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Shiga toxin (Stx)-producing Escherichia

coli (STEC), also known as “verocytotoxin-
producing E. coli” [1], are zoonotic path-
ogens that cause potentially fatal and often
epidemic food- or waterborne illness [2—4]
with a clinical spectrum that includes di-
arthea, hemorrhagic colitis [5], and the
hemolytic-uremic syndrome (HUS) [6, 7).
HUS, which is characterized by acute re-
nal failure, thrombocytopenia, and mi-
croangiopathic hemolytic anemia, is the
leading and a potentially fatal cause of
acute renal failure in children {8-11].
There are no specific therapies for HUS
or vaccines to prevent it. Histologically,
HUS is characterized by widespread
thrombotic microvascular lesions in the
renal glomeruli, the gastrointestinal tract,
and other organs, such as the brain, the
pancreas, and the lungs {12-14]. These
lesions probably result from primary Stx-
mediated damage to microvascular en-
dothelial cells {3, 4, 15-17]. The mech-
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anism of this injury involves Stx binding
to a specific receptor, globotriaosylcer-
amide (Gb,) {18], on the surface of en-
dothelial cells {19] and toxin internali-
zation by a receptor-mediated endocytic
process [20], followed by toxin interac-
tion with subcellular components that re-
sults in protein synthesis inhibition [19]
or apoptosis [21].

STEC produce 2 major, serologically
distinct Stx types, Stxd and Stx2, which
are AB, subunit toxins with 1 enzymati-
cally active A subunit and 5 identical cop-
tes of the B subunit [22]. The B subunit
pentamer is a doughnut-shaped structure
composed of the individual subunits ar-
ranged symmetrically around a central &-
helix-lined pore, over 1 face of which sits
the A subunit {23]. The opposite face con-
tains the receptor-binding domains of the
B pentamer [24]. So2, which is found
more often than Stxl in the commonest
STEC serotype, O157:H7 [25, 26], is re-
ported to have a greater cytotoxic effect
on human glomerular endothelial cells
than does Stx1 in vitro [27} and thus may
have a greater propensity than Stx1 to in-
itiate HUS, Although the endothelial cell
appears to be the main target of Stx action,
there is evidence that these toxins also me-
diate biological effects on other cell types,
such as renal tubular cells, mesangial cells,
monocytes [16, 28], and platelets [16, 29].

Circulating proinflammatory cytokines,
especially tumor necrosis factor (TNF)-a
and interleukin (1L)-18, stimulated by di-
rect toxin action on monocytes [30}, po-
tentiate the action of $tx on endothelial
cells by inducing expression of the recep-
tor Gb, [31). Binding of Stx to its target

_cells presurnably initiates a complex chain

of events, including coagulation and pro-
inflammatory processes, that results in
HUS [186, 28). Blocking of Stx binding to
endothelial cells to halt these events and
prevent the development of HUS might
be achieved by generation of specific St
antibodies by active {32, 33] or passive
[34-36) immunization or by the use of
synthetic Gb, receptor analogues that
competitively block toxin binding to the
endothelial cell receptor, as discussed in
the article by Watanabe et al. [37) in this
issue of The Journal of Infectious Diseases.

Gb, (Pk blood group antigen) is com-
posed of a sphingosine base to which are
attached a fatty acid side chain and a
terminal trisaccharide, Gala(1-4)-GalpB{1-
4)-GlcB1-, which binds to the Sx B pen-
tamer. Although both Stx1 and $tx2 (in-
cluding subtypes 2¢ and 2d) bind to Gb,,
their affinity for the molecule is variable,
which probably reflects the fact that the
amino acid sequence homology between
the toxin-binding B subunits of the 2 tox-
ing is only 57% {38). Affinity is influenced
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by difference in binding sites for Gb, in
the toxins [39—41] and by the orientation
of the terminal trisaccharide [42], which
may be affected by a number of factors,
including the length of the fatty acid side
chain [41]. These considerations are im-
portant in designing synthetic receptoran-
alogues, which, ideally, should bind both
toxins with high affinity.

Theoretically, receptor analogues could
be administered orally to block Stx pro-
duced in the gut from reaching the cir-
culation or parenterally to block circulat-
ing Stx from binding to target endothelial
cells. Although the precise timing of these
events is not known, grounds for reason-
able speculation may be based on clues
from current knowledge of the natural
history and pathophysiology of STEC-
associated disease.

