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Abstract

Shiga toxin (Stx) is a major virulent factor of Stx-producingEscherichia coli. Recently, we
developed a therapeutic Stx-neutralizer tofunction in the circulation, which has 6 trisaccharides of
globotriaosylceramide, a receptor for Stx, in its dendrimer structure (referred to asSUPER TWIG
(1)6). Here we determined the optimal structure of SUPER TWIG for functioning in the circulation,
and identified a SUPERTWIG with 18 trisaccharides, i.e., SUPER TWIG (2)18, as another
potentStx-neutralizer. Both SUPER TWIGs (1)6 and (2)18 shared a structuralsimilarity, a dambbell
shape in which 2 clusters of the trisaccharides wereconnected via a linkage with a hydrophobic chain.
The dumbbell shapewas found to be required for forming a complex with Stx that enablesefficient
uptake and degradation of Stx by macrophages, and consequently,for the potent Stx-neutralizing
activity in the circulation. We alsodetermined the binding site of the SUPER TWIGs on Stx.

Keywords; trisaccharide, shiga toxin (Stx), infection, Stx-producingEscherichia coli, neutralizer,
globotrizosyl ceramide (Gh3), macrophage
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Introduction

Shiga toxin (Stx)-producing Escherichia coli (STEC), includingO157:H7, causes diarrhea, hemorrhagic
colitis, and sometimes potentially fatalsystemic complications such as hemolytic-uremic syndrome in
humans [1-4].Stx produced by STEC in the gut traverses the epithelium and passes into the circulation
where it causes vascular damage in specific target tissues such as the rain and kidney, resulting in systemic
complications, Therefore, an effective Stx-neutralizer that specifically binds to and inhibits Stx in the
cireulation would thus be expected to be a promising therapeutic agent.

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 Stx1 [5, 6]. Both Stxs consist of a
catalytic A-subunit that has RNA N-glycosidase activity and a pentameric B-subunit that is responsible for
binding to the functional cell-surface receptor, globotriaosyl ceramide

(Gb3;Gal e (1-4)-Gal 3 (1-4)-Glc B 1-ceramide) {4, 7, 8]. Because multiple interactions of the B-subunit
pentamer with the trisaccharide moiety of Gb3 are known to be essential for the high-affinity binding of Stx
to its receptor, several Stx neutralizers containing the trisaccharide in multiple configurations have been
developed [9-15].

In a previous study, we developed a therapeutic Stx-neutralizer to function in the circulation, carrying 6
trisaccharides in its dendrimer structure (referred to as SUPER TWIGs (1)6 [13]. This SUPER TWIG
neutralized Stx in vivo by a dual mechanism: (i} it bound to Stx with high affinity and inhibited its
Gb3-dependent incorporation into target cells; (ii) it induced active uptake and subsequent degradation of
Stx by phagocytic macrophages present in the reticuloendothelium in vivo. In the present study, we
synthesized several series of SUPER TWIGs, and determined the optimal structures required for the most
effective functioning in the circulation. As a result, we identified a SUPER TWIG with 18 trisaccharides,
SUPER TWIG(2)18, as another potent 5 Stx-neutralizer in vivo.

We also determined the binding site of the SUPER TWIGS on Stx. In the crystal structure of the Stx1
B-subunit in complex with a trisaccharide receptor analogue, Ling et al. identified 3 receptor-binding sites,
i.e., sites 1, 2 and 3, per B-subunit monomer [16], all of which were shown to be involved in the binding to
Gb3 present under the physiological conditions [17]. Recently, analysis of the ¢rystal structure of Stx2 also
predicted the presence of the corresponding trisaccharide binding sites on its B-subunit [18]. Here we
prepared a series of Stx B-subunit mutants and found that site 3 plays a pivotal role in the high-affinity
binding of SUPER TWIG (2)18 both to either Stx! or 2 B-subunits, demonstrating for the first time the
significance of this site for development of a Stx neutralizer functioning in the circulation.

Experimental procedures

Materials.
SUPER TWIGS (0)3, (1)6, and (1)12 were synthesized as described previously [19]. The other SUPER

TWIGs were synthesized as described elsewhere (K. M. and D. T., unpublished data). Recombinant Stx1
and 2 were prepared according to published methods [20]. Recombinant histidine-tagged Stx1 B-subunit
(1BH) and Stx2 B-subunit (2BH), in which 6 histidine residues were added at the carboxy-termini of these
B-subunits, were prepared as described previously [15]. Phospholipid vesicles containing Gb3 were
prepared by using phosphatidylcholine and Gb3 (24:1 as the molar ratio). 123 1 Labeled Stx1 ( ' I-Stx1)
and Stx2 ( % 1-Stx2) were prepared as described previously [21]. Alexa Fluor 488-labeled Stx2
(Alexa-Stx2) was prepared by using an Alexa Fluor 488 Protein Labeling Kit (Molecular Probes, Inc., OR)
according to the manufacturer’s protocol.
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Site-directed Mutagenesis of 1BH and 2BH.

Site-directed mutagenesis of pET-28a-1BH and pET-282-2BH was performed by using a QuikChange kit
(Stratagene). The mutagenic oligonucleotides were listed in Table 1. The presence of all the mutations was
confirmed by dideoxy sequencing analysis of the region of interest. All the mutant B pentamers were
obtained as described above, and characterized by gel-filtration column chromatography to confirm protein

integrity.

