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Table 2. "'C NMR spectroscopic data (8 values) of carbosilane dendrimers functionalized peripheral mannose moieties (If)

Dendrimer scaffolds C-7 C-8 c9 c-10 C-11 C-12 C-13 C-14 C-15
Fan(0)3-Man 66.9 30.1 29.1 36.2 24.6 124
Ball(0}4-Man 66.9 30.1 29.1 36.3 248 125
Dumbbell(1)6-Man 66.3 295 28.6 358 244 120 18.1 203 21.0
Fan(0)3-a-1,3-Man 66.1 29.3 289 359 24.1 121
Ball(0y4-u-1,3-Man 66.3 29.8 29.0 36.2 248 124
Dumbbell(1)6-e-1,3-Man 66.4 300 292 365 25.0 126 18.1 194 21.0

disappeared in Figure 2B, which is distinct from Figure 2A.
This is in agreement with the results of '*C NMR
measurements. Figure 4 shows all six carbosilane dendri-
mers. Signals of *C NMR spectra are all assigned and
partly listed in Table 1 (mannose moieties) and Table 2
(carbosilane dendrimer scaffolds). Signals from mannose
moieties were assigned according to the published
results.”**" In Table 2, each signal displays good
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Figure 5. Calorimetric data for titration of concanavalin A, 0.21 mM, with
trivalent ligand Fan(3)3-Man, 2.! mM. Both protein and ligand were
dissolved in buffer consisting of 50 mM 3,3-dimethylglatarate, 250 mM
NaCt, 1 mM CaCl,, and 1 mM MnCl; adjusted pH 5.2, Top, raw (power vs
time) data; bottom integrated heat vs molar ratio of ligand. Solid line shows
best fit of data using a one-site model: n=0.85; Xk=2.09X 10", AH=
—9.2 kcal mol ™", A fit to a two-site model does not provide a statistically
superior fit.

Table 3. Binding of carbosilane dendrimers to concanavalin A

agreement in spite of the differences between dendrimer
scaffolds and saccharides. Characteristic signals are
observed on Fan(()3- and Dumbbell(!)6-scaffolds: these
were four signals of phenyl carbons at about 130 ppm on
Fan(0)3 types, and the signal of methyl carbon binding core
silicon atom at about —2 ppm on Dumbbell(1)6 types.

2.4. Binding affinity between carbosilane dendrimers
and concanavalin A

Con A is one of the most widely used lectins in biological
studies. Mannose residue is recognized specifically by Con
A. Recently, isothermal titration microcalorimetry (ITC)
has been utilized to study protein—carbohydrate inter-
action.'™ A soluble protein is titrated with aliquots of a
soluble ligand in this measurement. The heat produced
during ligand addition serves as a reporter signal for
binding, which is yielded a binding constant, which, in turn
can be related to the free energy of binding. Since this
technique also directly measures binding enthalpies, an
entropy of binding can be readly calculated.

The bindings of tri-, tetra-, and hexavalent ligands Fan(0)3-
Man, Ball{(0)}4-Man, and Dumbbell(1)6-Man to dimeric Con
A (pH 5.2} were evaluated by titration microcalorimetry.
The titration microcalorimetry of all multivalent ligands
yielded curves indicative of simple reversible binding.
Figure 5 shows one of the titration curves for the carbosilane
dendrimer with peripheral mannose moieties (Fan(0)3-Man)
when bound to Con A in glutarate buffer (top) and the
resulting one-site fit of the integrated differential power
signal with respect to time (bottom). Table 3 lists the
calcutated binding constant and other parameters of binding
between the carbosilane dendrimers and Con A. All of the
carbosilane dendrimers have higher binding constant values
with Con A, X, than the non-dendric mannose derivatives,
Me-¢-Man and Me-a-1,3-Man,®® demonstrating cluster
glycoside effect. As for monosaccharide types of the

Kl AG AH TAS*
keal mol ™'

Man 42x10° —4.9 -28 22
Me-&-Man" 76X10° -53 -68 -15
Fan(0)3-Man 2.1x10* -59 -92 -33
Ball(0)4-Man 2.2x 10t -59 —56 0.3
Dumbbell(1)6-Man 6.0 10% —6.5 —3.6 3.0
Me-a-1,3-Man® 30x10° —-6.0 -74 —1.4
Fan(0)3-a-1,3-Man 79%10° —6.7 —14.1 —7.4
Ball(0}4-e-1,3-Man 9.1 10* —68 -98 -3.0
Dumbbeli(1)6-¢-1,3-Man 6.1x10} -6.5 —42 2.3

2298 K.
b See Ref. 28c.
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synthesized carbosilane dendrimers, the magnitude of the
effects depend on the amount of mannose in a dendrimer, In
the case of three-branched dendrimer scaffolds having
peripheral mannose, K value of the carbosilane dendrimer
was higher than that of the non-carbosilane dendrimer, and
other thermodynamic parameters were similar values.”
However, the multivalency effect was not clearly measured
in the mannobiose-type of carbosilane dendrimers, because
these dendrimers became highly aggregated during titration
and the orientation of the saccharides could not match
tightly to the binding pockets of Con A.

3. Conclusion

We synthesized six carbosilane dendrimers with peripheral
mannose and mannobiose. The structures of these dendri-
mers were characterized by measurements of NMR and
mass spectrometry. Isothermal titration microcalorimetry
{ITC) was done for determining the binding assay between
the carbosilane dendrimer and concanavalin A (Con A).
1t was found that the carbosilane dendrimers bound to Con
A more frequently than to free mannose (Me-a-Man) and
mannobiose (Me-a-1,3-Man), thus showing the cluster
effect.

4. Experimental
4.1. Analyses and GPC

NMR spectra were recorded with a Bruker DRX-400,
AM-400, and a Valian Gemini-2000 spectrometer. Fast
atom bombardment (FAB) and electron spray ionization
(ESI} mass spectra were obtained with a JEOL JMS-
HX110A spectrometer and a JEQL JMS-T100LC spectro-
meter, respectively. Optical rotations were measured with a
JASCO DIP-1000 digital polarimeter. Isothermal titration
microcalorimetry was performed using the MicroCal
Omega titration microcatorimeter. High resolution mass
spectrometry (HRMS) measurements were valid to
+5 ppm. Recycling preparative GPC was performed with
a LC-908W (Japan Analytical Industry Co., Ltd) connected
to an RI detector RI-5 (column, JAIGEL-1H-A and
JAIGEL-2H-A; solvent, chloroform).

4.2. Materials

Concanavalin A (Type IV, lot No. 102K7044) was
purchased from Sigma Chemical Company and dialyzed
with a glutarate buffer. Protein concentration was deter-
mined by the method of Edethoch.?’ Carbohydrate concen-
trations were determined by phenol-sulfuric acid method.*
For calorimetric measurements, water was purified with a
Millpore purification system that involved passage through
reverse osmosis, charcoal, and two ion exchange filters to
attain resistance of >10MQ cm™".