The initial symptoms of STEC infec-
tion, typically abdominal cramps and non-
bleody diarrhea, manifest after an incu-
bation period of ~3-5 days [2]. The
mechanism of this initial diarrhea is not
known, and there is no evidence that it is
related to the action of Stxs. Approxi-
mately one-third of patients develop hem-

orrhagic colitis [2], which probably results '

from Stx interaction with endothelial cells
lining the microvasculature of the gut lam-
ina propria [43]. HUS occurs in approx-
imately one-tenth to one-fourth of cases
[2-4} and manifests ~1 week after the on-
set of diarrhea [2, 44]. Diagnostic studies
of the detection of Stxs and STEC in stool
samples from patients indicate that STEC
bacterial counts and Stx titers in stool are
probably already at their peak when the
initial gastrointestinal symptoms appear,
and the levels decrease thereafter [7, 44~
46]. This is consistent with the occurrence
of logarithmic growth, resulting in peak
STEC bacterial counts and maximal toxin
production, during the incubation period,
a concept that is supported by observa-
tions of STEC growth in laboratory broth
media that show maximal toxin titers dur-
ing the STEC logarithmic growth phase
and cessation of toxin preduction in the
stationary phase [47]. Thus, Stx translo-

cation from the gut to the circulation must
occur at some point between the incu-
bation period, when Stx is being actively
produced, to ~1 week after the start of the
illness, when HUS, the end result of toxin
action, becomes clinically evident. Evi-
dence based on elevated levels of plasma
markers of thrombin generation, intra-
vascular fibrin accretion, and fibrinolysis
inhibition [48, 49] indicates that vascular
activation has probably already occurred
within 4 days after the onset of diarrhea
[49), which suggests that toxin binding to
its target cells must have occurred even
earlier, perhaps by 2-3 days after the onset
of symptoms, Thus, for optimal therapeu-
tic effect, a receptor analogue would have
to be administered at some point between
the incubation period, before symptoms
start, and a point within ~2-3 days after
the onset of diarrhea. Presumably, the ear-
lier the better. Unfortunately, experimen-
tal animal models of HUS have not been
developed in which tests can be made to
determine which therapies produce opti-
mal effects. Consequently, investigators in
Canada [50-52), Japan {53, 54], and Aus-
tralia [55, 56) have actively pursued the
development of potential therapeutic re-
ceptor analogue compounds.

The initial work was done in Canada,
where Armstrong and colleagues {50, 52]
found that Stx1 and Stx2 bound with
high affinity to Pk trisaccharide covalently
coupled to Chromosorb P {Synsorb; Johns-
Manville Products), a calcinated, diato-
maceous material used in gas-liquid chro-
matography. However, when Synsorb-Pk
(R. Ippolite, Alberta Research Council, Ed-
monton, Alberta, Canada) was coincu-
bated with Vero cells, it was much more
efficient in neutralizing the Vero cell cy-
totoxicity of Stx 1 than that of $tx2 [50].
After a successful phase 1 clinical study
of orally administered Synsorb-Pk [51],
Armstrong et al. [52] implemented a
multicenter, randomized, double-blind,
placebo-controlled phase 2 clinical trial
in children with diarrhea and confirmed
STEC infection, close contact with an in-
dividual with HUS or STEC infection, or

evidence of early signs of HUS. The re-
sults were inconclusive. A phase 3 trial
that included individuals who had no ev-
idence of HUS, who had experienced <4
days of diarrhea, and who had received
a diagnosis of STEC infection confirmed
by rapid tests was initiated in 1996, but
this trial was prematurely terminated for
reasons that were not publicized. An-
other clinical trial in Japan, which used
historical controls, was inconclusive [57].

Trachtman et al. [58] postulated that
the severity of diarrhea-associated HUS
might be related to ongoing intestinal Stx
production and systemic absorption and
argued that administering Synsorb-Pk to
patients after the onset of HUS might re-
duce the severity of disease. A multicenter,
randomized, double-blind, placebo-con-
trolled trial of Synsorb-Pk in 145 children
with diarrhea-associated HUS that lasted
from 1997 through 2001 failed to show
that this compound could diminish the
severity of HUS [58].

The terminal Gb, trisaccharide, Gale(1-
4}-GalB(1-4)-GlcB1-, is one of the alter-
native structures for the outer core of the
lipooligosaccharide surface coat of path-
ogenic Neisseria and Haemophilus species
[59], an observation that prompted Paton
et al, {55] to genetically engineer a non-
pathogenic E. coli strain that expressed this
structure on its surface as a potential “pro-
biotic” agent against STEC infection. The
recombinant bacterium CWG308:p]CP-
Gb3 absorbed and neutralized Stx1, Stx2,
Stx2¢, and Stx2d very efficiently, and oral
administration completely protected strep-
tomycin-treated mice against an other-
wise 100% fatal dose of B2F1, the most
mouse-virulent strain used in this model
[55]. Synsorb-Pk did not offer protection
|60]. These protective effects in mice
were confirmed using formaldehyde-
killed CWG308:p]JCP-Gb3 bacteria [55].