Cells.

Vero cells were cultured as described previously [13]. U937, a human histiocytic lymphoma cell line, was
maintained in RPMI 1640 supplemented with 10% FCS. To differentiate toward the macrophage lineage,
U937 cells (2 x 10 5 cells/well in a 24-well plate) were incubated for 16 h with phorbol myristoyl acetate

(50 ng/ml, Sigma) plus icnomycin (1pM, Sigma).

Kinetic analysis of SUPER TWIG binding to immobilized B-subunits.

SUPER TWIG binding to immobilized 1BH, 2BH, and mutant B-subunits was quantified by using a
BlAcore system instrument (BIAcore, Uppsala, Sweden) as described previously [15]. Ni 2+ was fixed on
a NTA sensor chip (BIAcore), and recombinant 1B-His or 2B-His (10 pg/ml) was injected into the system
to become 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 [V/min to reach plateaun at 25°C. The resonance unit
(RU} is an arbitrary unit used by the BlAcore system. The binding kinetics were analyzed by Scatchard plot
using the software BIAEVALUATION 3.0 (BlAcore).

51 Stx binding assay.

1 1.stx binding assay was performed as described previously [13]. Vero cells were treated with

15 1-Stx1 or " I-Stx2 (1 pg/ml) in the absence or presence of the desired amount of a given compound for
30 min at 4°C. After extensive washing, the cells were dissolved in lysis solution (0.1 M NaOH, 0.5%
SDS). Recovered radioactivity was measured by a v -counter (Packard).

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).

Intravenous administration of Stx2 to mice.

A lethal dose of Stx2 (0.25 ng/g of body weight) was administered to 5 to 14 female ICR mice (18-20 g,
Japan SLC. In¢., Shizuoka, Japan) through a tail vein with or without the desired amount of a given SUPER
TWIG. 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.

Uptake of 15 1.Stx2 by macrophages.
U937 cell-derived macrophages were incubated with "~ I-Stx2 (1 pg/ml) in the absence or presence of 10
[g/ml of a given SUPER TWIG for 30 min at 37°C, After extensive washing, recovered radioactivity was

125

measured.
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Confocal microscopy.

U937-derived macrophages were incubated with Alexa-Stx2 (1 pg/ml) and LysoTracker (0.2 uM,
Molecular Probes, Inc., OR), which was used as a lysosomal marker, in the absence or presence of a given
SUPER TWIG (10 pg/ml) for 1 hr at 37°C. Confocal laser scanning microscopy was done with an LSM510
confocal microscope (Carl Zeiss Co., Ltd.). Simultaneous double fluorescence acquisitions were performed
by using the 488-nm and the 543-nm laser lines to excite Alexa Fluor-488 and LysoTracker, respectively.

Results

Optimal structure of SUPER TWIG for its functioning in the circulation

In a previous study, we developed 3 SUPER TWIGs, i.e., SUPER TWIG (0)3, (1)6, and (1)12, carrying 3,
6, and 12 trisaccharides, respectively [19] (Fig. 1a), and found using glutathione S-transferase-fused Stx1
that SUPER TWIGs (1)6 and (1)12 specifically bound to Stx1 B-subunit pentamer with very low
dissociation constant (Kp) values [13]. In order to optimize the structure of SUPER TWIG, we synthesized
another series of SUPER TWIGs, with 4, 9, 18 and 36 trisaccharides (Fig. 1a), and determined their Kp
values for the binding to Stx B-subunits by using 1BH and 2BH. As shown in Fig. 1b, the Kp, values of
SUPER TWIGs (1)4, (136, (1)9, (1)12, (2)18, and (2)36 with respect to IBH and 2BH were in a similar
range, suggesting that increasing the number of trisaccharides up to 36 in a single molecule did not
significantly affect the Kp value. In contrast, the Kp values of SUPER TWIGs (0)3 and (0)4 were much
higher than those of the others; although SUPER TWIGs (0)4 and (1)4 have the same number of
trisaccharides. These results clearly indicate the importance of the trisaccharide grouping rather than the
number of trisaccharides for the high-affinity binding.

All the newly synthesized SUPER TWIGs, except for SUPER TWIG (0)4, markedly inhibited the
binding of '# I-Stx1 and '** I-Stx2 to Vero cells (Fig. 2a). The half-maximal inhibitory concentrations
(IC50) of SUPER TWIGs (1)4, (1)9, (2)18 and (2)36 were 0.43, 0.34, 0.21, and 0.21 pM, respectively, for
the '* I-Stx1 binding, and 1.4, 11, 2.1, and 9.5 uM, respectively, for the '* I-Stx2 binding.
Corresponding to its high Kp values, the IC50 values of SUPER TWIG (0)4 were much higher than those
of the others. SUPER TWIG (2)18 was the only compound whose IC50 values for both Stxs were even
lower than those of SUPER TWIG (1)6 (0.33 and 3.5 pM for " 1-Stx1 and '* I-Stx2 binding,
respectively). SUPER TWIGs (1)}4 and (2)18 markedly inhibited the cytotoxic activities of both Stx1 and
Stx2 toward Vero cells (Fig. 2b). The IC50 values of SUPER TWIGs (1)4 and (2)18 were 0.19 and 0.18
uM for Stx1, and 0.52 and 0.26 uM for Stx2, respectively. In contrast, the IC50 values of SUPER TWIGs
(1)9 and (2)36 were 26 and 17 pM, respectively, for Stx1, and 18 and 19 puM, respectively, for Stx2.
Almost no inhibitory effect was observed with SUPER TWIG (0)4. These results indicate that SUPER
TWIGs (1)4 and (2)18 as well as SUPER TWIG (1)6, all of which have 2 clusters of trisaccharide
symmetrically located through their hydrophobic core structure, potently inhibited the biological activities
of Stx1 and Stx2 in vitro.

