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Abstract

Glycopolymers having globotriose and/or lactose were synthesized and evaluated for the inhibitory effects on cytotoxicity of Shiga tox-
ins (Stxs; Stx1 and Stx2). Results showed that glycopolymers having globotriose units exhibited inhibitory effect on cytotoxicity of Stx1
while glycopolymers having small amount of acrylamide exhibited inhibitory effect on cytotoxicity of Stx2. Surprisingly, the glycopolymer
having lactose showed inhibitory effect on cytotoxicity of Stx1. The binding of the glycopolymers to Stx1 was also investigated by using
BIAcore system. The results showed that the glycopolymer having lactose, which is not known as ligand of Stxs, binds to Stx1. Therefore,
Stx1 also recognized the internal residues (Galp(1-4)Glcp) of Gb3 (Galo(1-4)GalB(1-4)Glcp-ceramide) by composing a cluster. This result
suggests that the cluster of the carbohydrates, which have very weak binding affinity for the receptor, can interact with the receptor.
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Shiga toxins (Stxs; Stx1 and Stx2) produced by patho-
genic Escherichia coli (STEC) cause diarrhea, hemorrhagic
colitis (HC), hemolytic uremic syndrome (HUS), and neu-
rological damage in humans. The Stxs are categorized as a
family of AB5 subunit toxins. The enzymatic A subunit
(32kDa), which has RNA N-glycosidase activity, is non-
covalently associated with the pentamer of receptor-bind-
ing B subunits (7.5kDa) (Gariépy, 2001; Nishikawa et al.,
2002). The carbohydrate receptor for Stxs had been studied
by many researchers. Binding activities and inhibitory
activities for Stxs of the receptors were provided with great
details. N-Acetyl-p-glucosamine oligomers and oligosac-
charides, which have Gala(1-4)Gal structure at the reduc-
ing end, potently inhibited cytotoxicity of Stx1. The highest
active receptor of Stx1 is globotriaosyl ceramide [Gb3,
Galo(1-4)GalB(1-4)Glcp-ceramide] (Boyd & Lingwood,
1989; Keusch & Jacewicz, 1977; Lindberg et al., 1978; Ling-
wood et al., 1978). During carbohydrate recognition, it is
important for carbohydrates to cluster on the cell surface.
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The cluster of carbohydrates usually has a high binding
constant for the carbohydrate-recognizing protein because
of cluster effect. Hence, many kinds of glycopolymers,
which can work as carbohydrate clusters, were synthesized
and investigated for development of inhibitors and neutral-
izing agents. Glycopolymers having globotriose or galabi-
ose, which contains the important Gala(1-4)Gal structure,
were also reported as neutralizing agents for Stxs. Glyco-
polymer having globotriose showed stronger binding activ-
ity and neutralizing activity than glycopolymer having
galabiose (Armstrong, Fodor, & Vanmaele, 1991). How-
ever, it was reported that glycopolymer having lactose,
which has GalB(1-4)Glc structure at non-reducing end of
Gb3, did not affect the cytotoxicity of Stxs (Dohi et al.,
1999; Watanabe et al., 2004). We describe here the inhibi-
tory effect of a glycopolymer having lactose on cytotoxicity
of Stx1. Concurrently, glycopolymers having Gb3 or cello-
biose were evaluated for their inhibitory activity for Stxl.
Furthermore, by using BIAcore system, bindings of Stxl
for glycopolymers were observed.

The glycopolymers were synthesized and their polymer
compositions and molecular weights were analyzed as
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Fig. 1. Monomer structures.

shown in Table 1. Then, these polymers were immobilized
on cellulose materials (Miyagawa, Kasuya, Matsuoka, &
Hatanaka, 2003). While, in this paper, these polymers
were used in a solution. These polymers were evaluated
according to the inhibitory effects on cytotoxicity of Stxs.
The results are shown in Fig. 2. Polymer (Gb3:AA =1:0)
was highly active for both Stx1 and Stx2, while polymers
(Gb3:AA=1:5) and (Gb3:AA=1:9.5) showed lower
inhibitory effects for Stxl than that of polymer

Table 1
Results of copolymerization

(Gb3:AA =1:0). Surprisingly, polymer (Lac:AA=1:0)
had the same activity as polymers (Gb3:AA =1:5) and
(Gb3:AA =1:9.5). It was known that lactose is not the
ligand of Stxs though lactose has GalB(1-4)Glc structure
at the non-reducing end of Gb3. On the other hand, the
polymer (Cel:AA =1:0) having cellobiose, which is not
the ligand of Stxs, showed no activity in the same evalua-
tion. The evaluation result of the polymer (Cel:AA = 1:0)
indicated that the polymer (Lac:AA = 1:0) has potential-
ity as the ligand of Stx1.