Although oral administration of a re-
ceptor blocker has the theoretic advantage
of neutralizing toxin before the toxin
translocates systemically, investigators in
Japan [53] and Canada [61, 62] also in-
vestigated the feasibility of administering
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soluble compounds parenterally. Nishi-
kawa et al. [53] developed a series of den-
dritic {branched, treelike) polymers, re-
ferred to as “SUPER TWIGS,” in which
several Gb, trisaccharide molecules are
present in different orientations, A SUPER
TWIG (1)6 molecule with 6 trisaccharides
had a high affinity for and in vitro neu-
tralizing activity against both Sml and
Sox2. The compound was tested in a
mouse model in which mice were ren-
dered highly susceptible to E. coli O157:
H7 infection and to its systemic Stx tox-

emic complications by protein calorie-

malnutrition (PCM), which lasted for ~2
weeks before intragastric challenge with E.
coli 0157:H7. In this model, which was
pioneered by Kurioka et al, [63], PCM
mice (but not well-nourished mice) de-
velop Stx-related neurologic symptoms 5
days after infection, and approximately
three-fourths of the mice die by 10 days
after infection. Kurioka et al. [63] found
that inoculated £, coli 0157:H7 multiplied
in the intestines between day 2 after in-
fection and day 4, when growth had
reached its peak, an incubation period that
is similar in duration to that in humans
[2]. Stx was detectable in stool at day 2
after infection, and maximal titers were
reached by day 4, paralleling the time of
postulated peak toxin titers in humans. Stx
was detected in blood only from day 3 to
day 5 after infection. E. coli Q157 strains
producing Stx1, S&x2, or both were used,
and 10-day mortality tended to be highest
among mice challenged with strains that
produced both toxins, When Nishikawa
etal. [53] administered Stx2 intravenously
with SUPER TWIG (1)6, the mice were
completely protected from Stx2-induced
fatality,. When mice infected intragas-
trically with E. coli 0157:H7 (producing
Stx1 and Stx2} were given SUPER TWIG
(1)6 intravenously twice a day from day
3 through day 6 after infection, a majority
of treated mice survived, compared with
untreated controls, none of which sur-
vived. Tailored multivalent soluble Gb, an-
alogues constructed for intravenous use
have also been developed in Canada. One

of these compounds, “Starfish,” which has
an affinity for Stx1 and $tx2 that is several
orders of magnitude higher than that of
Synsorb-Pk [61], protected mice when it
was injected subcutaneously in combi-
nation with a lethal dese of Stx1, but not
when it was injected in combination with
St2 [62]. On the other hand, a modi-
fied version of Starfish, called “Daisy”
[62], protected mice against both Stx1and
Stx2 when toxin-inhibitor mixtures were
administered parenterally. Furthermore,
Daisy also protected streptomycin-treated
mice from a fatal dose of the Stx2d-pro-
ducing strain B2F1 [62].

The paper by Watanabe et al. [37] rep-
resents an investigation of the potential
therapeutic efficacy of a new oral synthetic
receptor analogue compound with a con-
figuration different from that of SUPER
TWIG, referred to as “Gb, polymer,”
which has an affinity for both Stxl and
Stx2 that is much higher than that exhib-
ited by both parenterally administered
SUPER TWIG (1)6 and orally adminis-
tered Synsorb-Pk. This innovative com-
pound was developed as a synthetic oral
alternative to the recombinant CWG308:
pJCP-Gb3 bacterium developed by Pat-
on and colleagues |55, 56]. It is derived
from linear polymers of acrylamide made
with different densities of the Gb, trisac-
charide Galex(1-4}-Gal3(1-4)-GlcB1- mol-
ecules that are attached to the core acryl-
amide structure by a spacer and thus differs
from the dendritic design of the SUPER
TWIG compounds. The trisaccharide den-
sities used were not critical for Stx1 binding,
whereas high-affinity Stx2 binding was only
observed in compounds with highly clus-
tered trisaccharides.

Watanabe et al. [37] investigated the
protective effect of intragastrically admin-
istered Gb, polymer against the systemic
toxemic complications of E. coli O157:H7
using a protocol in PCM mice similar to
that used earlier by Nishikawa et al. [53)
to investigate the efficacy of intravenously
administered SUPER TWIG molecules,
Compared with saline control, Gb, poly-
mer, administered intragastrically on days

3-5 after infection (corresponding to the
time during the incubation period when
But toxin levels were in the exponential
growth phase and Stxr was detectable in
the blood), exhibited a highly significant
protective effect that was associated with
a reduction of Stx2 titers {Stx1 was not
tested, because Stx2 was considered more
relevant clinically) in both blood and
stool. The authors estimate that the Stx-
binding capacity of Synsorb-Pk is at least
100,000 times lower than that of the Gb,
polymer and suggest that this is probably
because the density of trisaccharide dis-
played on the surface of Synsorb-Pk is
2000-fold lower than that on the Gb,
polymer.

The abandonment of the Synsorb-Pk
phase 3 clinical trial means we will not
know for certain whether Synsorb-Pk
would have succeeded dinically in pre-
venting HUS despite its limited ability to
neutralize the biological activity of St2 in
vitro [50] and in the streptomycin-treated
mouse model [60]. However, the Gb,
polymer of Watanabe et al. [37] has clearly
overcome the technical limitations associ-
ated with Synsorb-Pk. Gb, polymer has
high binding affinity for both Stx1 and
$tx2, is able to neutralize the biolegical
activities of both toxins in cell culture, and
is protective against otherwise fatal infec-
tion with E. eoli 0157 when the polymer
isadministered intragastrically in the PCM
mouse model 3 days after infection has
been initiated but while it is still in the
incubation phase, Experimental evidence
suggests that Gb, polymer has a substan-
tially higher affinity for both Stx] and $te2
(St2c and Stx2d were not evaluated) than
does Synsorb-Pk. Theoretically, therefore,
Gh, polymer should have greater clinical
efficacy than Synsorb-Pk. The challenge is
to discover when in the course of infection
an agent such as Gb, polymer should be
administered to reap the desired benefit
in reducing the risk that HUS will develop.
This depends on whether toxin produc-
tion in the gut and toxin translocation are
prolonged processes that offer a wide win-
dow of opportunity for therapeutic inter-

