vention to ameliorate disease severity or
whether they are of limited duration and
thus offer only a narrow window of op-
portunity. Clinical laboratory observations
|7, 44-46] supported by studies of STEC
growth in the test tube [47] indicate that
peak STEC growth rates and toxin pro-
duction occur in the incubation period
and that the levels decrease thereafter, an
observation further corroborated in the
PCM mouse model [53, 63]. This argues
against continuous toxin production after
the onset of symptoms. Observations from
studies of the natural history and patho-
genesis of STEC infection, supported by
observations in the PCM mouse model
[53, 63], suggest that a narrow window of
therapeutic opportunity probably exists
during the incubation period and might
perhaps extend to a period of 2-3 days
after the onset of diarrhea. However, in-
itiation of therapy after the appearance of
symptoms may not be practical, given that
the average interval between the onset of
diarrhea and the initial visit to a physician
is estimated to be 2.5-3.0 days [44]. On
the other hand, it may be possible to pre-
vent HUS if the Gb, analogue is admin-
istered, as suggested by Paton et al. [56],
to contacts of patients with STEC in-
fection, or to individuals in a suspected
outbreak, before they have developed
symptoms and while they may still be in-
cubating the infection, a situation analo-
gous to the use of prophylactic antibiotics
in contacts of persons with meningococcal
infection. Antibiotics are a risk factor for
HUS, and their use is contraindicated in
patients with STEC infection [64). Un-
certainty about prophylactic antibiotic use
in contacts of STEC-infected persons
strengthens the case for considering oral
Gb, analogue prophylaxis in this setting,
Similar arguments can be made for the
prophylactic use of humanized monaclo-
nal antibodies in contacts to prevent HUS
[34-36]. However, if oral Gb, analogues
and humanized monoclonal antibodies
were found to be equally efficacious in
preventing systemic toxemic complica-
tions of STEC infection, the oral agent

would be preferred over its parenterally
administered counterpart.
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Abstract—An efficient synthesis of a useful thioglycosyl doner 2 was accomplished directly from known peracetylated sialic acid
methyl ester and 1-dodecanethiol (lauryl mercaptan) in the presence of BF;—OEt,. The reactivities of the lauryl glycosides for glyco-
sidation by means of TMSOT( as a convenient promoter were investigated, and the lauryl thioglycoside showed satisfactory activi-
ties. Further transformation of the lauryl glycoside was also attempted to give a 5-azide analogue 14 of the sialic acid, which was
also reacted with a secondary alcohol in the presence of TMSOTY to give known glycoside 15 in high yield.

© 2004 Elsevier Ltd. All rights reserved.

Oligosaccharide chains of glycoconjugates take impor-
tant biological events such as fertilization, differentia-
tion, aging, malignant alteration, and so on.'
Sialylated oligosaccharides have various oligosaccharide
structures and play roles in cell recognition and signa-
ling.? Since sialic acid usually exists at the nonreducing
ends of oligosaccharide chains of glycoconjugates on
the cell surface, it seems that there are many opportuni-
ties for interaction between carbohydrate and receptor
protein. In order to investigate the significance and
mechanisms of those ligand—receptor interactions, a
method for synthesizing sialooligosaccharide is needed.?
Glycosidation to form sialoside by using various glyco-
syl donors derived from sialic acid has been extensively
investigated.? Although those donors are useful for
assembly of sialic acid moiety into oligosaccharide
chains, an improvement of the preparation of sialyl
donors is ongoing. In the chemical syntheses of sialo-
oligosaccharides, the thioglycoside methodology is
frequently used for such objective, despite the fact that
a large number of sialyl donors have been prepared.*
For making thioglycoside donors of sialic acid, a variety
of volatile thiols or those stinking TMS derivatives are
generally utilized.® Recently, Sakairi and co-workers

Keywords: Thioglycosides; Laury]l mercaptan; Sialic acid; Glycosida-

tion; Carbohydrates.
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reported thioglycosides having a lauryl moiety in order
to avoid such undesired factors, and the lauryl thiogly-
cosides showed efficient ability for the glycoside synthe-
ses.® In this letter, we describe an efficient synthesis of
novel thioglycoside 2 of sialic acid having a lauryl moi-
ety from known fully protected sialic acid derivative 1
and its applications, including possible utilization as a
glycosyl donor and further transformation of 2 into its
5-azide analogue 14.

For preparation of methy! 5-acetamido-2,4,7,8,9-penta-
O-acetyl-3,5-dideoxy-p-glycero-p-galacto-2-nonulopyr-
anosonate 1 as a starting material, we selected Sinay’s
protocol’ to obtain anomeric mixtures of 1 in high yield.
Although preparation of a thioglycoside of sialic acid is
usually carried out using a TMS derivative of the thiol in
the presence of Lewis acid as a catalyst, direct conver-
sion of 1 into its thioglycoside was tested, since a TMS
derivative of l-dodecanthiol is not available. Acetate 1
was treated with 1-dodecanthiol (4 M excess) in the pres-
ence of BF3-OFEt,® (3M excess) at 0°C and then at rt,
and the reaction was monitored by TLC until disappear-
ance of 1. The usual work-up of the reactant gave an
anomeric mixture of 2, which was separated by
means of silica gel chromatography into anomers!, 2a
(26.2%), [a]¥ +26 (¢ 1.09, CHCl5) and 2§ (59.2%), [oc]%,8

YAll new compounds with specific rotation data gave satisfactory
results of elemental analyses or high resolution mass spectra.
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Scheme 1. Reagents and conditions: (i) dodecanthiol {(4M excess),
BF;-OEt; (3M excess), CH,Cl;, 0°C — rt, 3.5h.