Hence, these polymers were investigated for the binding
affinity of Stx1 by using BIAcore system. The glycopoly-
mers were immobilized on the sensor chip and evaluated
for binding with Stx1. The results are shown in Fig. 3. Stx1
strongly bound to polymers (Gb3:AA=1:0) and
(Gb3:AA=1:5) and slightly bound to (Lac:AA=1:0).
These results do not suggest that the polymer
(Lac:AA =1:0) inhibited the cytotoxicity of Stx1.

Consequently, different kinds of polymers were synthe-
sized and evaluated for the inhibitory effect on cytotoxicity
of Stxs. The compositions of the polymers are shown in
Table 2 and the evaluations of the inhibition of Stxs by the
polymers are shown in Fig. 4. Gb3 series of polymers were
improved by changing the ratio of acrylamide and glycosyl
monomer. As shown in Figs. 2 and 4, polymers
(Gb3:AA=1:1.6) and (Gb3:AA=1:3) showed stronger
inhibition  than those of (Gb3:AA=1:5) and
(Gb3:AA =1:9.5). Glycopolymers, which were copolymer-
ized with acrylamide, had low solubility. Therefore, Gb3
monomer was copolymerized with lactose monomer and
evaluated to improve solubility. Polymers (Gb3:Lac=1:3.9)
and (Gb3:Lac=1:9.6) showed a little stronger inhibition
than those of glycopolymer copolymerized with acrylamide.
By copolymerizing with lactose monomer, the glycopoly-
mers became to have high solubility and Gb3 in the glyco-
polymers was exposed to Stx1, like being bound better. The
polymer (Lac:AA =1:0) showed inhibitory effect on Stxl,
while polymers (Lac:AA=1:53) and (Lac:AA=1:84),
which are copolymers with acrylamide, had no activity.
From this result, it was found that only homopolymer
(Lac:AA =1:0), had inhibitory effect on cytotoxicity of Stxl.
Stx1 would simultaneously recognize several lactose units

Polymer Monomer ratio

Glycosyl monomer

Gb3 Lac Cellobiose Amine Acryl- Total Polymer Mw®

monomer (1) monomer (2) monomer (3) monomer (4) amide (5) yield (%) composition® (kDa)
(Gb3:AA=1:0) 1.0 — — 0.05 — 89.0 1:0.13 248
(Gb3:AA =1:5) 1.0 — — 0.05 4.0 849 1:0.03:5.0 644
(Gb3:AA =1:9.5) 1.0 — — 0.05 8.0 99.0 1:0.05:9.5 749
(Lac:AA =1:0) — 1.0 — 0.05 — 93.1 1:0.08 302
(Cel:AA =1:0) — — 1.0 0.05 — 82.8 1:0.06 400

@ The polymer composition was determined from the integration value of 'H NMR.
> Mws were estimated by the SEC method with the TOSOH TSK gel G-Oligo-PW column, TSK gel G2500PWXL column, TSK gel G3000PW XL column
and TSKgel G4000PWXL column [pullulans (5.8, 12.2, 23.7, 48.0, 100, 186, and 380 kDa, Shodex Standard P-82) were used as standards].
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Fig. 2. Inhibitory effect of glycopolymers on biological activities of Shiga toxins in Vero cells. Data are presented as the percentage of cell viability in the
absence of Stxs (means + SE; n=3 or 6). Filled diamonds, (Gb3:AA = 1:0); filled rectangles, (Gb3:AA = 1:5); filled triangles, (Gb3:AA = 1:9.5); filled cir-
cles, (Cel:AA = 1:0); asterisks, (Lac:AA = 1:0); open diamonds, hexenyl Gb3; open rectangles, Lac monomer; open circles, Cel monomer.
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Fig. 3. Kinetic analysis of Stx1 binding to immobilized glycopolymers using BIAcore systems. Glycopolymers were immobilized on sensor chip CMS5, and
100, 30, 10, 3, and 1 mg/ml of Stx1 were injected over each of the immobilized glycopolymers at a flow rate of 20 pl/min.

and afford affinity for lactose. Therefore, the carbohydrate-
binding sites of Stx1 recognized also the internal residues
(Galp(1-4)GlcB) of Gb3 (Gala(1-4)GalB(1-4)GlcB-cera-
mide) by composing the cluster.

Consequently, it was important for recognition of Stx1
that carbohydrates of ligand assemble at very high density.
This result suggests that the cluster of the carbohydrates,
which have just very weak binding affinity for receptor,
might be an inhibitory agent. The inhibitory effects of gly-

Table 2
Results of copolymerization

copolymers can be used for the detection of weak and spe-
cific “carbohydrate—protein interaction”.

Appendix A. Experimental
A.1. Materials

Unless otherwise stated, all commercially available sol-
vents and reagents were used without further purification.