EDITORIAL COMMENTARY « JID 2004:189 (1 February) » 357

101



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 cccur 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 monoclo-
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 donor 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 laury! glycosides for glyco-
sidation by means of TMSOTY 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 TMSOTS 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

Keypwords: Thioglycosides; Lauryl mercaptan; Sialic acid; Glycosida-

tion; Carbohydrates.

* Corresponding author, Tel./fax: +81 48 858 3099; e-mail: koji@fms.
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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.5 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
and its applications, including possible utilization as a
glycosyl donor and further transformation of 2 into its
S-azide analogue 14.

For preparation of methyl 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 inte 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 BFs-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', 2¢
(26.2%), fo]p +26 (¢ 1.09, CHCl;) and 28 (59.2%), [oih

TAll 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),
BF3~OEt; (3M excess), CH,Cly, 0°C — 1t 3.5h.

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

Compound H-3eq H4 Jrg Ad|H-9a-H-9b)
(ppm) {ppm) (Hz) (ppm)

2a 271 4.86 8.1 0.20
2B 2.52 527 2.68 0.63
8" 2.60 483 8.0 0.20
8p* 2.44 5.18 24 0.81
9" 2.65 4.86 9.1 0.28
9p° 2.48 5.17 ND® 0.97
10a 2.53 4.84 ND° 0.25
108 233 4.82 ND® 0.60
11° 2,50 4.85 19 0.36
12 2.51 4.86 3.0 0.33
14 266 529 1.6 0.55
1544 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.
'H-3 proton of the glycal,

—67 (c 0.91, CHCl;). 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

0

C

3~7

o
23

OH

ROH: O Dy Bro
3

HO _.OBn

BnOGye
4

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-TMSOTS as mediators instead of
NIS-TfOH, IDCP, NIS-TESOTY, as well as DMTST.
Because of the low cost, easy handling, and availability
of TMSOTf, we investigated the usefulness of a
TMSOTI{-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 2a and secondary alcohol 3 as a typical
control were condensed by using NIS-TMSOTT in

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

plete disappearance of 2z, the reaction mixture was fil-
tered on a pad of Celite. The usual work-up gave 8«!2
in 46.0% yield and 8p in 32.9% vield (a:B = 58:42) after
chromatographic separation, 84, [0:]%,‘t —20 (¢ 0.60,
CHCl,). In the case of 2P, the same treatment with
alcobol 3 in the presence of TMSOTI gave 8ax in
52.6% yield and 8f in 39.5% yield (c: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 9'2 and 10 in
high yields with similar stereoselectivity, 10, [a]g —13
(c 021, CHCl;). As for secondary alcohols, 6'4
and 73, the glycosidation also proceeded smoothly to
give known 11'* and 12, respectively, in high yields,
12, [a]i; —6.3 (¢ 1.00, CHCIls). These results suggested
that the lauryl glycoside 2 underwent TMSOTf-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 2a in the glycosidation reaction
was slightly higher than that of 2§. However, using
B-lauryl thioglycoside 28 as a donor for the glycosida-
tion gives a higher yield than that of 2« even though -
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

OAc

AcO
8~12

AC hac cgom ) OAc COOMa
Aco,%f \/\/\/\/\/\/ OR
AcHN—~ + R-OH g ﬁiﬁ@

2

BnQ O: Bro 0Bn
n
anoﬁs\«a%\ ©Bn
BnQ 5 OBn

HO _.OBn

oB OBn 0B N3

n OCH. n

" é: UW 2CHZTMS " &: D%fﬂ\(mn
BnO 6 0Bn BnO 7 OBn

Scheme 2. Reagents and conditions: (i) NIS (2M excess), TMSOTY (0.2M excess), R-OH (0.5 M excess), MS3A, CH,;CN, —35°C, 3h.
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Table 2. Results of glycosidation of 2 with alcohols

Donor Acceptor R-OH Product Yield" (%) Ratio® (:B)
CAC 0 COOMe
2a AcQu. 79 58:42
2 3 AN 8 - ) 5743
DAS 5 5 c COOMe
ACOmw
2a Acﬁuzﬁggo o §7 71:29
4 AcO
28 BnO 93 65:35
9 Bt‘lOOMe
OAC 4 . COOMe
e T0 o
AcHN
2 AcO BnO or 0Bn 70 63:37
2 ’ Bn 0‘? o oen 83 57:43
BnO OBn
10
OAC 7 cCOOM
rco Do OBR O8N
Iy p AcHNAco Bn OCH2CH2TMS 48 1:0°
2 HO “oBn OBn 55 1:.0°
11
2a and 2p 6 1 50 1:.0°
OAc
0AcCOOMs OBn OBn
ACO - 0
2a and 2P 7 AcHN 3 B%’_&.\,oan 66 1:0°
AcO Na
HG ™oBn
12