Table 1. Selected chemical shifts and J values related to sialic acid
moieties

Compound H-3eq H4 Jag Aé|H-9a-H-9b}
{ppm) {ppm) (Hz) (ppm)

2a 2.71 4.86 8.1 0.20
28 2.52 527 2.68 0.63
8a® 2.60 4383 8.0 0.20
8p* 2.44 5.18 2.4 0.81
9" 2.65 4.86 9.1 0.28
op® 2.48 5.17 ND® 097
100 253 484 ND® 025
10p 2.33 4.82 ND* 0.60
11° 2.50 4.85 7.9 0.36
12 2.51 4.86 8.0 0.33
14 2.66 5.29 1.6 0.55
15a¢ 2.66 528 58 0.48
16 597 5.56 6.1 0.34

*Lit. Ref. 12.

"Lit. Ref. 13.

°Lit. Ref. 14,

4Lit. Ref. 16.

®ND means not determined due to overlapping of other protons.
fH.3 proton of the glycal,

—67 (¢ 0.91, CHCI;). The total yield of 2 was 85.4% after
isolation. The structure of each anomer was confirmed
by the results of '"H NMR? and the results are summa-
rized in Table 1 (see Scheme 1).

Given the success of the preparation of a thioglycoside
of sialic acid having a lauryl moiety, we next turned
our attention to the potency of 2 as a glycosyl donor
for application to sialoside synthesis. A large number
of methods for activation of thioglycosides have been

OAc
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developed and are summarized in review papers.® Since
the activation of thioglycoside is similar to that of the
n-pentenyl glycoside, initially introduced by Fraser-
Raid and co-workers.!® Huchel and Schmidt!! reported
a convenient system for activation of a thioglycosyl
donor by using NIS-TMSOTTf as mediators instead of
NIS-TfOH, IDCP, NIS-TESOT{, as well as DMTST.
Because of the low cost, easy handling, and availability
of TMSOTf, we investigated the usefulness of a
TMSOT{-NIS system for activating the lauryl thiogly-
coside 2, and the results are summarized in Scheme 2
and Table 1. In the preliminary glycosidation, the thio-
glycoside 2o and secondary aleohol 3 as a typical
control were condensed by using NIS-TMSOTf in

- acetonitrile at —35°C for 3h. When TLC showed com-

plete disappearance of 2, the reaction mixture was fil-
tered on a pad of Celite. The usual work-up gave 8a!2
in 46.0% yield and 8f in 32.9% yield (x:B = 58:42) after
chromatographic separation, 8a, [¢]% —20 (¢ 0.60,
CHCI;). In the case of 2B, the same treatment with
alcohol 3 in the presence of TMSOTf gave 8« in
52.6% yield and 80 in 39.5% yield (a:p = 57:43) after
isolation. Glycosidation of 2 with primary alcohols, 4
and 5, was performed in same manner as that
described for alcohol 3 to afford known 9'3 and 10 in
high yields with similar stereoselectivity, 10, [cx]:’,)7 -13
(¢ 0.21, CHCl). As for secondary alcohols, 6'*
and 7%, the glycosidation also proceeded smoothly to
give known 11'* and 12, respectively, in high yields,
12, [oa]3D4 -6.3 (c 1.00, CHCl;). These results suggested
that the lauryl glycoside 2 underwent TMSOT{-pro-
moted glycosidation with various alcohols, the ano-
meric ratio of the newly formed glycosidic bonds was
dependent on the anomeric configuration of the donor,
and the a-selectivity of 2« in the glycosidation reaction
was slightly higher than that of 28. However, using
B-lauryl thioglycoside 2B as a donor for the glycosida-
tion gives a higher yield than that of 2« even though a-
selectivity is lower (see Table 2).

In our ongoing synthetic study of sialyl oligosaccha-
rides, we previously reported the synthesis and reactivity
of a 5-azido analogue of sialic acid.'® 5-Azido analogues

. PAChAe COOMe
1
1 AcOw OR
0 527
ACO

g§~12

Bno ~OH OBn
é‘:’: BWOBn
BnD 8]
OBn

BnO
5

HO _OBn
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Scheme 2. Reagents and conditions: (i) NIS (2M excess), TMSOTS (0.2M excess), R-OH (0.5 M excess), MS3A, CH5CN, -35°C, 3h.
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Table 2. Results of glycosidation of 2 with alcohols

Donor Acceptor R-OH Product Yield® (%) Ratio® (o B)
OAS e COOME
2x AcO 79 58:42
26 3 ACHNT - 92 57:43
DA 4 COOMe
AcOw.
2 AgHN% 87 71:29
4 AcO BnO
2p Eno—v= 93 65:35
9 BnOpmg
OAC 1 e COOMe
0 L7 0 s
AcHM
2 s AcQ’ BnO o Bn OBn 70 63:37
26 Bn %ﬁl““‘" 83 57:43
BnO OBn

10

OAc
. 0AcCOOMe OBn OBn
cO ¢]
2 P AchN == d aa OCH2CH2TMS 48 L1:0°
28 HO “oBn GBn 55 1:.0°

1"

2a and 2P 6 1 50 1:0°
OAc
CoOM
AcO m g pEn Y
2 and 2§ 7 AGHN—L 750 ©Bn 66 1:0¢
HO “oBn N3
12

*Isolated yield based on alcohol.
® Mol/mol ratio after isolation.
“Isolation of f-anomer was not conducted.

have been prepared by several groups,!” and S-azido
analogues of sialic acid are, therefore, of great impor-
tance for developing N-substituted sialooligosaccharide.
Therefore, conversion of 2f into its 5-azido analogue 14
was attempted by the previously reported method
shown in Scheme 3. In brief, de-O-acetylation of 2p fol-
lowed by acid hydrolysis of the acetamide!8 gave corre-
sponding ammeoenium salt 13, which was treated with
TIN; followed by usual acetylation to give pure 14 in

[ TYINRAVAVAVAYAVAR

89. 6% yield after silica gel chromatographic purification,
[oz]D =90 (¢ 1.31, CHCI;) IR (KBr) 2114 (vn=n=n) and
1748 (ve—g) cm™!, '"H NMR (CDCl3) 8 3.21 (t, 1 H,
Jis5=Js610.2Hz, H -3). The azide 14 was quantitatively
condensed with an alcohol 3 by TMSOT{-mediated gly-
cosidation as described above to yield known 15«
(48.9%) and 158 (51.1%) (o:p = 49:51) after isolation.
The reaction also gave glycal product 16 in 43.4% yield
based on 14. In contrast to our previous study of 5-azido

/5\7‘\ " o VWV i)
AcQun. O HO@\

COOMe i COOMa ——
AcHN CH3803H'H.