4.3. Reactions
4.3.1. Acetylthioprepyl 2,3,4,6-tetra-0O-acetyl-o-p-man-

nopyranoside (3). p-Mannose (5.00g, 27.8 mmol) was
acetylated to yield penta-O-acetyl-a-p-mannose by using a
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mixture of sodium acetate (2.51 g, 30.62 mmol) and acetic
anhydride (25.0 mL, 263 mmol). Under an argen atmos-
phere, penta-O-acetyl-a-D-mannopyranose was dissolved in
dry-dichloromethane (123 mL) and allyl alcohol (9.50 mL,
139 mmol) was added, then the mixture was cooled to
—5°C. Boron trifluoride diethyl ether complex (94 mL,
742 mmol) was dropped into the solution. The reaction
solution was stirred for 30 min at 0 °C, then stirred for 54 h
at room temperature. After the reaction, the solution was
poured into ice-water, washed with water, saturated aqueous
sodium hydrogen carbonate, brine, and dried over anhy-
drous magnesium sulfate, The solution was filtered through
a celite bed and concentrated. The residue was purified by
silica gel column chromatography with toluene—ethyl
acetate (5:1 (v/v)) as ¢luent to yield pure 2 (7.53 g, 70%
(2 steps)).

To a stirred solution of 2 (3.65 g, 9.40 mmol) and thioacetic
acid (13.4 mL, 188 mmol) in 1,4-dioxane (2.0 mL), 2,2
azobisisobutyronitrile (AIBN; 7.72 g, 47.0 mmol) was
added at 50 °C under an argon atmosphere. The mixture
was stired for 2.5h at 80°C, then cooled to room
temperature. Cyclohexene (5.0mL, 49.3 mmol) was
added, and the mixture was stirred at room temperature
for 30 min. After evaporation, silica gel chromatography of
the residual syrup (toluene—ethyl acetate 10:1-5:1-3:1)
yielded sulfide 3 (3.16 g, 73%): 'H NMR (400 MHz,
CDCl;, TMS) & (ppm); 5.33 (1H, m, H-3), 5.28 (1H, m,
H-4),5.24 (1H, dd, H-2, J, = 1.61 Hz, J, 3=3.21 Hz),4.81
(1H, H-1), 4.28 (1H, dd, H-6a, Js6,=5.35 Hz, Jaa=
12.31 Hz), 4.11 (1H, dd, H-6b, J56=2.14 Hz, Js 0=
12.31 Hz), 3.98 (1H, m, H-5), 3.77 (1H, m, OCH,CH,CHa-
S), 3.52 (1H, m, OCH,CH,CH,S), 2.97 (2H, t, OCH,CH>-
CH,S, /=696 Hz), 2.34 (3H, s, CH3(SAr), 2.16, 2.12,
2.06, 2.00 (12H, s, CH5(QAc)), 1.91 (2H, m, OCH.CH
CH.,S); '*C NMR (100 MHz, CDCl3) & (ppm); 1952 (C,
C=0(SAc)), 170.3, 169.7, 169.5, 169.4 (C, C=0(Ac)),
97.4 (CH, C-1), 69.2 (CH, C-2), 68.8 (CH, C-3), 68.3 (CH,
C-5), 66.5 (CH,, OCH,CH,CH,S), 65.8 (CH, C4), 62.2
(CH,, C-6), 30.3 (CH3, CH;3(SAc)), 28.9 (CH;, OCH,CH;-
CH,S), 25.5 (CH,, OCH,CH,CH,S), 20.6, 20.5, 2041,
20.39 (CH,, CH3(OAc)).

4.3.2. 4,6-0-Benzylidene-1,2-ethylidene-B-p-manno-pyr-
anoside (6).* Under an argen atmosphere, 1-bromo 2,3,4,6-
tetra-O-acetyl mannose ((4y''; 22.9g, 55.6 mmol) was
dissolved in acetonitrile (130 mL), and sodium borohydrate
(10.5 g, 278 mmol) was added, then the mixture was stirred
for 22 h at room temperature. After the reaction, the solution
was diluted with ethyl acetate, washed with water and brine,
and dried over anhydrous magnesium sulfate. The solution
was filtered through a celite bed and concentrated. The
residue was purified by silica gel column chromatograph
with n-hexane—ethyl acetate (5:1-3:1-2:1) yielded pure 5%
(11.8 g, 64%).

Under an argon atmosphere, § (5.73 g, 17.3 mmol) was
dissolved in methanol (5.0 mL), and sodium methoxide
(0.14 g, 2.60 mmol} was added, then the mixture was stirred
for 1 h at room temperature. After the reaction, IR120B
(H™) resin was added to neutralize the reaction solution,
and the suspension was filtered and evaporated. The residue
was dissolved in N,N-dimethylformamide (15.0mL).
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Benzaldehyde dimethylacetal (3.70 mL, 24.6 mmol) and
(+)-10-camphorsulfonic acid (379 mg, 1.63 mmol} was
added, and the mixture was stirred over evaporation for 6 h
at 30 °C. The solution was cooled to room temperature, and
triethylamine (0.45 mL, 3.34 mmol) added to neutralize.
The solution was evaporated, and purified by silica gel
column chromatography with n-hexane—ethyl acetate
(10:1-5:1-3:1-1:1) as eluent to yield pure 6 (5.08 ¢,
quant. {2 steps)).