2 Isolated yield based on alcohol.
b Mol/mol ratio after isolation.
¢ Isolation of B-anomer was not conducted.

have been prepared by several groups,!? and 5-azido 89.6% yield after silica gel chromatographic purification,

analogues of sialic acid are, therefore, of great impor-
tance for developing N-substituted sialooligosaccharide.
Therefore, conversion of 2p into its 5-azido analogue 14
was attempted by the previously reported method
shown in Scheme 3. In brief, de-O-acetylation of 2 fol-
lowed by acid hydrolysis of the acetamide'® gave corre-
sponding ammonium salt 13, which was treated with
TfN; followed by usual acetylation to give pure 14 in

[0 —90 (c 1.31, CHCLy), IR (KBr) 2114 (v—n=n) and
1748 (vc—o) cm ', 'H NMR (CDCly) 6 3.21 (1, 1 H,
Jas = Js6 10.2Hz, H-5). The azide 14 was quantitatively
condensed with an alcohol 3 by TMSOTf-mediated gly-
cosidation as described above to yield known 15«
(48.9%) and 15 (51.1%) (a: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

OAc
DAcS |) OH s’\/\/\/\/\/\ m)
AcOwm HO‘N,{%K
COOMe I COOMs I
AcHN b
s ii) CH3S03H-H2! e
2B 13
HON
DAc OAc OAc
OAcS/V\/WV\ 3 o OAcCOOMe Ao O:C COOMe
A"%‘“; COOMe ) PN 0NN 4 U Na
AcO AcO AcO
14 15 16

Scheme 3. Reagents and conditions: (i) NaOMe, MeOH, 1t, 2h; (if) CH;SO;H (2M excess), MeOH, 60°C, 19h; (3ii) T{N; (4.5M excess), DMAP
{3 M excess), MeOH, rt, overnight, then, Ac;O-Pyr, rt; (iv) NIS (2M excess), TMSOTS (0.2M excess), 3 (0.5M excess), MS3A, CH3CN, —35°C, 3h.
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sialic acid,!® the yield of « glycoside from 14 was unfor-

tunately lower than that from phenyl thioglycoside
(60.7%).

In conclusion, an efficient synthesis of thiolauryl glyco-
side 2 was accomplished using nonstinking thiol, and
TMSOT{-mediated glycosidation of both anomers was
tested and showed excellent reactivities. Further trans-
formation of thioglycoside 2B into corresponding azido
analogue 14 was performed, and 14 also underwent
TMSOT(-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,!®d and the results will be reported
in the near future.
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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-
triaosylceramide (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 cytotoxic activities of these toxins. Oral administration of the
Gb, polymers protected mice after administration of a fatal dose of E, coli Q157: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 hurnans 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 systemnic
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. Epidemiclogic and experimental studies have
suggested that Stx2 has greater clinical significance than
does Stx1. Stx2-producing STEC strains are associated
with the development of HUS in humans more fre-
quently than are Stxl-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-
met with the trisaccharide moiety of Gb, are known to
be essential to high-affinity binding of Stx to its recep-
tor, several Stx neutralizers containing the trisaccharide

360 + JID 2004:189 {1 February) = Watanabe et al.
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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 5tx 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 2 fatal dose of E. coli 0157: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, globotriaosy] 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 Stxl and Stx2 were prepared according to methods de-
scribed elsewhere {17]. Recombinant histidine-tagged Stx1 B
subunit (1B-His) and $tx2 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 pUC118 vector
and the pCH283 vector, which contained the complete coding
sequences of Stx1 and Stx2, respectively (constructs werekindly
provided by S. Yamasaki and T. Hamabata, International Med-
ical Center of Japan, Tokyo) [18], an Neol-BamHI fragment
was prepared by polymerase chain reaction with the primers
5-AGAGCCATGGCGACGCCTGATTGTGTAACT-3 and 5-
AGAGGGATCCGCACGAAAAATAACTTCGCT-3 for Stxl and
-AGAGCCATGGATTGTGCTAAAGGTAAAATT-3 and 5-AGA-
GGGATCCGCGTCATTATTAAACTG-¥ for Stx2. The frag-
ments obtained were ligated into the Ncol-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 8-n(—)-
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 pL 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-HCl; pH 7.9} for 5 min at
25°C. Phospholipid vesicles containing either Gb, or globotetra-
osylceramide (Gb,) were prepared using phosphatidylcholine and
either glycolipid (molar ratio, 24:1), as described elsewhere (X.
T. Zeng, K. Nishikawa, and Y. Natori, unpublished data). '*1-
labeled $tx1 (**I-Stx1) and '**I-5tx2 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 BlAcore instrument [20).
Ni* was fixed on a nitrilotriacetic acid sensor chip {BlAcore),
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 pL/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).