Next, the inhibitory effect of each SUPER TWIG on the lethality of Stx2 intravenously administered to
mice was investigated, because Stx2 is known to be more toxic than Stx1 both in vitro and in vivo and
clinically more significant [8, 22]. Only SUPER TWIG (2)18 completely suppressed the lethal effect of
Stx2 when administered along with the toxin; in marked contrast, 100% of the control mice died within 4
days (average survival period of mice without SUPER TWIG was 3.2 = 0.2 days, P < 0.0001; Fig. 2¢). The
SUPER TWIG (2)18-treated mice survived over 2 months without any pathological symptoms (data not
shown). Compared with the strong effect of SUPER TWIG (2)18, only a slight inhibitory effect was
observed when Stx2 was injected along with SUPER TWIG (1)4 (P=0.0552); although SUPER TWIG (1)4



was also an effective inhibitor in the in vitro assays.

In order to further optimize the structure, we synthesized 2 other sets of SUPER TWIGs based on the
structure of SUPER TWIG (1)6 (Fig. 3a). The Kp values toward 1BH and 2BH of SUPER TWIGs (1)2 and
(1)3, carrying 2 and 3 trisaccharides, respectively, were much higher than those of SUPER TWIGs (1)4,
(1)5 and (1)6 (Fig. 1b and 3b), suggesting that at least 4 trisaccharides are required for the high affinity
binding. In the in vivo experiment, however, none of the SUPER TWIGs having less than 6 trisaccharides
sufficiently suppressed the lethal effect of intravenously administered Stx2 in the mouse model (Fig. 3c).
These results indicate that at least 6 trisaccharides are required for effective functioning in the circulation.

The Kp values of SUPER TWIGs (1)26, (1)46, and (1)56, which have alkyl chains with 2, 4, and 5
carbons between the central and the terminal stlicons, respectively, were in a similar range, which was
comparable to that of SUPER TWIG (1)6 (Fig. 3b). SUPER TWIG (1.5)6 with 4 silicons in the core also
showed similar Kp values. In contrast, SUPER TWIG (2)6’°, in which the relative distance between
adjacent trisaccharides was longer than that of the others, showed much higher Kp values of 64 [M toward
1BH and 50 {M toward 2BH, respectively (Fig. 3b). SUPER TWIGs (1)46, (1)56, and (1.5)6 completely
suppressed the lethal effect of intravenously administered Stx2 in the mouse model (P<0.0001), whereas
the inhibitory effect of SUPER TWIG (1)26 was slightly weaker (Fig. 3c). Corresponding to the high Kp
values, SUPER TWIG (2)6° did not show any inhibitory effect on the lethality. These results indicate that
the distance between the 2 terminal silicons present in the core should be at least 11 A and that the terminal
trisaccharides must be clustered in high density to function effectively in vivo.

SUPER TWIG (2)18-dependent uptake of Stx2 by macrophages
In a previous study, we found that SUPER TWIG (1)6 induced active uptake and subsequent degradation
of Stx2 by phagocytic macrophages present in the reticuloendothelium in vivo, which step has been shown
to be involved in the Stx detoxification mechanism of the SUPER TWIG in a mouse model [13]. Among
the SUPER TWIGs synthesized in the present study, only SUPER TWIG (2)18 markedly induced the
uptake of '** I-Stx2 by U937 cell-derived macrophages, and its efficiency was even better than that of
SUPER TWIG (1)6 (Fig. 4a). Consistent with this observation, SUPER TWIG (2)18 induced the uptake of
Alexa-Stx2 and its subsequent transfer to lysosomes for degradation in macrophages, judging from the
co-localization of Alexa-Stx2 with a lysosome marker (Fig. 4b). The SUPER TWIG (2)18-dependent
degradation of Stx2 was also confirmed by the active release of radioactive trichloroacetic acid-soluble
degradation products into the culture medium after incorporation of '? 1-Stx2 (data not shown). In
.contrast, a much weaker effect was observed with SUPER TWIG (2)36, although this SUPER TWIG
bound to the Stx2 B-subunit with even higher affinity than did SUPER TWIG (2)18. Combined with the
finding that only SUPER TWIG (2)18 completely suppressed the lethal effect of intravenously
administered Stx2 in mice (Fig. 2¢), these observations further confirm the significant role of the active
uptake and degradation of Stx2 by macrophages, which activities could be induced by a SUPER TWIG
with the optimal structure determined here, such as SUPER TWIGs (1)6 or (2)18.