4.3.3. 4,6-0-Benzylidene-1,2-ethylidene-3-0-(2',3' .4’ ,6'-
tetra-0-acetyl-c-p-mannopyranosyl)--p-mannopyranc-
side (7). 4,6-0-Benzylidene-1,2-ethylidene-3-0-(2',3' 4’ &'-
tetra-(J-acetyl-o-p-mannopyranosyl)-B-p-mannopyranoside
(7). A solution of 2,3,4,6-tetra-O-acetyl-o-D-mannopyrano-
syl bromide (4) (298 mg, 0.72 mmol) and 4,6-0-benzyl-
idene-1,2-ethylidene-B-b-mannopyranoside (6) (100 mg,
0.34 mmel) in anhydrous dichloromethane (3.0 mL} was
stirred in the presence of activated MS4A (1.0 g) and silver
trifluoromethanesuifonate (228 mg, 0.89 mmol) was added
under an argon atmosphere. The reaction mixture was
stirred for 2 h at —20 °C. Further, silver trifiuoromethane-
sulfonate (113 mg, 0.44 mmol) was added to the mixture
under an argon atmosphere, and the mixture was stirred for
40 min at —20 °C. Sodium carbonate (302 mg, 2.85 mmol)
was added to the reaction solution, then the solution was
filtered through a celite bed, diluted with chloroform,
washed with saturated aqueous sodium hydrogen carbonate,
brine, and dried over anhydrous magnesium sulfate. Then
the solution was filtered through a celite bed and
concentrated. The residue was purified by silica gel column
chromatography with toluene—ethyl acetate (5:1) as eluent
to yield pure 7 (136 mg, 66%): HRMS (ESI); caled for
C29H360|5N3 {M+Na}+ 647.1952, found 647.1936.
[a)y=—16.2° (c=1.0 in CHCl;). '"H NMR (400 MHz,
CDCl;, TMS) 6 (ppm); 7.45-7.33 (5H, m, Ph), 5.59 (1H, s,
CH(4,6-bndn)), 5.45 (1H, m, H-3"), 5.40 (1H, m, H-4"), 5.34
(1H, q, /=5.35 Hz, CH-(1,2-etdn)), 5.30-5.25 (2H, m, H-1,
2", 5.19 (1H, 4, J; =1.61 Hz, H-1"), 4.33-4.22 (4H, m,
H-2, 3, 6a, 6'a), 4.11-4.04 (3H, m, H-4, 5', 6'b), 3.78 (14,
m, H-6b), 3.39 (1H, m, H-5), 2.11, 2.09, 2.05, 1.99 (12H, s,
Ac), 1.54 (3H, d, J=5.35 Hz, CH3-(1,2-etdn)}; '°C NMR
(100 MHz, CDCly) & (ppm); 170.5, 169.8, 169.7, 169.6
(C, C=01(Ac)), 136.9(C, C (Ph)), 128.9, 128.2, 125.9 (CH,
CH(Ph)), 104.7 (CH, CH (1,2-etdn)), 101.1 (CH, CH (4.6-
bndn}), 99.5 (CH, C-1'), 96.8 (CH, C-1), 79.6 (CH, C-3),
76.9 (CH, C-4), 75.9 (CH, C-5%), 69.3 (CH, C-4"), 68.80
(CH, C-3"), 68.77 (CH, C-2), 68.4 (CH, C-6), 66.4
(CH, C-2%), 65.7 (CH, C-5), 62.6 (CH,, C-6"), 21.8 (CHs,
CH;-(etdn)}, 20.77, 20.75, 20.70, 20.66 (CH;, CH3-(Ac)).

4.3.4. Allyl 24,6-tri-O-acetyl-3-0-(2',3',4',6'-tetra-0-
acetyl-a-p-mannopyranosyl)-a-p-mannopyranoside (9),
A solution of 7 (860 mg, 1.38 mmol) in 90% (v/v) aqueous
trifluoroacetic acid (10 mL) was stirred for 22 h at room
temperature. The solution was coocled in an ice-water bath
and neutralized with sodium carbonate. Then the soluticn
was evaporated and dried with a vacuum pump. Sodium
acetate (229 mg, 2.79 mmol) and acetic anhydride (15 mL,
158 mmol) were added to the residue, and the reaction
mixture was stirred for 1 h at 110°C. To the reaction
mixture was added ice-water, and the mixture was extracted
with chloroform. The extract was washed with saturated
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aqueous sodium hydrogen carbonate, brine, and dried over
anhydrous magnesium sulfate. The solution was filtered
through a celite bed and concentrated. The residue was
purified by silica gel column chromatography with n-hex-
ane-ethyl acetate (1:1-1:2) as eluent to vyield pure 8
(598 mg, 64% (2 steps)).

Under an argon atmosphere, 8 (4.08 g, 6.01 mmol) was
dissolved in dry-dichloromethane (27 mL) and aliyl alcohol
(2.1 mL, 30.7 mmol) was added, then cooled to —5°C.
Boron trifluoride diethyl ether complex (8.0 mL,
63.1 mmol) was dropped into the solution. The reaction
solution was stirred for 30 min at 0 °C, then stirred for 71 h
at room temperature, After the reaction, the solution was
poured onto ice-water, washed with water, saturated
aqueous sodium hydrogen carbonate, brine, and dried over
anhydrous magnesium sulfate. The solution was filtered
through a celite bed and concentrated. The residue was
purified by silica gel column chromatography with toluene—
ethyl acetate (5:1-3:1-2:1-1:1-0:1) as eluent to yield pure 9
(1.73 g, 43%): '"H NMR (400 MHz, CDCl;, TMS)  (ppm);
5.87 (1H, m, OCH,CH=CH,), 5.34-5.18 (6H, m, H-2, 3, 4,
3, OCH,CH=CHy), 5.01 (1H, m, H-2), 5.00 (1H, d, H-1’
Jir2»=1.61 Hz), 4.88 (1H, H-1), 4.30-3.98 (8H, m, H-6, 4/,
5, 6/, OCH,CH=CH,), 3.90 (lH, ddd, H-5, J4s=
10.17 Hz, Js6.,=5.35Hz, J56,=2.68 Hz), 2.21, 2.14,
2,13, 2.113, 2.106, 2.06, 1.99 (21H, s, CH;(OAc)); *C
NMR (100 MHz, CDCl;) é (ppm); 170.65, 170.62, 170.4,
170.0, 165.9, 169.8, 169.5 (C, C=0(Ac)), 132.8 (CH,
OCH,CH=CHy,), 118.5 (CH;, OCH,CH=CH,), 98.8 (CH,
C-1%, 96.5 (CH, C-1), 74.6 (CH, C-3), 70.9 (CH, C-2), 69.9
(CH, C-2%, 69.3 (CH, C-5%), 68.7 (CH, C-5), 68.5 (CH,,
OCH,CH=CHj), 68.2 (CH, C-3", 67.7 (CH, C4", 65.9
(CH, C-4), 62.5, 62.4 (CH;, C-6, 6'), 20.9, 20.8, 20.73,
20.71, 20.63, 20.60, 20.59 (CH;, CH;(Ac)).