"BL.Stx binding assay.  For the binding assay, Vero cells were
treated with 1 pg/mL "ZL-Stx1 or '*1-5tx2 (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 Stxl
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 radicactivity was measured by a y-
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 5tx1 or Stx2 (10
pz/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 $tx2, 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 ug/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 $tx2 in blood and stool samples
was performed by ELISA using a commercially available kit

(Bio-Rad Laboratcries), as described elsewhere [21], after a
standard curve had been constructed with purified Stx2 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-gL 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 immunchistochemical 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 ug/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) [GalB(1-4)-
GleB1-], 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 XY, 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 Stx2 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 28-His with very high affinity
{figure 2). The K, values determined by Scatchard plot analysis
were 0.34 and 0.68 pmol/L, respectively (table 2), both of which
are one-half of those for SUPER TWIG (1)6 (0.72 and 1.3
pmol/L), when comparison is made on a per-trisaccharide basis
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A)-GicB1-] or lactose [GalBl1-4)-GlcB1-) 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-
All of the Gb, polymers markedly inhibited the binding
of ®I-8tx1 and "I-Stx2 to Vero cells, one of the cell types
most sensitive to Stx {figure 3A). The IC,, values of Gb, polymer
1:0 for '*1-5tx1 and "*I-Stx2 binding were 0.33 and 0.34 umol/
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 results
indicate that the inhibitory effect of Gb, polymer 1:0 is superior
to that of SUPER TWIG (1)6. In contrast, no inhibitory effect

mers.

N

Structures of globotriaosylceramide (Gbs) and lactose polymers. Lingar polymers of acrylamide with trisaccharide of Gb, [Galed1-4)-Galg{1-

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

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 5tx2 was 18.8 umol/L, which is 23
times higher than that of Gb, polymer 1:0 (0.82 pmol/L),
whereas the value for Stx1 was 0.16 pmol/L, or 3 times higher
than that of Gb, polymer 1:0 (0.049 umol/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 Stx2, which further supports the hypothesis that the
sugar-clustering effect in the recognition of trisaccharide for
5tx1 is different from that for Stx2. No inhibitory effect was
observed with Lac polymer 1:0 or free trisaccharide, even at a

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

Density,

Palymer, X:Y* mol X 10%g
Gb,

1:Q 14

2:17 0.756

11 0.66

1:12 0.63
Lac 1:0 1.7

# The rnolar ratio of oligosaccharide 10 acrylamides was
determined by 'H nuclear magnetic resonance spectro-
scopy and described as X:Y, in which X and Y represent
the nos. of carbohydrate-assernbled and carbiohydrate-free
acrylarmide 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 $tx2 B subunits were immobilized on an nitrilotriacetic acid sensor chip (BAcorel, and the indicated amount of each compound
{in ug/mLl—Gb, 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 rate of

20 plb/min for 3 min to 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. Next, we investigated
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. coli Q157: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-

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

Stxt B subunit St B subunit

Ghs K, mean AU nase K, mean RU e

polymer pmoll. + SE mean £ SE pmoll £ SE mean £ SE
1:0 . 034 + 005 468 = 28 0.68 = 005 1340 x 67
2:17 044 + 0.1 614 + 60 1.4 + 026 803 + B0
11 043 £ 012 604 £ 80 42 + 057 1380 + 56
1:12 060 £ 006 5606 7.1 = 064 961 £ 73

NOTE. RU.,, maximal resonance unit,

gastric injection of E. colf O157: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 neurologic 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 Stx! content in this mouse
model, 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
serurn level of Stx2 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 5tx2, even in the presence of serum
or stool (data not shown), which confirms that there is a sub-
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Inhibitory effects of globotriansylceramide (Gb,) polymers on the biclogical activities of Shiga toxin (Stx) in Vero cells. 4, 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, Gb, polymer 1:0; filled circles, Gby pelymer 2:17; filled triangles, Gb, palymer 1:11; filfed rectangles, Gh, polymer 1:12; open rectangles,

lactose polymer 1:0; open triangles, frea trisaccharide.

stantial mass reduction of Stx2 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 $tx2 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 globotriaosylceramide (Gb,} polymers far the bi-
ological activities of Shiga toxin {Stx} toward Vero cells.

ICs,. mean pmoifl. % SE

in binding assay In cytotoxicity assay

Stx1 Stx2 Stx1 Stx2
Gb, polymer (n =4} n=3) n=3 n=3
1:0 033 £004 034 +005 0050004 082 + 0.18
2:17 033 +£004 038007 016+ 005 188 « 48
1M 025+ 003 060 +013 014 £ 001 Not determined
1:12 033004 055013 030006 266+ 3

Oral Therapeutic Agents for STEC Infection » JID 2004:189 (1 February) » 365

113



>30 - '.'.' (1 T} 1Y}
a -
=)
315 -
g12f .
: *e
g ol
s er
3 -
1 L 1 ] 1
Control 1.0 2:17 111 112