SUPER TWIG(2)18 binding sites on Stx B-subunit pentamer

In order to understand how SUPER TWIG (2)18 binds to Stx B-subunits, the effect of amino acid
substitution at each trisaccharide binding site of the B-subunits was investigated. Amino acid substitutions
of recombinant 1BH and 2BH were performed according to an earlier report [17], based on the amino acid
alignment of Stx1 B- and Stx2 B-subunits. To characterize the prepared B-subunit mutants, we determined
the Kp value of Gb3 present in synthetic phospholipid vesicles with respect to each B-subunit mutant. All
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the single-point mutations at site 1, 2, and 3 of 1BH, except for A56Y, markedly increased the Kp values,
suggesting that all the trisaccharide binding sites are involved in the binding of Gb3 under physiological
conditions (Tabl e 2). This result is consistent with previous observations [17]. Also, the relatively mild
inhibitory effect of A56Y compared with that of G62A at site 2 is in good agreement with previous data
showing that the cytotoxicity of the Stx1 mutant with the A56Y substitution was 1,000 times less than that
of the mutant with the G62A substitution [17]. In contrast, single-point mutations at site 2 of 2BH did not
affect the Ky values at all, whereas all those at sites 1 and 3 markedly increased the Kp, values, indicating
the significant role of sites 1 and 3, but not site 2, in the physiological binding of Gb3 to the Stx2 B-subunit
(Tabl e 2). The smaller contribution of site 2 present in Stx2 may be explained by the structural difference
at this site between Stx1 and Stx2 which causes a different conformation in the disulfide-bridged loop
involved in the binding to trisaccharides [18].

In terms of the binding of SUPER TWIG (2)18, none of the single-point mutations of 1BH significantly
affected the K, values, whereas all the double and triple mutations at the sites including site 3 resulted in a
marked reduction in the Kp values (Table 2). Double mutants of 1BH, such as D17E+G62A and
F30A+G62A, in which only site 3 is intact, bound to SUPER TWIG (2)18 with the Kp values similar to
that value for wild-type 1BH. All of these results suggest that site 3 or site 1+2 present on the Stx]
B-subunit is involved in the high-affinity binding of SUPER TWIG (2)18. In contrast, single-point
mutations at site 3 of 2BH (W33A, D17E) markedly increased the Kp values of the SUPER TWIG (Table
2). Furthermore, double mutants of 2BH with mutations at sites 1 and 2 effectively bound to the SUPER
TWIG with Kp values similar to that value for the wild-type 2BH, although the other double and triple
mutants of 2BH did not bind to it at all. These results indicate that site 3 present on the Stx2 B-subunit is
the essential and sufficient site for the high-affinity binding of SUPER TWIG (2)18. The binding sites of
the other SUPER TWIGs, such as SUPER TWIG (1)6, (1)12, and (2)36, all of which were shown to bind to
both B-subunits with high affinity (Fig. 1b), were also determined to be the same as those of SUPER TWIG
(2)18 (K. N., K. M., D. T.,and Y. N., unpublished data).

Discussion

In the present study, we used several series of SUPER TWIGs and determined the following
characteristics of the optimal structure for a Stx-neutralizer functioning in the circulation: (i) a
dumbbell-shaped structure is required, in which 2 clusters of trisaccharides are connected via a linkage with
a hydrophobic core structure having a length of at least 11 A; (ii) when the dumbbell shape is present, at
least 6 trisaccharides are required for in vivo activity, although 4 trisaccharides are sufficient for the
high-affinity binding to Stx B-subunits and for the Stx-neutralizing activities in vitro; (iii) terminal
trisaccharides with spacers must be branched from the same terminal silicon atom to be clustered in high
density. Interestingly, the first and the second structural requirements, both of which are not necessarily
required for the Stx neutralizing activity in vitro, were found to be essential to the marked induction of
macrophage-dependent incorporation and degradation of Stx2, further supporting a pivotal role for this
mechanism in the in vivo Stx-neutralizing activity of SUPER TWIGs with the optimal structure. The core
length over 11 A might be necessary for the terminal trisaccharides of the SUPER TWIG to embrace the
site 3s in a multiple way, and consequently, to provide an adequate volume of hydrophobic region for
recognition by macrophages, as described below. The third requirement is also essential to the
Stx-neutralizing activity in vivo, because SUPER TWIG (2)6°, which satisfies the first and second
requirements, only had very low affinities for both 1BH and 2BH even in the in vitre assay. As a result, we
could identify SUPER TWIG (2)18 as another potent Stx-neutralizer functioning in vivo, which satisfied all
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these structural requirements.

Using single, double and triple mutants of 1BH and 2BH, we found that SUPER TWIG (2)18 bound to
the Stx1 B-subunit through trisaccharide-binding site 3 or site 1+2, and to Stx2 B-subunit exclusively
through site 3. Although the crystal structure of the complex between the Stx2 B-subunit and a
trisaccharide or its analogue has not been obtained yet, our present data showing that the 2 single-point
mutants at site 3 of 2BH (W33A and D17E) markedly increased the Ky, values of Gb3 in lipid vesicles with
respect to SUPER TWIG (2)18 to a similar extent clearly demonstrate the presence of functional
trisaccharide-binding activity at this site. Our present results demonstrate that site 3 can be an efficient
target for developing a Stx-neutralizer functioning in vivo, consistent with a recent report demonstrating the
pivotal role of site 3 as well as site 1 and 2 in the receptor binding of Stx1 [17]. In terms of Stx2, SUPER
TWIG (2)18 is the first inhibitory compound whose binding site on the B-subunit was determined to be
exclusively site 3.