4.3.5. Acetylthiopropyl 2,4,6-tri-0-acetyl-3-0-(2',3' ,4',6'-
tetra-0-acetyl-a-p-mannopyranosyl)-o-p-mannepyrano-
side (10), AIBN (2.11 g, 12.8 mmol) was added to a stirred
solution of 9 (1.73 g, 2.56 mmol) and thicacetic acid
(3.7mL, 52.0mmol) in ! 4-dioxane (1.5mlL}) at 50°C
under an argon atmosphere. The mixture was stirred for 3 h
at 80 °C, then cooled to room temperature. Cyclohexene
(1.5 mL, 14.8 mmol) was added, and the mixture was stirred
for 30 min at room temperature. After evaporation, the
residue was purified by silica gel column chromatography
with toluene—ethyl acetate (10:1-5:1-3:1-2:1) and size
exclusion chromatography (Sephadex LH-20; eluent:
methanol) as eluent to yield pure 10 (1.87 g, 97%):
HRMS (ESI); caled for C3;Hy0,0SNa [M+Na]™
775.2095, found 775.2065. {«]¥=+33.8° (¢=1.0 in
CHCL,). 'H NMR (400 MHz, CDCl;, TMS) & (ppm);
5.29, 5.26 (2H, m, H-3, 4), 5.23-5.19 (2H, m, H-2, 3", 5.02
(1H, dd, H-2', Jp 5=1.61 Hz, J»» y+=2.14 Hz), 5.01 (1H, d,
H-1’, Jy»»=1.61Hz), 4.82 (IH, d, H-1, J, ;=160 Hz),
4.314.21 (2H, m, H-6a, 6'a), 4.16 (1H, dd, H4', Jy 4=
3.75 Hz, Jp 5 =10.17 Hz), 4.13-4.04 (3H, m, H-6b, 5', 6'b),
3.86 (3H, m, H-5), 3.73 (1H, m, OCH,CH,CH,$), 3.50 (1H,
m, OCH>CH,CH,S), 2.94 (2H, t, OCH,CH,CH,S, J=
6.96 Hz), 2.34 (3H, s, CH3(SAc)), 2.21, 2.14, 2.13, 2.12,
2.11, 2.06, 2.00 (21H, s, CHy(OAc)), 1.88 (ZH, m,
OCH;CH,CH,S); °C NMR (100 MHz, CDCl;) § (ppm);
195.2 (C, C=0(SAc)), 170.5, 170.4, 170.2, 169.8, 169.7,
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169.6, 169.4 (C, C=0(0Ac)), 98.8 (CH, C-1'), 97.3 (CH,
C-1), 74.8 (CH, C-3), 70.7 (CH, C-2), 69.8 (CH, C-2'), 69.2
(CH, C-5, 68.7 (CH, C-5), 68.1 (CH, C-3"), 67.5 (CH,
C-4", 66.4 (CH;, OCH,CH,CH;S), 65.7 (CH, C-4), 624,
62.2 (CH,, C-6, 6", 30.4 (CH,, CH,(SAc)), 29.1 (CH,,
OCH,CH,CH,S), 25.6 (CH,, OCH,CH,CH,S), 20.8, 20.7,
20.60, 20.56, 20.49, 20.45 (CH;, CH;3(0Ac)).

4.3.6. Introduction of mannose and mannobiose into
carbosilane dendrimer scaffolds: Fan(0)3-Man(OAc).
Under an argon aimosphere, a mixture of 3 (348 mg,
0.75 mmol) and a dendrimer scaffold (for example, Fan(0)-
Br: 56.4 mg, 0.12 mmol) was dissolved in N, N-dimethyl-
formamide (0.5 mL) and methanol (0.5 mL), and stirred at
room temperature for 20 min. Sodium methoxide in
methanol solution (1.OM, 0.75mL, 0.75 mmol) was
added to the reaction solution and stirred at room
temperature over night. Acetic acid (0.1 mL) was added to
the reaction solution, and stirred at rcom temperature
for 10 min, then evaporated in vacuo. The residue was
suspended in a mixture of pyridine (0.5 mL) and acetic
anhydride (1.0 mL, 10.5 mmol), and stirred at room
temperature over night. The reaction mixture was evapo-
rated in vacuo, added to ice-water and chloroform, then
washed with 1M hydrochloric acid, saturated aqueous
sodium hydrogen carbonate, brine, and dried over anhy-
drous magnesium sulfate. The solution was filtered through
a celite bed and concentrated. The residue was purified by
silica gel column chromatography with hexane-ethyl
acetate (1:1-1:2-0:1) as the eluent to produce pure
Fan(0)3-Man(QAc): Yield 136 mg (76% (2 steps)).
HRMS (ESI):. Caled for CeHgs0305:5iNa [M+Nal™*
1517.4972, found 1517.4990. [}’ =+42.3° (¢=1.0 in
CHCl;). '"H NMR (400 MHz, CDCl;, TMS) & (ppm); 7.50~
7.34 (5H, Ph), 5.34-5.24 (6H, m, H-3, 4), 5.23 (3H, dd, H-2,
Jia=160Hz, J;3=2.14 Hz), 481 (3H, d, H-1, J,2=
1.60Hz), 4.28 (3H, dd, H-6a, Js6,=5.35 Hz, Jse=
12.32 HZ), 4.11 (3H, dd, H-6b, J5,6b=2-14 HZ, J63.6h=
12.32 Hz), 3.98 (3H, m, H-5), 3.80 (3H, m, H-7a), 3.52 (3H,
m, H-7b), 2.55 (6H, t, H-9, J39=6.96 Hz), 2.53 (6H, t,
H-10, J19.11=6.96 Hz), 2.16 (9H, s, CH,3(Ac)), 2.10 (9H, s,
CH,(Ac)), 2.04 (9H, s, CH3(Ac)), 1.99 (9H, s, CH3(Ac)),
1.86 (6H, m, H-8), 1.60 (6H, m, H-11), 0.94 (6H, m, H-12);
13C NMR (100 MHz, CDCl3) § (ppm);170.4, 169.8, 169.7,
169.5 (C, C=0(Ac)), 136.0 (C, Ph), 133.8, 125.0, 127.8
(CH, Ph), 97.4 (CH, C-1), 69.4 (CH, C-2}, 68.9 (CH, C-3),
68.3 (CH, C-5), 66.4 (CH,, C-7), 66.0(CH, C-4), 62.2 (CH,,
C-6), 35.6 (CH,, C-10), 28.9 (CH,, C-8), 28.4 (CH,, C-9),
23.8 (CH,, C-11), 20.7, 20.6, 20.53, 20.51 (CHj, CH5(Ac)),
11.7 (CH;, C-12).

Another carbosilane dendrimer with peripheral mannose or
mannobiose acetate was prepared by the same method as
Fan(0)3-Man. The mannobiose-bearing carbosilane dendri-
mers were synthesized using compound 10,

Ball(®4-Man(OAc). Yield 1203 mg (66% (2 steps)).
HRMS (FAB): Calcd for CgoH;250405451 [M+H]™T
1881.6399, found 1881.6445. [a)5 = +45.1° (¢=1.0 in
CHCI3). 'H NMR (400 MHz, CDCl3, TMS) & (ppm); 5.32
(1H, m, H-3), 5.28 (1H, m, H4), 5.23 (1H, dd, H-2, J, ,=
1.60 Hz, J;3=2.14 Hz), 4.82 (1H, d, J,,=1.60 Hz, H-1),
429 (1H, dd, H-6a, J5 g, =5.35 Hz, Jea o= 12.32 Hz), 4.12
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(1H, dd, H-6b, J5 g = 2.14 Hz, Js, = 12.32 Hz), 3.99 (1H,
ddd, H-5, J45s=9.63 Hz, Js5,=5.35 Hz, J5g=2.14H2),
3.83 (1H, m, H-7a), 3.56 (1H, m, H-7b), 2.60 (2H, t, H-9,
Jyo=696 Hz), 2.53 (2H, t, H-10, Jy0,,=6.96 Hz), 2.16
(3H, s, CHy(Ac)), 2.11 (3H, s, CHs(Ac)), 2.05 (3H, s,
CHi(Ac)), 2.00 (3H, s, CHs(Ac)), 1.90 (2H, m, H-8), 1.58
(2H, m, H-11), 0.67 (2H, m, H-12); C NMR (100 MHz,
CDCly) 6 (ppm);170.4, 169.8, 169.6, 169.5 (C, C=0(Ac)),
97.4 (CH, C-1), 69.3 (CH, C-2), 68.9 (CH, C-3), 68.3 (CH,
C-5), 66.4 (CHa, C-7), 65.9 (CH, C-4), 62.2 (CH,, C-6),
35.7 (CH,, C-10), 28.9 (CH,, C-8), 28.4 (CH,, C-9), 23.9
(CH,, C-11), 20.7, 20.54, 20.48, 20.45 (CHs, CHa(Ac)),
11.7 (CH, C-12).