AcO ) 3ISOHHNS

2p

MOy

AcOm— COOMe iv)

13

OAc OAc
AcO o:ccoome AcD o:c COOMe
! c
~ N3 m + N3

AcO AcO
15 16

Scheme 3. Reagents and conditions: (i) NaOMe, MeCH, rt, 2h; (i) CH350;H (2M excess), MeOH, 60°C, 191; (i) TfN; (4.5M excess), DMAP
(3M excess), MeOH, rt, overnight, then, Ac;O-Pyr, rt; (iv) NIS (2M excess), TMSOTY (0.2 M excess), 3 (0.5M excess), MS3A, CH,CN, —35°C, 3h.
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sialic acid,'® the yield of a glycoside from 14 was unfor-
tunately Jower than that from phenyl thioglycoside
(60.7%).

In conclusion, an efficient synthesis of thiolauryl glyco-
side 2 was accomplished using nonstinking thiol, and
TMSOTf-mediated glycosidation of both anomers was
tested and showed excellent reactivities. Further trans-
formation of thioglycoside 2§ into corresponding azido
analogue 14 was performed, and 14 also underwent
TMSOTf-mediated glycosidation to give a known glyco-
side in high yield. This methodology is applicable for
our synthetic studies’® of ‘Glyco-Silicon Functional
Materials’, including assembly of sialyl lactose!*® and
sialyl lactosamine,'*® and the results will be reported
in the near future.
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Oral Therapeutic Agents with Highly Clustered
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Shiga toxin (Stx) is a major virulence factor in infection with Stx-producing Escherichia coli (STEC). We
developed a series of linear polymers of acrylamide, each with a different density of trisaccharide of globo-
trizosylceramide (Gb,), which is a receptor for Stx, and identified Gb, polymers with highly clustered trisac-
charides as Stx adsorbents functioning in the gut. The Gb, polymers specifically bound to both Stx1 and Stx2
with high affinity and markedly inhibited the cytotexic activities of these toxins, Qral administration of the
Gb, polymers protected mice after administration of a fatal dose of E. coli 0157:H7, even when the polymers
were administered after the infection had been established. In these mice, the serum level of Stx was markedly
reduced and fatal brain damage was substantially suppressed, which suggests that the Gb, polymers entrap
Stx in the gut and prevent its entrance into the circulation. These results indicate that the Gb, polymers can
be used as oral therapeutic agents that function in the gut against STEC infections,

Shiga toxin (Stx)-producing Escherichia coli (STEC), in-
cluding E. coli serotype O157:H7, causes gastrointestinal
diseases in humans that are often followed by potentially
fatal systemic complications, such as acute encephalop-
athy and hemolytic-uremic syndrome (HUS) [1-4]. Dur-
ing infection, STEC colonizes the gut and releases Stx
into the gut lumen. The toxin is then absorbed into the
circulation and causes vascular damage in specific target
tissues, such as the brain and kidney, resulting in systemic
complications. Therefore, the development of an effective
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Stx adsorbent that functions in the gut or an Stx neu-
tralizer that functions in the circulation would be a
promising approach to finding a viable therapy.

Stx is classified into 2 closely related subgroups, Stx1
and Stx2. Epidemiologic and experimental studies have
suggested that Stx2 has greater clinical significance than
does Stxl. Stx2-producing STEC strains are associated
with the development of HUS in humans more fre-
quently than are Stx1-producing strains [5], and Stx2-
producing strains were found to cause more-severe nen-
rologic symptoms in an experimental study of STEC-
infected piglets [6]. Both Stx1 and Stx2 consist of a
catalytic A subunit that has RNA N-glycosidase activity
and inhibits eukaryotic protein synthesis and a pen-
tameric B subunit that recognizes and binds to the
functional cell-surface receptor globotriaosylceramide
[Gby Gala(1-4)-GalB(1-4)-GlcB1-ceramide] [4, 7, 8).
Because multiple interactions of the B subunit penta-
mer with the trisaccharide moiety of Gb, are known to
be essential to high-affinity binding of $tx to its recep-
tor, several Stx neutralizers containing the trisaccharide
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in multiple configurations have been developed [9-12].

Recently, we developed a series of carbosilane dendrimers
carrying various numbers of the trisaccharides (referred to as
“SUPER TWIG”) and identified a SUPER TWIG with 6 trisac-
charides {SUPER TWIG (1)6] as an Stx neutralizer functioning
in the circulation [13]. Intravenous administration of SUPER
TWIG (1)6 protected STEC-challenged mice, even when SUPER
TWIG (1)6 was administered after the infection had been es-
tablished, which indicates that SUPER TWIG (1)6 is a promising
therapeutic agent for use against STEC infection in humans [13].
On the other hand, development of an Stx adsorbent that func-
tions in the gut is important, because oral administration of
this type of agent can be widely applicable not only to treatment
of individuals with STEC infection, but also to treatment of
those at risk of such infections. Recently, oral administration
of a genetically manipulated bacterium expressing these trisac-
charides on its surface was reported to protect mice after chal-
lenge with a fatal dose of STEC (12, 14]. However, no synthetic
compound has previously been developed that effectively ad-
sorbs Stx, especially Stx2, present in the gut.

In this study, we used a series of linear polymers of acryl-
amide with different numbers of the trisaccharide of Gb, to
develop Stx adsorbents that would function in the gut. We
found that Gb, polymers with highly clustered trisaccharides
specifically bound to both Stx1 and Stx2 with high affinity and
markedly inhibited the cytotoxic activities of these toxins. The
K, values of the most active Gb, polymer to the B subunits of
Stx1 and Stx2 were even lower than those of SUPER TWIG
(1)6, which indicates that this Gb, polymer binds to the B
subunits more strongly than does SUPER TWIG (1)6. Finally,
oral administration of the Gb, polymers protected mice after
challenge with a fatal dose of E. coli O157:H7, which suggests
that the Gb, polymer could be used as an oral therapeutic agent
to treat STEC infections in humans.