Our finding that there was no difference in the binding sites on B-subunits between SUPER TWIG (2)18
and the others, such as SUPER TWIG (1)6, (1)12, and (2)36, suggests that the exclusive binding to site 3
present on the Stx2 B-subunit is essentially required for the high affinity binding of the SUPER TWIGs,
but is not sufficient to effectively inhibit the toxicity of Stx2 in vivo. Because SUPER TWIG (1)6 and
(2)18, but not the others, induced the active uptake of Stx2 by macrophages, it is likely that macrophages
recognize the structural differences among the complexes of Stx2 and each SUPER TWIG for the uptake
and subsequent degradation of Stx2. In the complex between Stx2 and SUPER TWIG (1)6 or (2)18, the
hydrophobic region of its core structure would be expected to be exposed irrespective of how the terminal
trisaccharides of the SUPER TWIG bind to site 3 of the B-subunit. Such a characteristic structure of the
complex, which would not be formed by the binding with other SUPER TWIGs, may contribute to the
recognition by macrophages. In our preliminary data, maleyl-BSA, which is well known to be a broad
ligand for a series of scavenger receptors expressed on macrophages [23], partially inhibited the
incorporation of the complex of Stx2 and SUPER TWIG (1)6 or (2)18, suggesting that this scavenger
receptor pathway might be at least in part involved in this process (K.N., KM., D.T., and Y.N.,
unpublished data). Although the precise mechanism remains to be elucidated, this type of neutralizer
provides a new strategy to detoxify Stx present in the circulation.
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Figure legends
Fig. 1 Structures of SUPER TWIGs and their Kp values with respect to 1BH and 2BH. (a) The number in

the parentheses indicates the generation number of the SUPER TWIGs. The zero and first and second
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generations of the SUPER TWIGs have 1, 3, and 5 linearly arranged silicon atoms, respectively, in their
core structures. SUPER TWIG (0)3 and (1)9 have a fan-shaped structure; (0)4, (1)12, and (2)36 have a
spherical structre; and (1)4, (1)6, and (2)18 have a dumbbell-shaped appearance. (b) Kinetic analysis of
SUPER TWIG binding to immobilized 1BH and 2BH measured by using the BlAcote TM system. The
binding kinetics were analyzed by Scatchard plotting to determine Kp and maximum binding values
(RUmax) (means £ SE, n=3). The concentration of each SUPER TWIG is given as uM trisaccharide, which
enables direct comparison of their activities on a per-oligosaccharide basis.

Fig. 2 Inhibitory effect of SUPER TWIGs on the biological activities of Stxs. (a) '* I-Sx-binding assay
in Vero cells. The data are presented as the percentage of the activity in the absence of SUPER TWIGs
(means + SE, n=3). (b) Cytotoxicity assay with Vero cells. The data are presented as the percentage of the
value in the absence of Stxs (means + SE, n=3). Open circles, closed circles, open triangles, closed squares,
and open squares in (a) and (b) indicate SUPER TWIG (0)4, (1)4, (1)9, (2)18, and (2)36, respectively, (c)
Lethality of intravenously administered Stx2 in mice. A lethal dose of Stx2 (0.25 ng/g of body weight) was
administered to mice without any SUPER TWIG (open circles; number of mice (n) =11) or with (50 fg/g
of body weight) SUPER TWIG (1)4 (closed circles, n=7), (1)9 {open triangles, n=7), (2)18 (closed squares,
n=_8) or (2)36 (open squares, n=7). Data represent the survival rate of each group. Data of the first 10 days
are shown.

Fig. 3 Structures of 2 other sets of SUPER TWIGs and their inhibitory activities against Stx. (a) SUPER
TWIG (1)2, (1)3, and (1)5 have the same core structures. SUPER TWIG (1)26, (1)46, (1)56, (1.5)6, and
(2)6” each have 6 trisaccharides. (b} The binding kinetics were analyzed by Scatchard plotting to determine
KD and maximum binding values (RUmax) (means £ SE, n=3). (¢} Lethality of Stx2 intravenously
administered to mice. A lethal dose of S&x2 (0.25 ng/g of body weight) was administered to mice without
any SUPER TWIG (open circles; n=14) or with (50 [ g/g of body weight) SUPER TWIG (1)2 (open
squares, n=3), (1)3 (open diamonds, n=5), (1)5 (open triangles, n=6), (1)26 (closed squares, n=7), (1)46
(closed triangles, n=7), (1)56 (closed circles, n=7), (1.5)6 (closed diamonds, n=7), or (2)6’ (asterisks, n=6).
Data represent the survival rate of each group. Data of the first 10 days are shown.

