGGATCCGCGTCATTATTAAACTG-3=.
The fragment was ligated into the vector pET-28a (Novagen, Merck, Ger-
many). 2dBH was expressed in competent E. coli BL21DE (3) cells (No-
vagen) transformed with the vector, as described previously (31). To
prepare 2dBHs containing amino acid substitutions (2dBH-N16A, 2dBH-
W29A, 2dBH-G61A, 2dBH-W33A, and 2dBH-N16A/G61A/W33A), site-
directed mutagenesis of pET28a-2dBH was performed with a Quik-
Change kit (Stratagene, CA, USA) with the following mutagenic
oligonucleotides: 5=-TTTTACTGTGAATGTATCAGCCTCATTATACT
TGGAAAA-3= for N16A, 5=-CAGATTCCAGCGACTGGTAGCGTACT
CTTTTCCGGCCAC-3= for W29A, 5=-AAACTGCACTTCAGCAAAAG
CGGA GCCTGATTCACAGGT-3= for G61A, and 5=-CAGTAACGGTTG
CAGATTAGCGCGACTGGTCCAGTACTC-3= for W33A.

Kinetic analysis of binding between the Gb3 polymer and B sub-
units. Binding of the Gb3 polymer to 2dBH or 2dBH containing an amino
acid substitution was quantified with a Biacore T100 system (GE Health-
care Sciences, USA) as described previously (34). After Ni2� was fixed on
a nitrilotriacetic acidic sensor chip (GE Healthcare Sciences), recombi-
nant 2dBH or 2dBH with an amino acid substitution (10 �g/ml) was
injected into the system and immobilized on the chip. Various concentra-

tions of the Gb3 polymer were injected to reach a plateau at 25°C. Reso-
nance was expressed in the arbitrary units (AU) used by the Biacore sys-
tem. Binding kinetics were analyzed with BIAEVALUATION v1.1.1 (GE
Healthcare Sciences).

Spot synthesis of tetravalent peptides on a cellulose membrane. Ba-
sic spot synthesis of peptides on a cellulose membrane was performed as
described previously (37), with a ResPep SL SPOT synthesizer (INTAVIS
Bioanalytical Instruments AG). Fmoc-�Ala-OH (Watanabe Chemical In-
dustries, Japan) was used in the first cycle, followed by aminohexanoic
acid as a spacer. Fmoc-Lys(Fmoc)-OH (Watanabe Chemical Industries)
was used in the next two cycles to create four branches in the peptide chain
for subsequent motif synthesis. Prior to deprotection of the side chain
residues, successful synthesis of each peptide was confirmed by staining
the membrane with bromophenol blue (1% in N,N=-dimethylforma-
mide), which reacts with the free amino residues produced only after
completion of all of the reactions. After destaining with N,N=-dimethyl-
formamide, the membrane was used in the binding assay.

Assay of 2dBH or 2dBH-N16A binding to tetravalent peptides. After
blocking with 5% skim milk in phosphate-buffered saline, the membrane,
prepared as described above, was blotted for 1 h at room temperature with
125I-labeled 2dBH or 125I-labeled 2dBH-N16A (1 �g/ml, 1 � 106 to 2 �
106 cpm/�g of protein) prepared as described previously (34). After ex-
tensive washing, the radioactivity bound to each peptide spot was quan-
tified in terms of the number of pixels with a BAS 2500 bioimaging ana-
lyzer (GE Healthcare, Japan) as described previously (37).

Synthesis of tetravalent peptides. Tetravalent peptides were synthe-
sized with N-�-9-fluorenylmethoxy carbonyl (Fmoc)-protected amino
acids and standard (benzotriazol-1-yloxy)tris(dimethylamino)phospho-
nium hexafluorophosphate/1-hydroxybenzotriazole hydrate coupling
chemistry as described previously (34). A Met-Ala sequence was included
at the amino terminus of the tetravalent peptide so that its structure would
be identical to that of MMA-tet, which was developed on the basis of the
results of multivalent peptide library screening and found to effectively
inhibit both Stx1a and Stx2a (36). The terminal amino groups of the
tetravalent peptides were biotinylated with biotin (Sigma-Aldrich, USA)
and 1-(bis[dimethylamino]methylene)-1H-benzotriazolium 3-oxide
hexafluorophosphate (Peptide Institute Inc., Japan) in the last cycle of the
peptide synthesis.