Dumbbell(1Y6-Man(OAc). Yield 141.6 mg (62% (2 steps)).
HRMS (FAB): Calcd for CiasHaosOs0SeSis M+H]*
2978.0622, found 2978.0669. [a]5 = +40.1° (c=10 in
CHCl,). '"H NMR (400 MHz, CDCl3, TMS) é (ppm); 5.32
(3H, m, H-3), 5.28 (3H, m, H-4), 5.23 (3H, dd, H-2, J, =
1.61 Hz, J,3=2.14 Hz), 4.82 (3H, d, J, ,=1.61 Hz, H-1),
4.29 (3H, dd, H-6a, Js5 6, =4.82 Hz, Jsa 6= 12.32 Hz), 4.12
(3H, dd, H-6b, Js ¢, =2.14 Hz, J¢, 6= 12.32 Hz), 3.99 (3H,
ddd, H-5, J,5=9.63 Hz, J5¢,=4.82 Hz, Js¢=2.14 Hz),
3.83 (3H, m, H-7a), 3.55 (3H, m, H-7h), 2.60 (6H, t, H-9,
Ja0=6.96 Hz), 2.53 (6H, t, H-10, Ji0,;=6.96 Hz), 2.16
(SH, s, CHi(Ac)), 2.11 (OH, s, CH;(Ac)), 2.05 (9H, s,
CH,(Ac)), 2.00 (OH, s, CHa(Ac)), 1.90 (6H, m, H-8), 1.57
(6H, m, H-11), 1.31 (2H, m, H-14), 0.67-0.62 (8H, m, H-12,
13), 0.56 (2H, m, H-15), —0.04 (3H, s, CH3(Si-Me)); 1°C
NMR (100 MHz, CDCly) 6 (ppm);170.4, 169.8, 169.6,
169.5 (C, C=0(Ac)), 97.4 (CH, C-1), 69.3 (CH, C-2), 63.9
(CH, C-3), 68.3 (CH, C-5), 66.4 (CH,, C-7), 65.9 (CH, C-4),
62.2 (CH,, C-6), 35.8 (CH,, C-10), 28.9 (CH,, C-8), 284
(CH,, C-9), 24.0 (CH., C-11), 20.7, 20.55, 20.49, 20.46
(CH;, CH3(Ac)), 20.2 (CHy, C-15), 18.1 (CH,, C-14),16.9
(CH,, C-13), 11.9 (CH,, C-12), —3.4 (CH;, CH;(Si-Me)).

Fan(0)3-0-1,3-Man(OAc). Yield 61.2 mg (30% (2 steps)).
HRMS (ESD): Caled for C,02H143054S3SiNa [M+Na]*
2381.7508, found 2381.7485. [alti= +32.3° (c=10 in
CHCl,). "H NMR (400 MHz, CDCl,, TMS) & (ppm); 7.47-
7.34 (5H, Ph), 5.29, 5.26 (6H, m, H-3, 4), 5.23-5.19 (6H, m,
H-2, 3, 5.02 (3H, m, H-2'), 499 (3H, H-1"), 4.82 (3H,
H-1), 429-4.21 (6H, m, H-6a, 6'a), 4.13 (3H, dd, H-4',
Jy 4#=3.75 Hz, Jy »=10.17 Hz), 4.12-4.03 (9H, m, H-6b,
5!, 6'b), 3.86 (3H, ddd, H-5, J4 s =10.17 Hz, J5 ¢,=5.36 Hz,
Js=2.14 Hz), 3.75 (3H, m, H-7a), 3.51 (3H, m, H-7b),
2.51 (12H, t, H-9, 10, Jeo= Ji01, =6.96 Hz), 2.21, 2.14,
2.13, 2.102, 2.099, 2.05, 1.99 (63H, s, CH3(Ac)), 1.84 (6H,
m, H-8), 1.58 (6H, m, H-11), 0.92 (6H, m, H-12); *C NMR
(100 MHz, CDCls) & (ppm);170.4, 170.3, 1702, 169.8,
169.65, 169.59, 169.4 (C, C=0(Ac)), 135.9 (C, Ph), 133.8,
129.1, 127.8 (CH, Ph), 98.8 (CH, C-1"), 97.2 (CH, C-1),
74.9 (CH, C-3), 70.7 (CH, C-2), 69.7 (CH, C-2'), 69.2 (CH,
C-5%), 685 (CH, C-5), 68.0 (CH, C-3"), 67.4 (CH, C-4",
66.3 (CH,, C-7), 65.7 (CH, C4), 62.3, 62.1 (CH,, C-6, 6,
35.6 (CH,, C-10), 28.8 (CH,, C-8), 28.4 (CH;, C-9), 23.7
(CH,, C-11), 20.7, 20.61, 20.58, 20.52, 20.46, 20.42 (CH,,
CH3(Ac)), 11.7 (CH,, C-12),

Ball(0)4-a-1,3-Man(OAc). Yield 81.1 mg (35% (2 steps)).
HRMS (FAB): Caled for CiasHs007:84Si M+Hj
3033.9780, found 3033.9751. [a]r=+33.9° (c=1.0 in
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CHCl3). "H NMR (400 MHz, CDCl;, TMS) & (ppra); 5.30,
5.26 (2H, m, H-3, 4), 5.23-5.19 (2H, m, H-2, 3), 5.02 (IH,
m, H-2'), 5.00 (1H, H-1"), 4.83 (1H, H-1), 4.29-4.21 (2H, m,
H-6a, 6'3), 4.14 (1H, m, H4'), 4.13-4.03 (3H, m, H-6b, &',
6'b), 3.88 (I1H, m, H-5), 3.79 (1H, m, H-7a), 3.54 (1H, m,
H-7b), 2.56 (2H, 1, H-9, Js5=6.96 Hz), 2.51 (2H, ¢, H-10,
Jig1 =6.96 Hz), 2.21, 2.14, 2,13, 2.11, 2.05, 1.99 (21H, s,
CH;(Ac)), 1.87 (2H, m, H-8), 1.57 (2H, m, H-11), 0.65 (2H,
m, H-12); C NMR (100 MHz, CDCl3) é (ppm); 170.5,
170.4, 170.3, 169.9, 169.71, 169.65, 169.4 (C, C=0(Ac)),
98.8 (CH, C-1", 97.3 (CH, C-1), 75.0 (CH, C-3), 70.8 (CH,
C-2), 69.8 (CH, C-2"), 69.2 (CH, C-5'), 68.6 (CH, C-5), 68.1
(CH, C-3"), 67.4 (CH, C-4), 66.4 (CH,, C-7), 65.7
(CH, C-4), 624, 62.2 (CH,, C-6, 6'), 35.9 (CH,, C-10),
28.9 (CH,, C-8), 28.6 (CH,, C-9), 24.0 (CH,, C-11), 20.8,
20.68, 20.65, 20.58, 20.53, 20.47 (CH;, CHi(Ac)), 11.9
(CH,, C-12).