Fig. 4 SUPER TWIG-dependent binding and incorporation of Stx2 by U937 cell-derived macrophages. (a)
SUPER TWIG-dependent binding of '%* 1-Sx2 by U937 cell-derived macrophages. Macrophages were
incubated with ' I-Stx2 (1 [g/ml) in the absence or presence of each SUPER TWIG (10 { g/ml) for 30
min at 37°C. The data are shown as the total radioactivity (cpm) present in the cell lysate (means + SE,
n=6). (b) Confocal microscopy. Macrophages were incubated with Alexa-Stx2 (1 (g/ml) and LysoTracker
0.2 fM) in the absence or presence of a given SUPER TWIG (10 rg/ml) for 1 hr at 37°C, After extensive
washing, the cells were used for confocal microscopy analysis.
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Table 2. Kp values of Gb, in lipid vesicles or SUPER TWIG(2)18 for
the binding to S& B-subunit mutans

Gb; in lipid vesicle
Site 1B Kp (ug/ml) 2B Kp (ug/ml}
wild 21 an wild 13 ®
1 DI7E 26 ¢ DISE >500
F30A 37 a9 W294 >500
2 AS6Y 35 @ T55Y 527 ®
G62A 10 w G61A 9.6 @
3 W34A 11 ® W33A >500
DIBE 47 (18) DI7E >500
SUPER TWIG(2)18
Site 1B Ko (UM) 2B Kp (uM}
1 DI7E 0.60 DI16E 0.54 (13
F30A 0.45 W29A 0.24
2 AS6Y 032 & T55Y 036 @1
G62A 035 @ G6lA 026 (@2
3 W34A 0.86 (% WilA 54 ®
DISE 2.7 an DI7E 29 6
1+2 DI7E/G62A 0.53 (9 DI6E/ G61A 071 (29
F30A/ G62A 0.36 ® W29A/GBIA 045 @

1+3 DITE/W34A 60 (n
F30AS W34A  -W29A/ W33A -
2+3 G62A/W34A - G6IA/ W33A >50
1+2+3
DITE/G62A/ W34A 98 (0
F30A/ G62AS W34A >150 W29A/ G61A/ WI3A -

Numbers in parentheses are SEs (%) for linear fitting of equilibrium
RU/concentration vs equilibrium RU.

«; binding was not detected.
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Table 1. Mutagenic oligonucleotides

B-subunit mutants oligonucleotides

“W29A/GE1A/WI3A

1BH-DITE ATACAAAATATAATGATGAAGATACCTTTACAGTTAAA (D17E primer)
-F30A AGTGGGTGATAAAGAATTAGCGACCAACAGATGGAATCTT (F30A primer)
-AS6Y TGTAACCATTAAAACTAATTACTGTCATAATGGAGGGGGA
-G62A TGCCTGTCATAATGGAGGGGCATTCAGCGAAGTTATTTTT (G62A primer)
-W34A AGAATTATTTACCAACAGAGCGAATCTTCAGTCTCTTCT (W34 A primer)
-DISE ACAAAATATAATGATGACGAAACCTTTACAGTTAAAGTGG
-DITE/G62ZA D17E primer and G62A primer
-F30A/G62A F30A primer and G62A primer
-DITE/MW34A D17E primer and W34A primer
-F30A/W34A TAAAGAATTAGCGACCAACAGAGCGAATCTTCAGTCTCTT (FI0A/W34A primer)
-G62A/W3I4A G62A primer and W34A primer
-DITE/G62A/W34A DI17E primer, G62A primer and W34A primer
-F30A/G62A/W34A F30A/W34A primer and G62A primer

2BH-DI16E TTTCCAAGTATAATGAGGAGGACACATTTACAGTGAAGGT (D16E primer)
-W29A GGTTGACGGGAAAGAATACGCGACCAGTCGCTGGAATCTG (W29A primer)
-TS5Y TGTCACAATCAAATCCAGTTACTGTGAATCAGGCTCCGGA
-G61A TACCTGTGAATCAGGCTCCGCATTTGCTGAAGTGCAGTTT (G61 A primer)
-W33A AGAATACTGGACCAGTCGCGCGAATCTGCAACCGTTACTG (W33 A primer)
-DIVE TCCAAGTATAATGAGGATGAAACATTTACAGTGAAGGTTG
-DISE/GSIA D16E primer and G61 A primer
-W20A/GS1A W29A primer and G61 A primer
-W29A/W33A GGTTGACGGGAAAGAATACGCGACCAGTCGCGCGAATCTG (W29A/W33A primer)
-G61A/W33A G61A primer and W33 A primer

W29A/W33A primer and G61 A primer
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Abstract—The mannose monosaccharide derivative, acetylthiopropyl 2,3,4,6-tetra-O-acetyl-g-p-mannopyranoside (Man), and the
mannobiose derivative, acetylthiopropyl 2,4,6-tri-O-acetyl-3-0-(2',3' 4',6'-tetra-O-acetyl-a-p-mannopyranosyl)-e-p-mannopyranoside
{2-1,3-Man), were synthesized respectively. These mannose derivatives were introduced into carbosilane dendrimer scaffolds of the zero
and first generations. As a resuls, six carbosilane dendrimers were functionalized by Man and @-1,3-Man. Isothermal titration
microcalorimetry was done to determine binding assay between mannose moieties of carbosilane dendrimer and concanavalin A. It was
found that carbosilane dendrimers bound more efficiently to concanavalin A than free mannose (Me-o-Man) and mannobiose {Me-u-1,3-

Man).
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Oligosaccharide chains in natural glycoconjugates which
contain glycoproteins, glycolipids, and proteoglycans com-
ponents of extracellular matrixes and cell surfaces play
crucial roles in a variety of biological systems."* Mannose
is one of the important and characteristic monosaccharides
in N-glycans (asparagine-linked oligosaccharides).> A
group of N-glycans, which contain high levels of mannose
residues, is called a high-mannose type. The majority of
nascent peptides in the endoplasmic reticulum (ER) are
N-glycosylated with high-mannose type oligosaccharides.**
The functiors of high-mannose type oligosaccharides in the
ER glycoprotein quality control have attracted recent
attention.®