Cytotoxicity assay. Subconfluent Vero cells cultured in a 96-well plate
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum were treated with Stx2a (10 pg/ml) or Stx2d (80 pg/ml) in the
absence or presence of a given tetravalent peptide for 72 h at 37°C. The
relative number of living cells remaining after treatment was determined
with Cell Counting Kit-8 (Dojindo, Japan) as described previously (34).

Analysis of binding between tetravalent peptides and B subunits
with the AlphaScreen assay. The AlphaScreen assay was used to assess
binding between the tetravalent peptides and Stx B subunits as described
previously (36). Various amounts of biotinylated tetravalent peptide and
mutant 2aBH, 2dBH, or 2aBH/2dBH (10 �g/ml) were incubated in indi-
vidual wells of an OptiPlate-384 (PerkinElmer) for 1 h at room tempera-
ture. The samples were then incubated with nickel chelate acceptor beads
(20 �g/ml; PerkinElmer) for 30 min and then with streptavidin donor
beads (20 �g/ml; PerkinElmer) for 1 h at room temperature in the dark.
The plate was then subjected to excitation at 680 nm, and emission from
the wells was monitored at 615 nm with an EnVision system (Perkin-
Elmer). Data are expressed as the AU of signal intensity (counts per sec-
ond) used by the EnVision system. The apparent KD value for each tet-
ravalent peptide was determined as the concentration yielding half of the
maximum binding value.

RESULTS
Asn16 of the Stx2d B subunit plays an essential role in receptor
binding. There is a difference of two amino acids between the
sequences of the Stx2a B subunit and the Stx2d B subunit. Asn16,
but not Ala24, of the Stx2d B subunit is located on the receptor-

Mitsui et al.

2654 iai.asm.org September 2016 Volume 84 Number 9Infection and Immunity

http://iai.asm.org


binding surface (38). Although Asn16 is predicted to form recep-
tor-binding site 1 (16, 40), there is no direct evidence demonstrat-
ing that Asn16 is involved in Stx2d receptor binding. To elucidate
the role of this residue in receptor binding, Asn16 was substituted
with an Ala residue and the effect on receptor-binding activity was
examined with Gb3 polymer 1:0, a linear polymer of acrylamide
with highly clustered trisaccharides that functions as an excellent
receptor mimic (31). The effects of Ala substitutions for other
amino acids (i.e., Trp29, Gly61, and Trp33, which are predicted to
form sites 1, 2, and 3, respectively) were also examined. Among
the 2dBH mutant forms, the KD values for binding to 2dBH-
N16A, -W29A, and -W33A increased 183-, 108-, and 52-fold, re-
spectively, whereas the KD value for binding to 2dBH-G61A in-
creased only slightly, by 4.8-fold (Table 1). The maximum binding
(RUmax) values for 2dBH-N16A, -W29A, -G61A, and -W33A de-
creased to 4, 12, 56, and 14% of that for 2dBH, respectively. These
results indicate that Asn16 contributes significantly to the recep-
tor binding of 2dBH and suggest that Asn16 represents an ideal
target for identifying Stx2d-selective neutralizers.

Screening of tetravalent peptides synthesized on a mem-
brane to identify peptide motifs that specifically bind to
2dBH via Asn16. We recently developed a single cellulose
membrane-based technique to synthesize divalent peptides
with increased affinity for binding to the B subunit (37). Here,
we established another novel membrane-based technique with
Fmoc-Lys(Fmoc)-OH to synthesize tetravalent peptides for the
subsequent synthesis of various motifs (Fig. 1A). The basic struc-
ture of the tetravalent peptide was designed to be exactly the same
as that of the previously developed tetravalent peptide library (34)
in order to satisfy all of the structural requirements critical for
fully exerting the clustering effect for B-subunit binding (32, 34).

The tetravalent peptide motif was either XMA-RRRR or
MMX-RRRR (where X denotes any amino acid except Cys), based
on the motif of MMA-tet (MMA-RRRR), which markedly inhib-
its the cytotoxicity of both Stx1a and Stx2a (36). Previous reports
have demonstrated the importance of the second Met residue for
high-affinity binding to the B subunit (36), as well as the impor-
tance of the clustered Arg residues as a consensus Stx B-subunit
binding motif (34, 36, 37). These results provided the rationale for
the design and on-membrane synthesis of the tetravalent peptides
examined in the present study (Fig. 1B).