Dumbbell(1Y6-a-1,3-Man(QAc). Yield 61.3mg (31% (2
steps)). HRMS (FAB): Caled for CaooHz010108865i3 M+
H]' 4706.5693, found 4706.5679. [a)s = +33.0° (c=1.0
in CHCl;). '"H NMR (400 MHz, CDCl3, TMS) § (ppm);
5.30, 5.26 (6H, m, H-3, 4), 5.23-5.19 (6H, m, H-2, 3"}, 5.02
(3H, m, H-2'), 4.99 (3H, d, H-1’, J;: »=1.61 Hz), 4.83 (3H,
H-1), 4.20-4.21 (6H, m, H-6a, 6'a), 4.14 (3H, dd, H4',
Jy 4 =3.75 Hz, J4.5=10.17 Hz), 4.134.03 (9H, m, H-6b,
5',6’b), 3.87 (3H, m, H-5), 3.79 (3H, m, H-7a), 3.54 (34, m,
H-7b), 2.56 (6H, t, H-9, J50=6.96 Hz), 2.51 (6H, t, H-10,
Jio11 =6.96 Hz), 2.21, 2.14, 2.13, 2.11, 2.05, 1.99 (63H, s,
CH(Ac)), 1.87 (6H, m, H-8), 1.56 (6H, m, H-11), 1.29 (2H,
m, H-14), 0.65-0.60 (8H, m, H-12, 13), 0.54 (2H, m, H-15),
—0.05 (3H, s, CH5(Si-Me)); *C NMR (100 MHz, CDCl5)
8 (ppm); 170.5, 170.4, 170.3, 169.9, 169.75, 169.70, 169.5
(C, C=0(Ac)), 98.9 (CH, C-1"), 97.3 (CH, C-1), 75.1 (CH,
C-3), 70.8 (CH, C-2), 69.8 (CH, C-2), 69.3 (CH, C-5"), 68.6
(CH, C-5), 68.1 (CH, C-3"), 67.5 (CH, C4"), 66.5 (CH,, C-
7), 65.8 (CH, C-4), 62.4, 62.2 (CH,, C-6, 6), 35.9 (CH,, C-
10), 29.0 (CHa, C-8), 28.6 (CH,, C-9), 24.1 (CH,, C-11),
20.8, 20.72, 20.70, 20.62, 20.57, 20.52 (CH,, CH,(Ac)),
20.4 (CH,, C-15), 18.2 (CH,, C-14), 17.0 (CH,, C-13), 12.0
(CH,, C-12), —3.4 (CH;, CHy(Si-Me)).

4.3.7. Deprotection of carbosilane dendrimers with
mannose and mannebiose: Fan(0)3-Man. A solution of
sodium methoxide in methanol (12.7 mg, 235 umol) was
added to a solution of Fan(0)3-Man(OAc) (135.8 mg,
90.8 pmol) in methanol (1.5mL) at room temperature
under an argon atmosphere. The solution was stirred for 1 h,
then the aqueous solution of sodium hydroxide (0.1 M) was
added and was stirred at room temperature over night. After
neutralizing with acetic acid, the solution was evaporated in
vacuo. The residue was subjected to Sephadex G-25 size
exclusion chromatography eluting with 5% (v/v) aqueous
solution of acetic acid. The fractions containing carbosilane
dendrimer were combined and lyophilized to yield Fan(0)3-
Man as a white solid (54.8 mg (61%)): HRMS (ESI): Calcd
for C42H740:38:5iNa JM+Nal® 1013.3704, found
1013.3696. [a)y'=+49.0° (c=1.0 in H,0). 'H NMR
(400 MHz, D,0) é (ppm); 7.52-7.19 (5H, m, Ph), 4.84
(3H, H-1), 3.93 (3H, m, H-2), 3.89-3.64 (15H, m, H-3, 4, 6,
7a), 3.64-3.45 (6H, m, H-3, 7b), 2.55 (6H, m, H-9), 2.48
(6H, m, H-10), 1.84 (6H, m, H-8), 1.56 (6H, m, H-11), 0.89
(6H, m, H-12); *C NMR (100 MHz, D,0) é (ppm); 137.3
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(C, Ph), 134.8, 129.8, 128.8 (CH, Ph), 100.7 (CH, C-1), 73.5
{CH, C-5),71.7 (CH, C-4), 71.1 (CH, C-2), 67.2 (CH, C-3),
66.9 (CH,, C-7), 61.5 (CH,, C-6), 36.2 (CH,, C-10), 30.1
(CH,, C-8), 29.1 (CH,, C-9), 24.6 (CH,, C-11), 124 (CH,,
C-12).

Another carbosilane dendrimer with peripheral mannose or
mannobiose acetate was deacetylated by the same method
as Fan(0)3-Man. Carbosilane dendrimers with peripheral
mannose or mannobiose which have no protective group of
saccharide moieties were synthesized.

Ball(0)4-Man. Yield 64.8 mg (82%). HRMS (ESI): Calcd
for C43H9202%S451N3. [M+Na]+ 1231.4528, found
1231.4581. [a]d'=+527° (¢=1.0 in H,0). 'H NMR
(400 MHz, D,0) 6 (ppm); 4.87 (1H, H-1), 3.95 {IH, m,
H-2), 3.89-3.78 (4H, m, H-3, 63, 7a), 3.74 (1H, m, H-6b),
3.61 (2H, m, H-5, 7b), 2.65 (4H, m, H-9, 10), 1.93 (2H, m,
H-8), 1.66 (2H, m, H-11), 0.76 (2H, m, H-12); *C NMR
(50 MHz, D,0) & (ppm); 100.6 (CH, C-1), 73.4 (CH, C-5),
71.6 (CH, C-4), 71.0(CH, C-2), 67.2 (CH, C-3), 66.9 (CH,,
C-7), 61.5 (CH,, C-6), 36.3 (CH,, C-10), 30.1 (CH,, C-8),
29.1 (CH,, C-9), 24.8 (CH,, C-11), 12.5 (CH,, C-12).