MATERIALS AND METHODS

Materials.  Polymers with carbohydrates used in this study
were synthesized as described elsewhere (K.M., AM., TW.,, and
D.T., unpublished data), and were characterized by "H nuclear
magnetic resonance spectroscopy to confirm their structures.
In brief, globotriaosyl derivatives with a polymerizable aglycon
were prepared from p-galactose and p-lactose by a slight mod-
ification of the method of Matsuoka et al. [15]. Elongation of
the aglycon as a spacer arm was performed by a radical addition
of aminoethanethiol to the C=C double bond, followed by
acryloylation to produce the acrylamide-type carbohydrate
monomer. These water-soluble monomers were polymerized
by a standard radical polymerization protocol [16] to produce
white, powdery glycopolymers of high molecular weight after
lyophilization. The molar ratio of oligosaccharide to acrylamide

of each polymer was determined by 'H nuclear magnetic reso-
nance spectroscopy. The average molecular weights of the poly-
mers were estimated by size-exclusion chromatography in water
using a Shodex Asahipak GS-510 7E column. Calibration curves
were obtained using pullulan standards (5.8, 12.2, 23.7, 48, 100,
and 186 kDa; Shodex Standard P-82). Free trisaccharide was
kindly provided by Kyowa Hakko Kogyo (Tokyo). Recombi-
nant Stx1 and Stx2 were prepared according to methods de-
scribed elsewhere [17). Recombinant histidine-tagged Stx1 B
subunit (1B-His) and Sox2 B subunit (2B-His), in which 6
histidine residues were added at the carboxy termini of the B
subunits, were prepared as follows: From the pUCI118 vector
and the pCH283 vector, which contained the complete coding
sequences of Stx1 and Stx2, respectively (constructs were kindly
provided by S. Yamasaki and T. Hamabata, International Med-
ical Center of Japan, Tokyo) [18], an Ncol-BamHI fragment
was prepared by polymerase chain reaction with the primers
5-AGAGCCATGGCGACGCCTGATTGTGTAACT-3' and 5-
AGAGGGATCCGCACGAAAAATAACTTCGCT-3 for Stx1 and
5-AGAGCCATGGATTGTGCTAAAGGTAAAATT-3 and 5-AGA-
GGGATCCGCGTCATTATTAAACTG-3' for Stx2. The frag-
ments obtained were ligated into the Neol-BamHI site of the
pET-28a vector (Novagen). Competent E. coli BL21DE(3) cells
{Novagen) were then transformed with these vectors. The trans-
formed BL21DE(3) cells were cultured in 1 L of Luria-Bertani
broth (Difco) supplemented with 30 pg/mL kanamycin (Na-
calai Tesque) at 37°C to midexponential phase. The cultures
were subsequently treated with 1.0 mmol/L isopropyl 3-p(—)-
thiogalactopyranoside (Wako Pure Industries) for 4 h at 37°C.
Collected cell pellets were lysed in 10 mL of PBS containing
6000 U/mL polymyxin B (Sigma). After centrifugation, the
resulting supernatants were incubated with 100 uL of Ni*-
charged resin (Novagen) for 2 h at 4°C. After extensive washing
of the beads, soluble 1B-His and 2B-His were eluted from the
beads by incubation with elution buffer (1 mol/L imidazole, 500
mmol/L NaCl, and 80 mmol/L Tris-HC]; pH 7.9) for 5 min at
25°C. Phospholipid vesicles containing either Gb, or globotetra-
osylceramide {Gb,) were prepared using phosphatidylcholineand
either glycolipid (molar ratio, 24:1), as described elsewhere (X.
T. Zeng, K. Nishikawa, and Y. Natori, unpublished data). *I-
labeled Stx1 (***I-5tx1) and '**I-$tx2 were prepared by the iodine
monochloride method, as described elsewhere [19].

Cells.  Vero cells were maintained in DMEM supplemented
with 10% fetal calf serum. Cells were seeded in 24- and 96-
well plastic microplates for binding and cytotoxicity assays,
respectively.

Kinetic analysis of Gb, polymer binding to immobilized 1B-
His and 2B-His.  Gb, polymer binding to immobilized 1B-
His and 2B-His was quantified using a BIAcore instrument [20].
Ni** was fixed on a nitrilotriacetic acid sensor chip (BIAcore),
and recombinant 1B-His or 2B-His (10 pg/mL) was injected
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into the system, where it was immobilized on the chip. Various
concentrations of compounds were injected (time 0} over the
immobilized 1B-His or 2B-His at a flow rate of 20 uL/min for
at least 3 min to reach plateau at 25°C. The resonance unit
{RU} is an arbitrary unit used by the BlAcore system. The RU
value obtained without recombinant protein was subtracted
from the data obtained from immobilized 1B-His or 2B-His
to correct for the background. The binding kinetics were an-
alyzed by Scatchard plot, using BlAevaluation software, version
3.0 (BlAcore).

'Z]-Stx binding assay.  For the binding assay, Vero cells were
treated with 1 pg/mL '"*I-5tx] or "*1-Stx2 (7 X 10° or 3.8 X 10
cpm/ug of protein, respectively) in the absence or presence of
the desired amount of a given compound or with unlabeled $tx}
or Stx2 (50 pg/mL) for 30 min at 4°C. After extensive washing,
the cells were dissolved in lysis solution (0.1 mol/L NaOH and
0.5% SDS). Recovered radioactivity was measured by a ¥-
counter (Packard). Specific binding of these radiolabeled Stxs
was confirmed by the complete inhibition of the unlabeled Stxs
(data not shown).