The membrane was blotted with 125I-2dBH or 125I-2dBH-
N16A (Fig. 1B), and the radioactivity bound to each peptide spot

was quantified and analyzed (Fig. 1C). The ratio (2dBH/N16A) of
125I-2dBH binding (2dBH-binding value) to 125I-2dBH-N16A
binding (N16A-binding value) was calculated and normalized to
evaluate the specificity of binding through Asn16. The product of
the 2dBH-binding value and the normalized 2dBH/N16A ratio
(2dBH � ratio) was used to evaluate both binding intensity and
specificity. Nine sequences with 2dBH-binding values of �1.20
(i.e., KMA-, LMA-, QMA-, IMA-, RMA-, MMK-, MMV-, MMS-,
and MMM-RRRR) were identified as candidate motifs for high-
affinity binding. Of these sequences, the LMA-RRRR and MMM-
RRRR motifs were found to have the highest 2dBH � ratio prod-
uct in each group, indicating that these motifs exhibit the highest
Asn16-mediated binding intensity and selectivity. All nine of the
above-mentioned motifs were assembled into tetramer forms
with the same core structure and designated KMA-tet, LMA-tet,
QMA-tet, IMA-tet, RMA-tet, MMK-tet, MMV-tet, MMS-tet, and
MMM-tet, respectively.

LMA-tet and MMM-tet selectively inhibit Stx2d cytotoxicity.
The effects of the nine tetravalent peptides described in the previ-
ous section on the cytotoxicity of Stx2a and Stx2d are illustrated in
Fig. 2. At a concentration as low as 17 �M, LMA-tet, QMA-tet,
IMA-tet, MMV-tet, and MMM-tet inhibited the cytotoxicity of
Stx2a similarly to MMA-tet (the most effective peptide-based
neutralizer of this subtype developed to date) (Fig. 2A and C).
Notably, LMA-tet and MMM-tet inhibited the cytotoxicity of
Stx2d with even more potency than MMA-tet, whereas QMA-tet,
IMA-tet, and MMV-tet showed inhibitory efficacy similar to that
of MMA-tet (Fig. 2B and D). The 50% inhibitory concentrations
(IC50s) of LMA-tet, MMM-tet, and MMA-tet for Stx2d were 2.9,
2.7, and 6.8 �M, respectively, and their IC50s for Stx2a were 7.9,
6.8, and 5.5 �M, respectively. KMA-tet, RMA-tet, and MMK-tet
showed no or limited inhibition of Stx2a and Stx2d cytotoxicity
(Fig. 2A to D). In the absence of toxin, no cytotoxic activity was
exhibited by any of the nine tetravalent peptides at concentrations
of up to 17 �M (data not shown). Thus, five peptides (LMA-tet,
QMA-tet, IMA-tet, MMV-tet, and MMM-tet) were identified as
novel neutralizers of both Stx2a and Stx2d. LMA-tet and MMM-
tet, in particular, exhibited clear selectivity for Stx2d.

LMA-tet and MMM-tet bind to the Stx2d B subunit via a rel-
atively large region of the receptor-binding surface encompass-
ing Asn16. To elucidate the mechanism by which LMA-tet and
MMM-tet bind to the Stx2a or Stx2d B subunit, the binding to
each B subunit or its receptor-binding site mutant forms was ex-
amined with the AlphaScreen assay. The results showed that
LMA-tet and MMM-tet bound to 2aBH or 2dBH with high affin-
ity (Fig. 3A). The patterns of binding to 2aBH and its mutant
forms were quite similar, in that the maximum values of binding
to 2aBH-D16A (a site 1 mutant form) and 2aBH-W29A/G61A/
W33A (a site 1, 2, and 3 triple mutant form) were markedly re-
duced. The maximum values of LMA-tet and MMM-tet binding
to 2aBH-W33A (a site 3 mutant form) were reduced to 66.4 and
74.3%, respectively, and the apparent KD values were increased
5.1- and 4.2-fold, respectively (Fig. 3B). On the other hand, the
maximum values of LMA-tet binding to 2aBH-W29A (a site 1
mutant form) and 2aBH-G61A (a site 2 mutant form) were not
markedly affected, although the apparent KD values were in-
creased 4.8- and 1.7-fold, respectively (Fig. 3B). Similarly, the
maximum values of MMM-tet binding to 2aBH-W29A and
2aBH-G61A were not affected, but the apparent KD values were
increased 3.8- and 1.5-fold, respectively (Fig. 3B). These results