Dumbbell(1)6-Man. Yield 33.6 mg (81%). HRMS (FAB):
Calcd for C30H1§8036858i3Na [M+Na]+ 19917906, found
1991,7937. [aly = +46.3° (¢=1.0 in H,0). 'H NMR
(400 MHz, D,0) & (ppm); 4.90 (3H, d, J; = 1.0 Hz, H-1),
3.99 (3H, m, H-2), 3.92-3.75 (15H, m, H-3, 4, 6, 72), 3.68—
3.55 (6H, m, H-5, 7b), 2.66 (6H, m, H-9), 2.62 (6H, m,
H-10), 1.93 (6H, m, H-8), 1.66 (6H, m, H-11), 1.48 (2H, m,
H-14), 0.82-0.65 (10H, m, H-12, 13, 15), 0.06 (3H, s, Si-
CH3); 1*C NMR (50 MHz, D,0) é (ppm); 100.1 (CH, C-1),
72.8 (CH, C-5), 71.2 (CH, C4), 70.7 (CH, C-2), 66.8 (CH,
C-3), 66.3 (CH,, C-7), 60.9 (CH,, C-6), 35.8 (CH,, C-10),
29.5 (CH,, C-8), 28.6 (CH,, C-9), 24.4 (CH,, C-11), 21.0
(CH,, C-15), 20.3 (CH, C-14), 19.1 (CH,, C-13), 12.0
(CHa, C-12), —2.7 (CH3, Si~CHs).

Fan(0)3-a-1,3-Man. Yield 44.6 mg (quant.). HRMS (FAB):
Calcd for CwH&?O”SgSiNa [M+Na]* 1499.5289, found
1499.5278. [a]p = +78.7° {(¢=0.87 in H,0). 'H NMR
(400 MHz, D,0) é (ppm); 7.52-7.25 (5H, m, Ph), 5.14 (3H,
H-1%, 4.82 (3H, H-1), 4.08 (6H, m, H-2, 2'), 3.92-3.50
(36H, m, H-3, 4, 5, 6, 3', 4', 5/, 6', 7, 2.52 (12H, m, H-9,
10), 1.85 (6H, m, H-8), 1.57 (6H, m, H-11), 0.91 (6H, m,
H-12); 13C NMR (50 MHz, D,0) & (ppm); 137.1 (C, Ph),
134.6, 129.8, 128.6 (CH, Ph), 102.9 (CH, C-1%, 100.5 (CH,
C-1), 79.3(CH, C-3), 73.8 (CH, C-5), 73.4 (CH, C-5", 71.0
(CH, C-3%, 70.8 (CH, C-2"), 70.5 (CH, C-2), 67.1 (CH,
C-4"), 66.7 (CH, C-4), 66.1 (CH,, C-7), 61.4 (CH,, C-6"),
61.1 (CH;, C-6), 35.9 (CH,, C-10), 29.8 (CH,, C-8), 28.9
(CH,, C-9), 24.1 (CH,, C-11), 12.1 (CH,, C-12).

Ball(0)4-a-1,3-Man. Yield 75.5 mg (quant.). HRMS (ESI):
Caled for C72H5%204484SiNa [M+Na]™ 1879.6641, found
1879.6622. [a]y’=+100.4° (c=1.0 in H,0). '"H NMR
(200 MHz, D,0) & (ppm); 5.14 (H-1%), 4.92 (1H, H-1), 4.15
(2H, m, H-2, 2), 4.08-3.60 (12H, m, H-3, 4, 5, 6, 3/, 4, §',
6', 7, 2.71 (4H, m, H-9, 10), 2.02 (2H, m, H-8), 1.73 (2H,
m, H-11), 0.82 (2H, m, H-12); "*C NMR (50 MHz, D,0) &
(ppm); 103.0 (CH, C-1%), 100.6 (CH, C-1}, 79.4 (CH, C-3),
73.8 (CH, C-5), 73.5 (CH, C-5'), 71.1 (CH, C-3", 70.9 (CH,
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C-2'), 70.6 (CH, C-2), 67.3 (CH, C-4'), 66.9 (CH, C-4), 66.3
(CHy, C-7), 61.5 (CHa, C-6'), 61.3 (CH,, C-6), 36.2 (CH,,
C-10), 29.8 (CH,, C-8), 29.0 (CH,, C-9), 24.8 (CH,, C-11),
12.4 (CH,, C-12).

Dumbbell(1)6-a-1,3-Man. Yield: 33.8 mg (90%). HRMS
(ESI): Caled for c,,sﬂz,éof,ﬁsﬁsiaNaz/z [M+2Nal** 72
1493.5487, found 1493.5482. {a]y = +48.3° (¢=1.0 in
H,0). '"H NMR (400 MHz, D,0) é (ppm); 5.15 (3H, H-1,
4.86 (3H, H-1), 4.09 (6H, m, H-2, 2"}, 4.00-3.65 (33H, m,
H-3,4,5,6,3,4,5', 6, 7a), 3.63 (3H, m, H-7b), 2.65 (12H,
m, H-9, 10), 1.94 (6H, m, H-8), 1.65 (6H, m, H-11), 1.46
(2H, m, H-14), 0.75 (8H, m, H-12, 13), 0.69 (2H, m, H-15),
0.05 (3H, s, Si-CH,); *C NMR (50 MHz, D,0) & (ppm);
103.1 (CH, C-19, 100.7 (CH, C-1), 79.6 (CH, C-3), 74.0
(CH, C-5), 73.6 (CH, C-5), 71.3 (CH, C-3"), 71.0 (CH,
C-2),70.7 (CH, C-2), 67.5 (CH, C-4", 67.0 (CH, C-4), 66.4
(CH,, C-7), 61.8 (CH,, C-6"), 61.5 (CH,, C-6), 36.5 (CH,,
C-10), 30.0 (CH,, C-8), 29.2 (CH,, C-9), 25.0 (CHy, C-11),
21.0 (CHj, C-15), 19.4 (CH,, C-14), 18.1 {CH3, C-13), 12.6
(CH,, C-12), — 1.6 (CHs, Si~CHj).

4.4. Calorimetry

Isothermal titration microcalorimetry was performed using
the MicroCal Omega titration microcalorimeter. Details of
instrument design and data analysis are described by
Wiseman et al.*’ A solution of concanavalin A (0.2] mM)
in a buffer of 50 mM 3,3-dimethylglutarate, 250 mM NaCl,
and 1 mM each of CaCl, and MnCl; at pH 5.2 were placed
in the sample cell. Carbosilane dendrimer solutions
([mannose] =2.1 mM) in a buffer identical to that used for
protein solutions were added in 10 uL increments during
30 s, with 3 min intervals between injections. Each calori-
metric titration was performed at a sample cell temperature
of 298 K. Protein concentrations were determined spectro-
metrically using an extinction coefficient of e250=1.24 fora
1 mg/mL of solution.