Cytotoxicity assay.  For the cytotoxicity assay, subconfluent
Vero cells in a 96-well plate were treated with Stx1 or Stx2 (10
pg/mL) in the absence or presence of the desired amount of a
given compound for 72 h. The relative number of living cells
was determined by using a WST-1 Cell Counting Kit (Wako
Pure Industries).

Mouse infection protocol.  Specific pathogen—free, 3-week-
old female C57BL/6 mice that had been weaned were purchased
from Charles River Laboratories. The animals were fed a low-
protein diet (5% protein) for 2 weeks to achieve protein calorie
malnutrition [21]. At 5 weeks of age, mice were infected in-
tragastrically with 2 X 10° cfu of E. coli O157:H7 strain N-9,
which produces both Stx1 and Stx2, as described elsewhere [21].
The animals were fed the low-protein diet even after the start
of the infection. Seven or 8 infected mice received Gb, polymers
(25 pg/g of body weight) dissolved in 0.1 mL of saline twice a
day intragastrically; this treatment was initiated on day 3 after
infection and continued until day 5. Fifteen infected mice were
treated with 0.1 mL of saline as a vehicle control by the same
protocol used for treatment with Gb, polymers. At day 4 after
infection, 3 mice from each group were killed, and the Stx content
in their blood was determined. The animal experimentation
guidelines of Nara Medical University (Kashihara, Nara, Japan)
were followed. Data were analyzed using the Kaplan-Meier sur-
vival analysis or, when no mice had died by the end of the
observation, Fisher’s exact test,

Measurement of Stx2 in blood and stool. Blood was ob-
tained from the ophthalmic arteries or by cardiac puncture of
infected mice. Serum was separated from clotted blood by cen-
trifugation. Quantification of Stx2 in blood and stool samples
was performed by ELISA using a commercially available kit

(Bio-Rad Laboratories), as described elsewhere [21], after a
standard curve had been constructed with purified 52 in-
corporated into stool or serum from normal mice. With this
kit, the limit of detection for Stx2 was 12 pg/mL of stool and
18 pg/mL of serum,

Stool samples were homogenized in PBS at a concentration
of 50 mg/mL and then diluted 5-fold with the dilution buffer
supplied by the manufacturer. A 100-uL volume of homogenate
was assayed with the ELISA kit. Serum samples were concen-
trated 20-fold by ultrafiltration, 20 uL of each concentrated
sample was mixed with 4 volumes of the sample dilution buffer,
and 100 pL of each mixture was assayed with the ELISA kit

Histological and immunohistochemical examination. For
histological and immunohistochemical examination of the brain,
5 mice that had been treated with Gb, polymer or saline, as
described above, were used. At day 4 (for saline-treated mice)
or day 30 (for Gb, polymer—treated mice) after infection, the
mice were killed, and their brains were immediately fixed in
10% formalin. For histological examination, some of the paraf-
fin-embedded sections were stained with hematoxylin-eosin,
Alcian blue (pH 2.5)~periodic acid-Schiff stain, or Luxol fast
blue. Immunohistological localization of Stx2 was detected by
a monoclonal anti-Stx2 antibody (IgG; 1 pg/mL; Toxin Tech-
nology), as described elsewhere [21].

RESULTS

Direct, high-affinity binding of Gb, polymers to the Stx B
subunit.  We developed a series of linear polymers of acryl-
amide, each with a different density of the trisaccharide of
Gb, [Gala(1-4)-GalB(1-4)-GlcB1-] or lactose (Lac) {Gal3{1-4)-
GlcB1-], through a spacer that binds the sugar group to the
core structure (figure 1). The molar ratio of oligosaccharide to
acrylamide was varied as shown in table 1. Polymers were in-
dicated as X:Y, in which X and Y represent the number of
carbohydrate-assembled and carbohydrate-free acrylamide units,
respectively. Because the molar content of oligosaccharide per
weight differed among these polymers (table 1), the concen-
tration of each polymer was given as micromolar concentra-
tions of trisaccharide or Lac in the following experiments,
which enables direct comparison of their activities on a per-
oligosaccharide basis.

With 1B-His and 2B-His immobilized on a BlAcore sensor
chip, K, for each polymer for the B subunit pentamer of Stx1
or 5tx2 was determined by Scatchard plot analysis. Gb, polymer
1:0, which had the most densely clustered trisaccharides, di-
rectly bound to both 1B-His and 2B-His with very high affinity
(figure 2). The K, values determined by Scatchard plot analysis
were 0.34 and 0.68 umol/L, respectively (table 2}, both of which
are one-half of those for SUPER TWIG (1)6 (0.72 and 1.3
umol/L}, when comparison is made on a per-trisaccharide basis
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Figure 1.
4Gl or lactose [GalB{1-4)-Glc31-] are shown.

{K. Nishikawa, K. Matsuoka, K. Hino, K. Igai, D. Terunuma,
and Y. Natori, unpublished data), which indicates that the Gb,
polymer binds to the B subunits more strongly than does
SUPER TWIG (1)6. Under the same conditions, phospholipid
vesicles containing Gb;, but not Gb,, at a molar ratio of 25:1
specifically bound these recombinant B subunits, confirming
their specific recognition of the trisaccharide of Gb, (data not
shown). In contrast, Lac polymer 1:0, which has a structure
that is almost the same as that of Gb, polymer 1:0, except for
the terminal sugars, bound to neither 1B-His nor 2B-His (figure
2), which suggests that the terminal galactose of the trisaccha-
ride is strictly required for high-affinity binding to the B sub-
units. Interestingly, the K, values of Gb, polymers 2:17, 1:11,
and 1:12 for the Stx2 B subunit were 2, 6, and 10 times higher,
respectively, than the value of Gb, polymer 1:0, whereas the
K, values of all of these Gb, polymers for the Stx1 B subunit
were in a similar range (figure 2 and table 2). These results
indicate that more highly clustered trisaccharides in the Gb,
polymers are required for high-affinity binding to the Stx2 B
subunit, clearly demonstrating a different sugar-clustering effect
in the recognition of trisaccharide between Stx1 and Stx2.
Inhibition of the biological activities of Stx by Gb, poly-
mers.  All of the Gb, polymers markedly inhibited the binding
of *¥[-§tx1 and '*I-Stx2 to Vero cells, one of the cell types
most sensitive to Stx (figure 3A). The 1C,, values of Gb, polymer
1:0 for '#1-$tx1 and **[-Stx2 binding were 0.33 and 0.34 pmol/
L (table 3), which are similar to and 10 times lower than those
of SUPER TWIG (1)6 {0.33 and 3.5 pmol/L, respectively), when
comparison is made on a per-trisaccharide basis. These resuits
indicate that the inhibitory effect of Gb, polymer 1:0 is superior
to that of SUPER TWIG (1)6. In contrast, no inhibitory effect