TABLE 1 Kinetic analysis of Gb3 polymer 1:0 binding to a series of
Stx2d B-subunit mutant formsa

Stx2d B subunit
Mutated
site Mean KD (�M) � SE Mean RUmax � SE (n)

2dBH 0.32 � 0.03 438 � 69.3 (8)
2dBH-N16A 1 58.7 � 33b 19.6 � 6.4c (3)
2dBH-W29A 1 34.5 � 7.1 53.1 � 2.4d (3)
2dBH-G61A 2 1.53 � 0.05 246 � 18.6 (3)
2dBH-W33A 3 16.5 � 5.3 60.8 � 13.3d (3)
a The kinetics of Gb3 polymer 1:0 binding to each immobilized Stx2d B-subunit mutant
form were analyzed with the Biacore system. RUmax, maximum resonance unit. The
concentration of Gb3 polymer 1:0 is shown as the trisaccharide moiety. The resonance
unit is an AU used by the Biacore system.
b P 	 0.027 (compared with 2dBH by ANOVA and Scheffe’s test).
c P 
 0.01 (compared with 2dBH by ANOVA and Scheffe’s test).
d P 
 0.02 (compared with 2dBH by ANOVA and Scheffe’s test).

Subtype-Selective Neutralizers of Shiga Toxin 2d

September 2016 Volume 84 Number 9 iai.asm.org 2655Infection and Immunity

http://iai.asm.org


FIG 1 Identification of Asn16-dependent 2dBH binding motifs by screening of tetravalent peptides synthesized on a cellulose membrane. (A) General structure
of the tetravalent peptides synthesized on a cellulose membrane as described previously (37). The density of the tetravalent peptide was maximized by using
Fmoc-�-Ala-OH without butoxycarbonyl-�-Ala-OH for the first peptide synthesis cycle. After the addition of one aminohexanoic acid (U) as a spacer following
the first �-Ala, Fmoc-Lys(Fmoc)-OH was used for the next two cycles to form four branches in the peptide chain for subsequent synthesis of the various motifs
examined in this study (R 	 Met-Ala-[indicated motif]-Ala-). (B) The tetravalent form of the XMA-RRRR or MMX-RRRR (X indicates any amino acid except
Cys) motif was synthesized on a membrane (left and center). The first three amino acids present in the motif are indicated on the right. The membrane was blotted
with 125I-2dBH or 125I-2dBH-N16A (1 �g/ml), and the radioactivity bound to each peptide spot was quantified as a pixel value. (C) The sum of the pixel values
of all of the peptide spots was normalized to 19 (the number of tetravalent peptides synthesized on the membrane) so that each peptide would have a value of 1
in the absence of selectivity. The ratio of 125I-2dBH binding (2dBH-binding value) to 125I-2dBH-N16A binding (N16A-binding value) (2dBH/N16A) was
calculated, and the sum of each ratio was also normalized to 19 to evaluate the specificity of binding through Asn16. The product of the 2dBH-binding value and
the normalized 2dBH/N16A ratio (2dBH � ratio) was used to evaluate both binding intensity and specificity. The sequences were sorted in descending order on
the basis of the 2dBH-binding values. 2dBH-binding values of �1.20 and the highest 2dBH � ratio products are shaded.
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suggest that Asp16, located at site 1 of the Stx2a B subunit, plays an
essential role in the binding of LMA-tet and MMM-tet, whereas
site 3 residue Trp33 (but not Trp29 at site 1 or Gly61 in site 2) plays
a more limited role in binding.

In contrast, the maximum values of LMA-tet and MMM-tet
binding to 2dBH-G61A (a site 2 mutant form), 2dBH-W33A (a
site 3 mutant form), and 2aBH-W29A/G61A/W33A (a site 1, 2,
and 3 triple mutant form) were markedly reduced, and the maxi-
mum values of binding to 2dBH-N16A (a site 1 mutant form)
were substantially reduced (to 23.2 and 31.2% of the maximum
binding to 2dBH, respectively) (Fig. 3B). The maximum values of
LMA-tet and MMM-tet binding to 2dBH-W29A (a site 1 mutant
form) were reduced to 62.1 and 57.0%, respectively, and their
apparent KD values increased 3.4- and 4.5-fold, respectively (Fig.
3B). Thus, in the case of the Stx2d B subunit, Asn16, Gly61, and
Trp33, which constitute receptor-binding sites 1, 2, and 3, respec-
tively, play significant roles in the binding of LMA-tet and MMM-
tet, whereas Trp29 plays a more limited role. MA-tet, which has
the same core structure as the other peptide but lacks a binding
motif, did not bind to the B subunit (data not shown), providing
further confirmation that the two motifs identified here mediate
efficient binding to the Stx2d B subunit.