Gbj polymer

Figure 4. Inhibitory effect of globotriaosylceramide (Gb,) pelymers on
the lethality of infection with Escherichia coli 0157:H7 in mice. Mice with
protein calorie malnutrition were infected intragastrically with £, coli 0157:
H7 strain N- (2 X 10° ¢fu) on day 0. Gb, polymer {25 pg/q of body weight)
or saline alone was administered intragastrically to the mice {control group,
n = 12; Gh, polymer 1:0, 7 = 5; Gh, palymer 2:17, n = 2Z; Gh, polymer
1:11, n = 2; Gb, polymer 1:12, 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 Stx1 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 5tx1 was
different from that for Stx2 and that more highly clustered
trisaccharides in the Gb, polymers are required for high-affinity
binding to $tx2. 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 2 phenyl group. This compound substantially inhibited the
cytotoxic activity of Stx] 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 umol/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 Stxl and Stx2 bind to Gb, [23]. When these data 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, polymersis required
for high-affinity binding to 5tx2. 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 5tx2, but not Stx1, preferred a longer
alkyl chain for high-affinity binding [24], which further sup-
ports our contenticn.

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 substantially
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; pelymers 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 ~59 trisaccharides/molecule
of these compounds. Judging by all of these findings, it is highly
possible that Gb, polymers bind to 52 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 $tx2. Interestingly, we found that the 5tx2 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 Stx 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 en day
4 after infection with Escherichia coli 0357:H7 in stool
and serum samples from mice treated with glohaotriao-
sylceramide (Gb,) polymers or saline.

Mean concentration of

Stx2 = SE°
In stool, pg/mg In serum, pg/mL

Treatment n=73) =23
Gb, polymer

1:0 25+ 8 -

1:12 3B3+5 —
Saline 716 41 +£6

NOTE. —, lower than the limit of detection.

® The limits of detection were 12 pg/mg of stool and 18 pg/mL
of sarum, respectively.
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Histological examination and immunostaining of Shiga toxin {Stx} 2 in the brains of mice treated with globotriaosylceramide (Gby) polymer

1:0 (£} or not treated (A~} and infected with Escherichia coli 0157:H7. Sections of the cerebral cartex were used for histological examination. The sections
were stained with hemataxylin-ensin (A and 8; original magnification, <450} or Luxo! fast blue (C: original magnification, >150), St<2 present in sections
of the hippocampus was detected using specific antibody against St (0 and £; original magnification, > 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 3A); 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 hurnans. 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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Abstract—A novel anomeric p-thioacetate of an N-acetyllactosamine derivative was efficiently synthesized in high yield from
known 2-azido glycosyl chloride using thioacetic acid as a convenient reagent. The synthesis involved not only an Sy 2 replacen
of the chloride by a carbothiolate anion but also a reductive acetamidation of the azide group. Applications of the thioacetate
glycosidation were demonstrated to provide both O- and S-glycosides in high yields. Furthermore, both intermediates gave a
class of glycoclusters that included thioglycosidic linkages. © 2003 Elsevier Science Ltd. All rights reserved.

N-Acetyllactosamine (LacNAc; GalBl—=4GlcNAc) is
known as an extremely valuable core structure of glyco-
conjugates such as glycoproteins and glycolipids.! In
order to use oligosaccharides for elucidating their func-
tional roles in biological systems, synthetic construction
of oligosaccharides, including LacNAc, has been
reported by several groups.? Unfortunately, LacNAc or
its precursor to be used as the starting material for such
a purpose has not been readily obtained. Lemieux et al.
introduced an azidonitoration reaction followed by
treatment of the products using Et,NCI for peracetyl-
ated D-lactal to provide crystalline O-(2,3.4,6-tetra-O-
acetyl-B-D-galactopyranosyl)-(1 —4)-3,6-di- O-acetyl-2-
azido-2-deoxy-o-D-glucopyranosyl chloride 1 as the
precursor of N-acetiylactosamine.® The chloride, how-
ever, has not been widely used for glycosciences. In this
study, we therefore investigate further manipulation of
this unused chloride to obtain useful derivatives of
N-acetyllactosamine. In this communication, we
describe a stereospecific synthesis of the nove! peracetyl-
ated N-acetyllactosaminyl 1-f-thioacetate 2 by modified

Keywords: N-acetyllactosamine; glycosides; thioacetic acid; thioac-

etates; glycoclusters.

* Glyco-Silicon Functional Materials. Part 6. For Part 5, see Ref. 13.

* Corresponding author. Tel/fax: +81-48-858-3099; e-mail: koji@
fms.saitama-u.ac.jp

¥t Present address: College of Pharmacy, Nihon University, Fun-
abashi, Chiba 274-8555, Japan.

Lemieux’s protocol and the applicability of 2 a
glycosyl donor.