The interactions between lectins (carbohydrate-binding
proteins),7 and carbohydrates in glycoconjugates Elay
principal roles in many cellular recognition processes.” At
the monosaccharide level these interactions typically have
weak affinities (Kp in mM). However, multivalent

Keywords: Carbosilane dendrimer: Mannose: Mannobiose; N-Glycan;

Glycocluster; Isothermal titration calorimetry.
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carbohydrates are known to greatly enhance interaction
between the binding proteins (lectins) and the ligands
involving carbohydrates.” This phenomenon, called ‘the
cluster effect’,’® enticed to generate a large number of
functional neoglyconconjugates to achieve superior binding
affinity.'' Dendrimers, one of the typical forms to manifest
the cluster effect, are targets of intensive investigation of the
cluster effect, because their structures are easy to control
and prepare.' Glycodendrimers with peripheral mannosyl
group as one of the neoglycoconjugates have been shown to
mimic the structure and functions of the high mannose type
N-glycans,'™'?

Large number of dendrimers with mannose moieties have
been synthesized.'>"'® However, only one case of glyco-
coating carbosilane dendrimer with mannose moiety has
been synthesized by Lindhorst et al.'® as far as we know,
They described the pathway 10 introduce mannose deriva-
tives into carbosilane dendrimer scaffold via a hydrosilyl-
ation reaction of a protected allyl mannoside with a
carbosilane containing Si—-H end groups in the presence of
a platinum catalyst, thus leading to an Si~C linked structure.

The carbosilane dendrimer scaffold is easy to control the
number of branches at each generation and the chain length
between the terminal silicon. We have been preparing
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carbosilane dendrimers with penpheral functional carbo-
hydrate moieties by a different route.'” Our approach to vary
the molecular design of carbohydrates containing carbo-
silane dendrimers is to control the methylene chain length
of dendrimer scaffolds and the aglycon moiety length of
carbohydrates. Peripheral globotriose clustered on carbo-
silane dendrimers were synthesized for the purpose of
neutrahzmg Shiga-toxin producing Escherichia coli
0157:H7."

In this article, we describe syntheses of carbosilane
dendrimers with peripheral mannose, and their characteri-
zation by spectrometric methods. We also determined the
binding assay of concanavalin A {Con A), by the means of
isothermal titration microcalorimetry (ITC).

2. Results and discussion

2.1, Preparation of mannose monosaccharide derivative
(Man)

Scheme | summarizes the synthetic steps of mannose
monosaccharide derivative, acetylthiopropyl 2,3,4,6-tetra-
O-acetyl-a-p-mannopyranoside (Man; 3). The treatment of
penta-O-acetylmannopyranose with allyl alcohol in the
presence of borone trifluoride diethyl ether complex as
Lewis acid produces allyl tetraacetylmannose (2).'7>'?
Compound 3 was synthesized by the anti-Markovnikov
addition of the thio group to the allyl moiety of 2 although 3,
which is synthes1zed by another synthetic method of
activating 2,2’ -azobmlsobutyrommle (AIBN) irradiated in
a photochemical reactor.” ® In this reaction, AIBN was
activated by heat at 80 °C.'7* Each NMR signal of 3 was
assigned by following measurements: 'H, '*C, DEPT, HH,
and HC COSY. Chemical shifts of 3 are described in
Section 4.

O
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et o2 vl )
‘ NF &7 TN

2 L}

Scheme 1. (2) AcONa/Ac,O, then allyl alcohol, BFy-OEt/CH-Cls, 70% (2
steps); (b) AcSH, AIBN/! 4-dioxane, 73%.

2.2. Preparation of mannose disaccharide derivative
(«-1,3-Man)

Mannose disaccharide derivative, 1-O-(3'-acetylthiopro-
pyi)-2,4,6-tri-0-acetyl-3-0-(2,3,4,6-tetra-O-acetyl-p-man-
nopyranosyl) b-mannopyranose («-1,3-Man; 10), was
synthesized starting from p-mannose (Scheme 2). p-Man-
nose was converted to I-bromo 2,3,4,6-tetra-O-acetyl
mannose (4)*' which will be used as a glycosyl acceptor
and will also tead to a donor. Compounds 5 and 6 were
synthesized by the method described in the literature:™>2*
1,2-O-ethylidene protection of 4 was prepared by using
NaBH, in acetonitrile at room temperature,* then 4,6-0-
benzylidene protection of § using benzaldchyde dimethy!
acetal and 1,10-camphorsulfonic acid.** Glycosylation of 6
with 4 in the presence in AgOTf, the reagent which was
used for the formation of a-glycoside, in dichloromethane at
—20 °C proceeded stereoselectively to give 7. Compound 7
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Scheme 2. (a) HBr-AcOH, Ac,0, quant; (b) NaBH/MeCN, 64%,
(c) NaOMe/MeOH, then PhCH(OMe);, CSA/DMF, quant. (2 steps);
(d) AgOTS, MS4A/CH,Cl,, 66%; () 90% CF,COOH aq, then AcONa/Ac;0,
64% (2 steps); (f) allyl alcohol, BF;-OEt,/CH,Cl,, 43%; (g) AcSH,
AIBN/| 4-dioxane, 97%.