DISCUSSION

In this study, we found that Asn16 of the Stx2d B subunit, which is
the only difference between the sequences of Stx2a and Stx2d on
the receptor-binding surface, plays an essential role in the receptor
binding of Stx2d. By Asn16-targeted screening of a series of tet-
ravalent peptides synthesized on a cellulose membrane, we iden-
tified five novel Stx2d neutralizers: LMA-tet, QMA-tet, IMA-tet,
MMV-tet, and MMM-tet. Each of these tetravalent peptides effi-
ciently inhibited Stx2a as well. Interestingly, LMA-tet and MMM-
tet exhibited clear selectivity for Stx2d.

The relative contributions of Asn16, Trp33, and Trp29 to re-
ceptor binding of the Stx2d B subunit were elucidated with Gb3
polymer 1:0, an excellent receptor mimic composed of highly
clustered trisaccharides (31) (Table 1). In a previous study, we
demonstrated that single substitution of Stx2a B-subunit residue
Asp16, Trp29, or Trp33 with Ala has no effect on the binding
kinetics of the Gb3 polymer, because in this case, the dysfunction
in the corresponding receptor-binding site can be compensated
for by the other sites (39). Conversely, an enzyme-linked immu-
nosorbent assay-based study revealed that the binding of Stx2a
and Stx2d B subunits to immobilized Gb3 exhibits essentially the
same kinetics (42). Furthermore, the KD value for binding of the

FIG 2 Inhibition of the cytotoxicity of Stx2a and Stx2d for Vero cells by the tetravalent peptides identified in this study. The effects of the tetravalent peptides
indicated on the cytotoxicity of Stx2a (10 pg/ml; A and C) or Stx2d (80 pg/ml; B and D) for Vero cells were examined with a cytotoxicity assay. Data are presented
as percentages of the control value (mean � standard error, n 	 3; *, P 
 0.05; **, P 
 0.01 [Tukey’s test, compared with MMA-tet]).
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Gb3 polymer to the Stx2d B subunit (0.32 �M) (Table 1) was
found to be even lower than that of binding to the Stx2a B subunit
(0.68 �M) (39). These observations clearly indicate that the mo-
lecular interaction with the receptor differs for the Stx2a B subunit

and Stx2d B subunit. Thus, Stx2d B-subunit Asn16 plays a physio-
logically more significant role in receptor binding than Stx2a B-sub-
unit Asp16, further confirming the validity of selecting Asn16 as a
target for the development of Stx2d-selective neutralizers.

FIG 3 Analysis of the binding of LMA-tet and MMM-tet to 2aBH or 2dBH with the AlphaScreen assay. (A) The binding of biotinylated LMA-tet and MMM-tet to 2aBH,
2dBH, and their mutant forms (10 �g/ml) was examined with the AlphaScreen assay. Data are presented as signal intensity (mean number of counts per second �
standard error, n 	 3). (B) The apparent KD values of LMA-tet and MMM-tet for binding to 2aBH, 2dBH, and their mutant forms were determined as the concentration
of the compound yielding half of the maximum binding value. The maximum values of LMA-tet and MMM-tet binding are presented as percentages of the values of their
binding to 2aBH and 2dBH. —, not determined. *, P 
 0.05; ***, P 
 0.005 (Tukey’s test); **, P 
 0.005 (Student’s t test, compared with 2aBH or 2dBH).
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In this study, we established a technique for cellulose mem-
brane synthesis of tetravalent peptides with structures that satisfy
all of the requirements for exerting the clustering effect for B-sub-
unit binding (32, 34). Using a series of carbosilane dendrimers
with clustered trisaccharides, referred to as SUPER TWIGs, we
previously found that four trisaccharides, each of which is in-
cluded in the structure separated by spacers of at least 11 Å, are
sufficient for high-affinity binding to the B subunits of Stx1 and
Stx2 (32). On the basis of our previous findings, our membrane
peptide synthesis technique was optimized in the present study in
order to synthesize tetravalent peptides containing an RRRR se-
quence motif. One of the four inhibitory motifs identified by tar-
geting site 3 of the Stx2a B subunit by the peptide library technique
contains a PPP-RRRR sequence (34). In addition, all of the inhib-
itory motifs identified by targeting site 1 (36) and site 2 (37) of the
Stx1a B subunit have an RRRR motif. Replacing the RRRR motif
with a DDDD motif completely abolishes binding to the Stx1a B
subunit (37). In this study, screening of two series of tetravalent
peptides synthesized on a membrane with XMA-RRRR or MMX-
RRRR motifs led to the identification of nine candidate Stx2d
B-subunit binding motifs. However, as shown in Fig. 1C, the ad-
dition of an Asp or Glu residue next to the RRRR motif yielded the
lowest value of binding to the Stx2d B subunit, further confirming
the importance of the cluster of basic amino acids for binding to
the Stx2d B subunit.