Structures of globotriaosylceramide {Gbs} and lactose polymers. Linear polymers of acrylamide with trisaccharide of Gb, [Gale{1-4}-Galg(1-

was observed with Lac polymer 1:0 or free trisaccharide, even
at a concentration of 100 umol/L (figure 3A4).

The Gb, polymers effectively inhibited the cytotoxic activity
of Stx1 and, to a lesser extent, Stx2 (figure 3B). The IC,; value
of Gb, polymer 2:17 for Stx2 was 18.8 pmol/L, which is 23
times higher than that of Gb, polymer 1:0 (0.82 pmol/L),
whereas the value for Stx! was 0.16 pmol/L, or 3 times higher
than that of Gb, polymer 1:0 (0.049 pumol/L) (table 3). These
results indicate that the dependency of the inhibitory effect on
the trisaccharide density of each polymer was more clearly ob-
served for $tx2, which further supports the hypothesis that the
sugar-clustering effect in the recognition of trisaccharide for
Stx] is different from that for Stx2. No inhibitory effect was
observed with Lac polymer 1:0 or free trisaccharide, even ata

Table 1. Molar content of the trisaccharide of
globotriaosylceramide (Gb,) or lactose {Lac) in
linear polymers of acrylamides,

Density,

Polymer, X:Y* mol x 10%g
Gb,

1:0 1.4

2117 0.75

11 0.66

1:12 0.63
Lac 1:0 1.7

* The molar ratio of oligosaccharide to acrylamides was
determined by 'H nuclear magnetic resonance spectro-
scopy and described as XY, in which X and Y represent
the nos. of carbohydrate-assembled and carbohydrate-free
acrylamide units, respectively.
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Figure 2.  Kinetic analysis of globotriaosylceramide (Gb,) polymer binding to immobilized Shiga toxin (Stx} B subunits, using a BlAcore system. Recombinant
histidine-tagged Stx1 and Stx2 B subunits were immobilized en an nitrilotriacetic acid sensor chip {BlAcore), and the indicated amount of each compound
{in pg/mt—Gh, polymer 1:0, Gb, polymer 1:12, or lactose (Lac} polymer 1:0-—was injected at time 0 over the immobilized B subunits at a flow tate of

20 pl/min for 3 min te reach plateau.

concentration of 100 pmol/L (figure 3B). Each polymer itself
did not affect the cell viability (data not shown). These results
demonstrate that Gb, polymers with highly clustered trisac-
charides effectively inhibited the biological activities of not only
Stx1 but also Stx2 against the target cells, which is consistent
with direct and high-affinity binding of the polymers to the
Stx B subunits, as described above.

Effect of Gb, polymers in vivo,
the inhibitory effects of Gb, polymers on the lethality of Stx-
producing E. coli O157:H7 infections in mice. We used mice
with protein calorie malnutrition, which are very susceptible
to infection with E. colf O157:H7 [21]. In this model, the es-
tablishment of infection can be diagnosed by the detection of
Stx both in stool on day 2 and in serum on day 3 after intra-

Next, we investigated

Table 2. Results of kinetic analysis of the binding of glebotriao-
sylceramide {Gb,) polymers to His-tagged Shiga toxin (Stx) B sub-
units, using a BlAcore system.

Stx1 B subunit Stx2 B subunit
Gh, K, mean RU. ... K, mean RU, e
polymer pmol/l £ SE mean £ SE umolllL. £ SE mean = SE
1:0 034 005 468 %28 068 £ 0.05 1340+ 67
2:17 044 + 011 614 = 60 14+026 803 x50
1 043 £ 012 604 = 80 42 = 0.57 1380 = 56
1:12 060 =006 5606 71 £ 064 961 73
NOTE. RU,,. maximal resonance unit.

gastric injection of E. coli 0157:H7 [21]. We administered Gb,
polymers intragastrically twice a day for 3 consecutive days
(days 3-5). All the control animals developed neurologic symp-
toms after postinfection day 5 and succumbed to the infection
by day 12 (figure 4). In contrast, all 5 of the mice treated with
Gb, polymer 1:0 and 3 of the 4 mice treated with Gb, polymer
1:12 survived (P<.001 and P<.01, respectively) for >30 days
without any neurclogic symptoms (figure 4). Treatment with
other Gb, polymers (2:17 and 1:11) also reduced lethality {2
of 2 mice survived in each group; figure 4). These results clearly
indicate that the Gb, polymers can protect mice after challenge
with a fatal dose of E. coli O157:H7, even when the polymers
are administered after the infection has been established.
Stx2 content, which is more closely related to the lethality
of E. coli O157:H7 infections than $tx1 content in this mouse
meodel, was measured in serum and stool samples. The Stx2
content in serum from mice treated with Gb, polymers 1:0 and
1:12 decreased to an undetectable level by day 4, when the
serum level of 5tx2 had reached its maximum without treat-
ment (table 4) [21). Interestingly, the Stx2 content in stool was
also substantially reduced by treatment with Gb, polymers
1:0 and 1:12, to one-half of and less than the control value,
respectively (table 4). In an in vitro test, a high concentration
of Gb, polymer 1:0 (=<0.5 mg/mL) did not affect the results
of ELISA for detection of Stx2, even in the presence of serum
or stool (data not shown), which confirms that there is a sub-

364 « JID 2004:189 (1 February) » Watanabe et al.