was assigned by measurements of the high resolution mass
and NMR spectra to form the o-1,3-glycoside bond with
both mannose moieties. Next 7 was treated with aqueous
trifluoroacetic acid (90% v/v) to remove both 1,2-0-
ethylidene and 4,6- Obcnzylidene groups, followed by
acetylation with acetic anhydride and sodium acetate to
provide 8.2 1-Allylation' ™" and thioacetylation' "¢ of the
allyl moiety were synthesized by the same method to

. mannose monosaccharide to give 10,

2.3. Preparation of carbosilane dendrimders having
peripheral mannose

For the introduction of mannose derivatives, we used three
carbosilane dendrimer scaffolds: three-branched (Fan(0)3-
Br), four-branched (Ball(®)4-Br), and six-branched (Dumb-
bell(1)6-Br), as described in Figure 1, Fan(0)3-Br and
Ball(0M-Br are the zero generation scaffolds which were
prepared with triallylphenylsilane and tetraallylsilane by
following three reactzon steps: hydroxylation, mesylation,
and bromination.' "™ On the other hand, Dumbbell(1)6-Br
is the first generation carbosilane dendrimer scaffold,

Ao e (oA

Fan{0}3-Br Ball{0}4-Br Dumbbell(1)6-Br

Figure 1. Carbosilane dendrimer scaffolds.

3
, Fan(0}3-Man(OAc)

Fan{0)3-8r

3|

Fan{0)3-Man !

Scheme 3. (a) NaOMe/MeOH, DMF, then Ac,Q/pyridine, 66% (2 steps)
and {b) NaOMe/MeOH, then 0.1 mol/l NaOH aq, 61%.
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Figure 3. 13C NMR spectrum (100 MHz, D20) of Fan(0)3-Man.
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Figure 4, Carbosilane dendrimers having peripheral mannose and
mannobiose moieties.

prepared with allylauon of dichlorodimethylsilane followed
by hydrosx]ylanon ® with the first generation skeleton.
The resulting reactions were the same as for the zero
generation carbosilane dendrimer scaffolds.

Introduction of Man and Man-a-1,3-Man to carbosilane
dendrimer scaffolds was done concurrently with deacetyl-
ation, that is, using sodium methoxide/methanol and
N, N-dimethylformamide (Scheme 3). This reaction includes
de-0- and -$-acetylation, followed by Sn2 replacement
reaction, and then acetylation for purification by silica gel
and gel permeation chromatography. After purification by
means of recycling GPC, products of mannose-coated
carbosilane dendrimers were obtained, and disulfide
byproducts (Man-SS-Man or «-1,3-Man-8§-a-1,3-Man}
was removed.

In summary, six carbosilane dendrimers were synthesized,
and functionalized with acetyl-protected derivatives of
mannose or mannose disaccharide (¢-1,3-Man). The yields
of addition of mannose monosaccharide were 62-76%, and
those of ot-1,3-Man were 30-35%. The difference in the
yields between the mannose and mannobiose derivatives
may be due to the bulkier structure of mannobioside.

All synthesized dendrimers were characterized by "H and
13C NMR and high resolution mass spectrometry. From the
results of high resolution mass spectrometry, the proton or
sodium ion adduct peaks, [M+H]" or M+ Na]™, were
determined and these showed good agreement with the
calculated values, within the *5 ppm error margins.
Moreover, from the measurement of 'H NMR measure-
ments, we found the new signal at ca. 2.5 ppm (Fig. 2A)
which showed that a bond was formed between the sulfur
atom of saccharide moiety and the methylene carbon of the
corresponding carbosilane dendrimer scaffold. Thus, these
spectrometric results confirmed the structures of a carbo-
silane dendrimer with peripheral mannose and mannobiose.

The dendrimers with acetylated mannose moieties were
deacetylated by sodium methoxide/methanol, deacetylation
is saponification to yield the corresponding carbosilane
dendrimers with peripheral mannose and mannose di-
saccharide, and then purified by gel filtration. All six
types of carbosilane dendrimers functionalized by periph-
eral mannose moieties were synthes:zed and characterized
by the measurements of 'H and *C NMR, and thh
resolunon mass spectrometry. Figures 2B and 3 show

and *C NMR spectra of Fan(0)3-Man, respecmely S1gnais
of methy] proton from the acetyl groups in mannose moiety

Table 1. "*C NMR spectroscopic data (& values) of carbosilane dendrimers functionalized peripheral mannose moieties (I}

Mannose moieties C-1 C-2 C-3 C4 C-5 C-6
c-1’ c-2 c-3 Cc4' C-5 Cc-6'
Fan{()3-Man 100.7 71.1 672 7.7 735 61.5
Ball{0)4-Man 100.6 71.0 67.2 Tt.6 734 61.5
Dumbbell( [ }6-Man 100.1 70.7 66.8 71.2 72.8 60.9
Fan{0)3-a-1,3-Man 100.5 705 793 66.7 73.8 61.1
102.9 70.8 710 67.1 734 61.4
Ball{0)4-a-1,3-Man 100.6 70.6 794 66.9 738 61.3
103.0 70.9 L1 67.3 735 61.5
Dumbbell(1)6-a-1,3-Man 100.7 70.7 79.6 67.0 74.0 6L.5
103.1 71.0 713 67.5 73.6 61.8
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