Since Rosen et al. initially reported a convenient

highly chemoselective reduction of azides to provide
corresponding acetamide in good yield,* we exami
the use of a slight modification of this procedure®
preparation of N -acetyllactosaminyl chloride. Fre:
prepared 2-azido-1-a-chloride 1 was treated with a i
amount of thicacetic acid in the presence of pyridin
rt. The reaction proceeded smoothly on TLC to git
major product after purification by silica gel cl
matography. In order to elucidate the structure of
product, the IR spectrum of the compound was

measured and showed absorptions at 1753, 1703, 1
and 1541 em™! and the disappearance of absorptio:
around 2100 cm™' due to the azide functional gr
(Vnonon)- The absorptions at 1753, 1674, and 1541 ¢
were assigned to an ester (veg), an amide I (vo_q),
an amide Il (dy_g), respectively. There was still
unknown absorption at 1703 cm™!, A flame reactior
a compound on the copper metal reminded us of ]
stein test to detect a halide atom in the compoi
Consequently, Beilstein test was performed on

product, and the results showed a negative color, §
cating vanishment of the chloride atom in the prod
Qur attention was then focused on replacement of
chloride atom at the anomeric center. A 'H N
spectrum of the product revealed a signal assignabl
H-1 at 6 5.09 as a doublet with J, , 10.9 Hz and SA

0040-4039/03/% - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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¢ 2.35 ppm as a singlet. Accordingly, the structure was
confirmed to be a p-thioacetate 2 of N- acetyIlac-
tosamine, and the yield was estimated to be 71.6%,*
[¢)&} +7.3° (¢ 0.15, methanol), IR (KBr) 1703 cm™! [veo
(SAc)), '"H NMR (CDCl;) § 449 (d, 1H, J,., 7.9 Hz,
H-1) and 5.76 (d, 1H, J; 4 9.8 Hz, NH). We propose
that the simultaneous reactions of thioacetic acid with
2-azido-1-¢t-chloride 1 include a usual reduction fol-
lowed by acetylation at the azido functional group and
a nucleophilic replacement by the carbothiclate anion
from the B face at the anomeric carbon to provide 2 as
the sole product (Scheme 1).

Since the preparation and the structural assignment of
2 had been accomplished, we turned our attention to
the potency of 2 as a glycosyl donor. To the best of our
knowledge, no direct activation of thioacetate as a
donor for glycoside synthesis has been reported.® Thus,
thioacetate 2 was treated with NIS-TfOH as a typical
glycosidation protocol using thioglycoside as a donor.
Interestingly, the reaction proceeded smoothly to give
the oxazoline derivative 37 (Scheme 2), which is known
as a useful precursor for an O-glycoside, in 70.0% yield
after purification by silica gel chromatography, 'H
NMR (CDCly) é 346 (d, IH, J,5 9.4 Hz, H-4), 5.64 (d,
1H, J,; 9.4 Hz, H-3), and 5.91 (d, 1H, J,, 7.3 Hz, H-1).
The oxazoline 3 was then converted into its O-glycoside

Ac AC
Ac Ac Ac N2 I i) Ac Ac AcHN 1
Ac d == Ac _ﬂ.. Ac
OAc Ac 0 Ac o
Ac OAc ] Ac \d OAc

by the method previously reported?® to yield the corre-
sponding p-glycoside 4.

Given the success of the conversion of thioacetate 2
into an O-glycoside, we examined the further transfor-
mation of thioacetate 2 to a thioglycoside that can be
used as a potential inhibitor of glycosidases. The
removal of S-acetyl of 2 in the presence of sodium
methoxide in methanol® gave the thiclate anion 5,
which was successively allowed to react with 5-bromo-
1-pentene to afford the corresponding B-thioglycoside 6
in 78.9% vyield after reacetylation, {«]§ —32.3° (c 0.48,
chloroform), 'H NMR (CDCl,) 4 2.13 (m, 2H, SCH.),
442 (d, 1H, J,; 10.3 Hz, H-1), 450 (4, 1H, J, 5. 7.9 Hz,
H-1') and 5.58 (d, 1H, Jyy 9.7 Hz, NH).

In our ongoing synthetic study of artificial glycoconju-
gates, synthetic assembly of carbohydrate moieties
using carbosilane dendrimers has been achieved using
B-cyclodextrin,'® globotriaose,'' functional monosac-
charides,'? and sialyllactose.'® Since such carbohydrate
moieties were found in our previous investigation to be
coupled to carbosilane dendrimers through a spacer
arm including a sulfide linkage, the formation of thio-
glycoside demonstrated here, which is referred to as a
model compound without an aglycon, was then exam-

K Ac
Ac Ac NHAC
Ac
SAc
he OAe °
2 Ac

Scheme 1. Reagents and conditions: (i) AcSH (large excess), Pyr, rt, 4 h.

CH3
Ac OAc
. Q Ac
l) Ac 0
QAc OAc

Q‘i)
AcO __oAc
HAc
0 Ac . |v)
Ac (o)

QAc OAc

. AcO __0OAc
it) Ac
Ac (o)

OAc 4 Ac

AcO OAc NHAc

2 “W

Scheme 2. Reagents and conditions: (i) NIS (4 molar excess), TFOH (4 molar excess), CH,CICH,Cl, 0°C—rt, 4 b; (ii} 4-penten-1-ol,
CSA, CH,CICH,CI, 90°C; (iii) NaOMe, MeOH, -40°C; (iv) 5-bromo-1-pentene (3 molar excess), 2 h, —-40°C, then Ac,0-Pyr, rt.

t All new compounds with the specific rotation data gave satisfactory results of elemental analyses.
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