89



Stx1

—
8
-
<y
HH

N b O o
o o O o

125].Stx1 binding (%) >

o

0o 001 .01 1 1
Stx2

10 100

—_
=)
o
. Sy
A
el

o}
o

N B
QO

125].Stx2 binding (%)
3

0 Hmr—————— =
001 0101 1 10 100
Concentration {(umol/L)

Stxi

gmo-

2 80]

5 601

> 401

Q

O 20; & @
P === R I
0 .001.01.1 1 10 1001000
Stx2

—
w O
o o

Y
o

Cell viability (%)
853

o

& = il B
0 .001.01 1 1 10 1001000
Concentration (umol/L)

Figure 3. Inhibitory effects of globotriaosylceramide (Gb,} polymers on the biological activities of Shiga toxin {Stx) in Vero cells. A, Results of -
labeled Stx1 (%1-Stx1) and ™I-Stx2 binding assay. Data are presented as the percentage of activity in the absence of polymers.(mean + SE; n= 3 or
4). B, Results of cytotoxicity assay using Vero cells. Data are presented as the percentage of cell viability in the absence of Stxs (mean = SE; n =3}
Filled diamonds, Gbs polymer 1:0; filled circles, Gb, polymer 2:17; filled triangfes, Gb, polymer 1:11; fiilled rectangles, Gb, polymer 1:12; open rectangles,

lactose potymer 1:0; open triangles, free trisaccharide.

stantial mass reduction of 5tx2 by Gb, polymer 1:0 treatment
in vivo.

Because E. coli 0157:H7 infection causes severe brain damage
in a mouse model in which protein calorie malnutrition was
used, pathological changes in cerebral/blood vessels, such cell
infiltration and hemorrhage, were investigated in Gb, polymer
1:0-treated and untreated mice. In untreated control mice, cell
infiltration (figure 5A) and hemorrhage (figure 5B) were ob-
served in the cerebral cortex on day 5 after infection. Demy-
elinated nerve fibers were not noticed at the brain stems of the
control animals, despite marked cell infiltration (figure 5C),
which is consistent with findings we have published elsewhere
{21). In contrast, no histological changes were observed in the
brains of Gb, polymer 1:0-treated mice, even at day 30 after
infection (data not shown). In the hippocampus of untreated
mice, immunoreactions for Stx2 were detected (figure 5D);
those reactions were absent in the brain of Gb, polymer 1:0-
treated mice (figure 5E). These results suggest that Gb, polymer
1:0 suppressed the lethality of E. coli O157:H7 infection by
reducing the serum level of Stx2 and subsequent Stx2-associated
fatal brain damage.

DISCUSSION

In this study, we used a series of linear polymers of acrylamide,
each with a different density of the trisaccharide of Gb,, to
develop an Stx adsorbent that functions in the gut. We found
that the Gb, polymers with highly clustered trisaccharides spe-
cifically bound to both Stx1 and Stx2 with high affinity and
markedly inhibited the biological activities, such as binding
activity and cytotoxic activity toward the target cells, of these

Table 3. IC,, of glohotriaosylceramide {Gb,) polymers for the bi-
ological activities of Shiga toxin (Stx} toward Vero cells.

ICy mean pmol/L = SE

In binding assay In cytotoxicity assay

Stx1 So@ Stx1 Su
Gb, polyrer n=4d) n=23 in=23l n=3
1.0 033 + 004 034 £ 005 0050004 0.82 + 0.18
2:17 033+ 004 038007 016 =005 188 &+ 46
1N 0.25 + 0.03 080 013 034 * 0.1 Not determined
1:12 0.33 £ 004 055+£ 013 030 008 266 =3
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Figure 4. Inhibitory effect of globotriacsylceramide {Gb.} palymers on

the lethality of infection with Escherichia cofi 0157:H7 in mice. Mice with
protein calorie matnutrition were infected intragastrically with £ colf 0157:
H7 strain N-9 {2 % 10° cfu) on day 0. Gb, polymer {25 ng/g of body weight)
or saline alone was administered intragastrically to the mice (control group,
n = 12, Gb, polymer 1:0, n = 5; Gb, polymer 2:17, n = Z; Gh, polymer
1:11, n = 2: Gb, polymer 1:1Z, n = 4} twice a day on days 3-5 after
infection. Data are the survival time of each mouse, The data were analyzed
by Kaplan-Meier survival analysis or, when no mice had died by the end
of the observation, by Fisher's exact test.

toxins. The K, values of the Gb, polymer 1:0, the most active
Gb, polymer, for the B subunits of Stx! and Stx2 were even
lower than those of SUPER TWIG (1)6, which indicates that
the Gb, polymer binds to both Stxs more strongly than does
SUPER TWIG (1)6. Interestingly, we found that the sugar-
clustering effect in the recognition of trisaccharide for Stx1 was
different from that for Stx2 and that more highly clustered
trisaccharides in the Gb, polymers are required for high-affinity
binding to 5tx2. This observation provides an important insight
into the development of Stx adsorbents, especially against Stx2,
which has greater clinical importance than Stx1.

Recently, Dohi et al. [22] reported a linear polymer of ac-
rylamide that contained the trisaccharide attached to a spacer
of a phenyl group. This compound substantially inhibited the
cytotoxic activity of Stx1 toward human renal adenocarcinoma
ACHN cells, another cell type that is very sensitive to Stx, but
did not show any inhibitory effect on Stx2 at concentrations
=100 pmol/L on a per-trisaccharide basis. The major difference
between this compound and the Gb, polymers developed in
the present study is the length of the spacer arm through which
the trisaccharide group binds to each core structure. On the
other hand, it is generally accepted that the fatty acid chain

length of Gb, can have an important effect on the extent to
which Stx] and Stx2 bind to Gb, [23]. When these datz are
considered with the results of our present study, it is highly
possible that not only the high density of trisaccharides, but
also the long alkyl spacer present in the Gb, polymers is required
for high-affinity binding to Stx2. In a recent report, in which
self-assembled monolayers of Gb, mimics that contain the tri-
saccharide with alkyl chains of different lengths were used, it
was demonstrated that St2, but not Stx1, preferred a longer
alkyl chain for high-affinity binding [24], which further sup-
ports our contention,.