To date, a variety of Stx neutralizers containing a cluster of
trisaccharides as an Stx binding unit have been developed (27–32).
However, it is difficult to develop subtype-selective neutralizers
based on these neutralizers, because all of the Stx subtypes recog-
nize Gb3 as a common receptor (4, 22–24). The B subunits of
Stx2a, Stx2c, and Stx2d, in particular, display similar glycolipid-
binding affinities (42). In this study, by targeting Asn16 of the
Stx2d B subunit, we identified two Stx2d-selective neutralizers,
LMA-tet and MMM-tet. Interestingly, Asn16, Gly61, and Trp33
of the Stx2d B subunit (which constitute receptor-binding sites 1,
2, and 3, respectively) were found to contribute equally to the
efficient binding of LMA-tet and MMM-tet, whereas the corre-
sponding Stx2a B-subunit amino acid Asp16 in site 1 (but not
Gly61 or Trp33) was essential for neutralizer binding (Fig. 3).
These observations clearly demonstrate that the mechanism by
which the neutralizers bind to the B-subunit receptor-binding
surface differs for Stx2d and Stx2a, even though both Asn16 of the
Stx2d B subunit and Asp16 of the Stx2a B subunit are involved.
This unique binding mechanism may contribute to the Stx2d-
selective inhibitory activity of the neutralizers we identified. Of
note, G61 of the Stx2d B subunit was found to be essential for the
binding of LMA-tet and MMM-tet (Fig. 3), whereas this amino
acid was not involved in the binding of Gb3 polymer 1:0 (Table 1),
indicating that the peptide neutralizers and the Gb3 polymer bind
to the Stx2d B subunit via different molecular mechanisms. Thus,
the best region to target for developing a subtype-selective Stx
neutralizer may not necessarily be consistent with the functional
receptor-binding regions, further demonstrating the difficulty of
using trisaccharides as Stx-binding units in the development of
subtype-selective neutralizers.

Of the various Stx subtypes, Stx2a (10, 11) and Stx2d (12–14)
are highly toxic and have been linked with HUS. Another Stx2
subtype, Stx2c, is also commonly associated with HUS (43, 44).
Although Stx2c is much less toxic than Stx2a and Stx2d in vivo
because of the instability of its A subunit (16, 45), the amino acid

sequence of its B subunit is the same as that of the Stx2d B subunit
(8, 43). Interestingly, we found that LMA-tet and MMM-tet also
efficiently inhibited the cytotoxicity of Stx2c for Vero cells, with
IC50s of 2.2 and 1.6 �M, respectively, compared with 3.3 �M for
MMA-tet (data not shown). As shown here, LMA-tet and MMM-
tet clearly exhibited Stx2d inhibitory effects superior to those of
MMA-tet (Fig. 2). MMA-tet, which was originally developed for
Stx1a (36), is a universal neutralizer that efficiently inhibits vari-
ous Stx subtypes, including Stx1a, Stx2a (36, 37), and Stx2d (Fig.
2). These observations clearly demonstrate the usefulness of de-
veloping subtype-selective neutralizers in addition to a universal
neutralizer such as MMA-tet. LMA-tet and MMM-tet also exhib-
ited potent inhibition of the cytotoxicity of Stx2a, with IC50s (7.9
and 6.8 �M, respectively) similar to that of MMA-tet (5.5 �M)
(Fig. 2). Thus, the use of these compounds alone or in combina-
tion with MMA-tet is predicted to be a more effective treatment
for infections with EHEC producing these highly virulent Stx sub-
types.
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