Polymer Monomer ratio

Glycosyl monomer

Gb3 Lac Amine Acryl- Total Polymer Mw® (kDa)

monomer (1) monomer (2) monomer (4) amide (5) yield (%) composition®
(Gb3:AA=1:1.6) 1.0 — 0.05 1.0 713 1:0.04:1.6 131
(Gb3:AA=1:3) 1.0 — 0.05 2.0 79.9 1:0.04:3.0 135
(Gb3:Lac=1:3.9) 1.0 4.0 0.1 98.0 1:3.9:0.05 194
(Gb3:Lac=1:9.6) 1.0 8.0 0.1 98.5 1:9.6:0.06 271
(Lac:AA =1:53) 1.0 2.0 474 1:53 90
(LaccAA=1:84) — 1.0 0.1 8.0 50.2 1:84:0.07 400

@ The polymer composition was determined from the integration value of "H NMR.
® Mws were estimated by the SEC method with the TOSOH TSK gel G-Oligo-PW column, TSK gel G2500PWXL column, TSK gel G3000PW XL column
and TSKgel G4000PWXL column [pullulans (5.8, 12.2, 23.7, 48.0, 100, 186, and 380 kDa, Shodex Standard P-82) were used as standards].
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Fig. 4. Inhibitory effect of glycopolymers on biological activities of Shiga toxins in Vero cells. Data are presented as the percentage of cell viability in the
absence of Stxs (means + SE; n =3 or 6). Filled diamonds, (Gb3:AA = 1:1.6); filled rectangles, (Gb3:AA = 1:3); filled triangles, (Gb3:Lac = 1:3.9); crosses,
(Gb3:Lac = 1:9.6); asterisks, (Lac:AA = 1:0); open circles, (Lac:AA = 1:5.3); open diamonds, (Gb3:AA = 1:8.4); filled circles, (Cel:AA = 1:0).

Acrylamide was recrystallized from benzene. Stx1 and Stx2
were prepared according to methods described elsewhere
(Noda, Yutsudo, Nakabayashi, Hirayama, & Takeda, 1987).

A.2. General methods

"H NMR spectra were recorded at 400 or 600 MHz using
a Jeol INM-AL400 or Jeol ECP-600 spectrometer in chloro-
form-d or deuterium oxide. ?*C NMR spectra were recorded
at 100.6 or 1509 MHz with the same instruments. Assign-
ments in the NMR spectra were made by first-order analysis
of spectra, and supported by correlation spectroscopy and
heteronuclear chemical shift correlation. The average molec-
ular weights of the polymers were estimated by size exclusion
chromatography (SEC) using a TOSOH TSKgel G-Oligo-
PW column, TSKgel G2500PWXL column, TSKgel
G3000PWXL column, and TSKgel G4000PWXL column
with pullulans (5.8, 12.2, 23.7, 48.0, 100, 186, and 380kDa,
Shodex Standard P-82) as standards. Reactions were moni-
tored by thin-layer chromatography (TLC) on a precoated
plate of silica gel 60 F254 (layer thickness, 0.25 mm; E. Merk,
Darmstadt, Germany). For detection of intermediates, TLC
sheets were dipped in a solution of 85:10:5 (v/v/v) methanol-
p-anisaldehyde-concentrated sulfuric acid and heated for a
few minutes (for carbohydrates).

A.3. Polymerization

A solution of the glycosyl monomer (globotriose, lac-
tose, or cellobiose), N-(6-aminohexyl)acrylamide, and
acrylamide (Fig. 1) in deionized water was degassed using a
diaphragm pump, and TEMED (0.1 or 0.2 equiv for glyco-
syl monomer) and APS (0.04 or 0.08equiv for glycosyl
monomer) were added to the solution. The reaction mixture
was continuously stirred overnight at room temperature.
The resulting product was purified by reprecipitation with a
mixed solution of methanol and ethanol, and lyophilized to

give a water-soluble copolymer as a powder. The monomer
ratios are shown in Table 1.

A.4. Cells

Vero cells were maintained in DMEM supplemented
with 10% fetal calf serum. Cells were seeded in 96-well plas-
tic microplate for cytotoxicity assays.

A.5. Inhibition assay on cytotoxicity

Subconfluent Vero cells in a 96-well plate were treated
with Stx1 or Stx2 (10 pg/ml) in the presence or absence of
the desired amount of glycoconjugate polymer for 72h.
Relative cell number was determined using a WST-8 Cell
Counting Kit (Wako Pure Industries).

A.6. Kinetic analysis of binding of Stxs to immobilized
glycoconjugate polymers

The attachment of Stx1 on the glycoconjugate polymers
were quantified by using a BIAcore system instrument
(Pharmacia Biosensor, Uppsala, Sweden). The glycoconju-
gate polymer (10pg/ml) was injected into the system to
become immobilized on CM5 sensor chip. Various concen-
trations of Stx1 were injected (time 0) over the immobilized
glycoconjugate polymer at a flow rate of 20 pl/min for at
least 5min to reach a plateau at 25 °C.
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