We found that oral administration of the Gb, polymers pro-
tected mice against a fatal dose of E. coli O157:H7 and that
Stx2 content in serum samples from such mice was substantjally
reduced, compared with levels in serum from untreated mice.
Although these Gb, polymers are heterogeneous in their mo-
lecular size, the average molecular sizes of Gb, polymers 1:0
and 1:12 were determined to be 36 and 73 kDa, respectively,
by gel permeation chromatography (data not shown}, both of
which can be calculated to contain ~50 trisaccharides/molecule
of these compounds. Judging by all of these findings, it is highly
possible that Gb, polymers bind to Stx2 in multiple ways to
form large complexes in the gut, thereby inhibiting the entrance
of Stx2 into the circulation and resulting in a reduction in the
serum level of Stx2. Interestingly, we found that the Stx2 con-
tent in stool samples was also reduced by treatment with Gb,
polymers. Although the precise mechanism of this reduction
remains to be elucidated, this phenomenon may reflect another
aspect of the mechanism by which the Gb, polymers effectively
function as oral therapeutic agents in the gut.

In a previous report, it was shown that oral administration
of another chemically synthesized $tx adsorbent (Synsorb-Pk;
Synsorb Biotech), which consists of globotrisaccharide cova-
lently linked to silica particles [9, 25], did not protect mice
against oral challenge with STEC, although it delayed time to

Table 4. Quantification of Shiga toxin {Stx) 2 on day
4 after infection with Escherichia coli 0157:H7 in stool
and serum samples from mice treated with globotriao-
sylceramide (Gb,) polymers or saline.

Mean concentration of

Stx2 + SE®
In stool, pg/mg In serurn, pg/mL

Treatment n=23) n =3}
Gb, polymer

1:0 25+6 -

1:12 33+£5 —
Saline 71+6 41 + 6

NOTE. —, lower than the limit of detection.

? The limits of detection were 12 pg/mg of stool and 18 pa/mL
of serum, respectively.
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Histological examination and immunostaining of Shiga toxin (S} 2 in the brains of mice treated with globotriaosylceramide (Gby) palymer

1:0 {£) or not treated {A-D) and infected with Escherichia coli 0157:H7. Sections of the cerebral cortex were used for histological examination. The sections
were stained with hematoxylin-eosin (A and B; original magnification, X450} or Luxol fast blue (£ ariginal magnification, X 150). Sx2 present in sections
of the hippocampus was detected using specific antibody against St {0 and £; original magnification, X 450]. The sections were stained afterward with

hematoxylin.

death by 1 day [26]. The Stx-binding capacity of Synsorb-Pk
is at least 100,000 times lower than that of the Gb, polymers
estimated from our present results (table 3 and figure 34); this
is probably the result of the low density of trisaccharide dis-
played on the surface of Synsorb-Pk, which is ~2000 times
lower than that of the Gb, polymers [9]. Therefore, the marked
inhibitory effect of the Gb, polymers on the lethality of STEC
infections may be mainly attributed to the superiority of the
capacity of Gb, polymers to bind toxin.

All of the results of our present study indicate that Gb,
polymers can be used as an oral therapeutic agent to treat STEC
infections in humans. This type of agent is expected to have
significant therapeutic advantages, because it can be widely ap-
plicable not only to individuals with STEC infection, but also
to those at risk for such infections.
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2IMEDOERY £ FLZ - BEBYWEHZOEE -

FRIIZH LT Dumbbell(1)6 3 L W¥Ball %1 FOBS@HALRLSLTYRUT—OADORE
ESMRE (i viro) EHEE

(1}120ICxiE, FNFh23BLT13E (ICo: gg/mL)

2N E L, BIERRASOBRVWSRERT Fan(0)3 |Dumbbell{1) 6 | Ball(1)12

LA o, ThHDICDEE, Stxl 3 0.22 016
Stx2 >100 2.3 13

EH#, ChITHESRTVIHRY <—

HdVRF P v—r#ffELTsn
F2 TIVRERAVHAOBRGMELIEE (0 vivo 5B

REREEBEF LS OIC L HET (SUPER TWIG X EFE+ FE I BREHES)

Lotid, FhthofECHERLTY Fan(0)3 Dumbbell{1)6 Ball(1)12
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HroL#RIsh D,
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RN —FIZERIELAEEWIL, in vivo TRUFEZDHAFRERL TWied ol
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b%, LHL, FEML I &lin vitro TDumbbell(1)6 £ F% L LD IC.% R LA Ball(1)12i
1HREECEMMRIEDZ2LODBHNPELIRE Lo Fan(0)3 DHESNE N &
BOFHAXBMENZERBRELTHTLILBTELEY, in vitro TICHHEIZR%D
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LE, ROBZOPHERICHLTALES SV F U F) - OBEHmuwEES5132t
EHOPETHIENTEL,

RiZ, in vivo CTHWERERT I L 25D o 72 Dumbbell (1)6 DEBE L LTOMEL AT
TaLYD, FREVERXSZHE BN LITAEL TRuHFHICRBE STy X2 HVT,
R 3 HES S 4 HE Dumbbell(1)6 D5 %1To /e ZOER, 3¥ FU—L<I 2148
BT ANTHIE - 22 Dumbbell(1)6 285 LA 7 AR TRTELELRITIL - Lot o7
I OMEIZDumbbell(1)6 AR RHEERBEOBEEL LTHEWTHEILETL TS,

By A FEOBRSPLANE, ANEYT I FYFYv—3hoWwH T, SRl TR
BHMERZIBEEZNL, SEXBERETIH D, T, ANVEYIVFY R F0OY A X,
BB IURBERENE BECHARTRTH L, YOESHERILEYS Y Fr ) —%
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