The heat evolved upon each injection was digitally
recorded, and the data were integrated to generate a titration
curve upon completion of the experiment. The stoichic-
metry of the association, n, binding constant, K, and the
change in enthalpy, AH, were obtained from a nonlinear
least-squares fit using the Origin software program. All data
are presented on a valency-corrected basis.
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Abstract

As an artificial ligand, a glycoconjugate polymer carrying carbohydrate moiety of lactosyl ceramide or globotriaosyl ceramide (Gbs)
was synthesized. Gb; is known as the receptor of Shiga toxin-producing Escherichia coli 0157: H7. The preparation of the glycoconjugate
polymer initially involves the construction of the carbohydrate moicty of Gl derivative which has n-pentenyl group as polymerizable group.
In addition, the n-penteny! group of the Gb; derivative was modified and different polymerizable groups such as acrylamide group were
introduced at ts-position of the aglycon. Radical polymerization of the synthesized glycosyl monomers with or without acrylamide proceeded
smoothly in water using ammonium persulfate and N, N, N', N'-tetramethylethylenediamine as usaal initiator system and gave water-soluble
glycoconjugate polymers having various polymer compositions. These polymers have the potential to neutralize Shiga toxin by reason of
cluster effect and multivalency.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Escherichia coli; Shiga toxins; Glycoconjugate polymer; Radical polymerization; Carbohydrates; Globotriaose

1. Introduction (Gestwicki, Cairo, Strong, Oetjen, & Kiessling, 2002;
Lee & Lee, 1995; Roy, 1996; Turnbull & Stoddart, 2002).

Shiga toxins (Stxs; Stx1 and Stx2) produced by
pathogenic Escherichia coli O157: H7 have been associated
with diarrhea, hemorrhagic colitis, and hemolytic uremic
syndrome in humans. The Stxs are a family of ABs subunit
toxins, The enzymatic A subunit (32 kDa) is non-covalently
associated with the pentamer of receptor-binding B subunits
(7.5 kDa). The B-pentamer specifically binds to the
globotriaosyl ceramide [Gb;, Gala(1-4)GalB(1-4)GleB-cer-
amide], a cell surface glycolipid (Kitov et al., 2000; Ling
et al., 1998; Nishikawa et al,, 2002; Soltyk et al., 2002).
The importance of the B-pentamer—Gb; interaction is
clearly illustrated by the fact that all cells susceptible to
Stxs express Gb, on their ceil surface, whereas cells that do

The importance of cell-surface carbohydrates in
initiating a wide variety of biological and pathological
processes is now well recognized (Arya et al., 1999).
Glycoconjugate polymers carrying biologically active
carbohydrates as pendant groups constitute a new class of
biomimetic and biomedical materials. They have provided
access to many new methodologies in cell cultivation, tumor
detection and diagnosis, and trapping of viruses and toxins.
Their wide range of utility can be ascribed primarily to
the widely occurring carbohydrate-binding proteins on
the surfaces of cells, bacteria, and viruses (Debenham,
Cossrow, & Toone, 1999; Dohi et al., 1999; Mylvaganam &

Lingwood, 1999). Moreover, multivalency or cluster effects not express Gbs are resistant to the toxins. Therefore, binding

of carbphydrate integrate  the bindinfg .afﬁnity _Of to the cell surface is a crucial initial step in cytotoxicity of
glycoconjugate polymers to carbohydrate-binding proteins Stxs (Bast, Banerjee, Clark, Read, & Brunton, 1999).

and contribute much to extend their potential wutility We describe herein the syntheses of a couple of new

Tmspo ring author, Tel fax: -+ 8148-858-3099 glycoconjugate polymers carrying the trisaccharide
E-mail address: kofi @ fms.saitama-n.ac jp (K. Matsuoka). (globotriaose) moieties of Gbs as an artificial receptor for

! Present address: Institute of Industrial Science, University of Tokyo, Stxs. These polymerizable saccharide derivatives having
Meguro, Tokyo 153-8505, Tapan, n-pentenyl group or acrylamide group at the w-position of
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the aglycon are polymerized or co-polymerized with
acrylamide. These artificial glycoconjugate polymers have
the therapeutic potential for neutralization of Stxs because
the polymers are water-soluble and the binding affinity is
enhanced by cluster effects.

2. Results and discussion

2.1. Synthesis of polymerizable globotriose derivative

Our strategy for preparing the polymerizable
globotriaose derivative involves the introduction of an
olefin, n-pentenyl group, at the aglycon unit of the
glycosyl acceptor and subsequent glycosidation with
glycosyl donor (Matsuoka, Terabatake, Esumi, Terunuma,
& Kuzuhara, 1999), After assembling the globotriaose

A. Miyagawa et al. / Carbohydrate Polymers 57 (2004) 441450

structure, n-pentenyl group was modified, and to the
o-position of the aglycon was introduced an acrylamide
group (Fig. 1). Consequently, glycosyl monomers having
different polymerizable groups (n-pentenyl and acrylamide
group) were prepared, respectively.

Scheme 1 describes the synthesis of glycosy! acceptor 3,
n-Pentenyl B-lactoside 1 which was prepared according to
Matsuoka and Nishimura (1995), and Takano, Nakatsubo,
and Murakami (1990) was selectively protected by
formation of a benzylidene acetal intermediate. Subsequent
benzylation of remaining OH groups afforded 2. Selective
reductive cleavage by treatment of 2 with AICI; in the
presence of BHy-NMe; in THF gave glycosyl acceptor 3
with 4'-OH in 76.3% yield.

Compound 4 (Koto, Morishima, Miyata, & Zen, 1976)
gave the glycosyl donor 5 (Austin, Hardy, Buchanan, &
Baddiley, 1965) quantitatively by treatment with SQOCl, in

“——————CHy-CH— CHCH - CHz-CH— 1=CHz-GH
=0 c=0 c=0
NH. NH NH
HO o 2 n ~7 2 n
) )
o HO%:;H HO &
\,\o&: Ho’\ﬁg
H
HO OH "0 0
RO,
- -m HO
e —m
P(PL-co-Am) P(AL-co-Am)
CHg-(I:H:’— CHy~CH—1 {~CHo-CH
=0 ‘g ¢=0
N
> 0% | L W,
ol 0
HO %, ) Ho’y)ﬁ/;
O Y\OO OB 0
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W OH — —Im
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Fig. 1. Chemical structures of synthesized glycocenjugate polymers.
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Scheme 1. Reagents and conditions: (i) CeHsCH(OCH;),, CSA, 60°C, 2.5 h, under reduced pressure, then NaH, BnBr, DMF, nt, 1.5 h; (ii) MesN-BH;, AICl;,

MS 4A, THF, 1t, 1 h.

the presence of DMF (Ogawa, Nakabayashi, & Kitajima,
1983). Stereoselective glycosidation (shown in Scheme 2)
of glycosyl acceptor 3 with glycosyl donor 5 promoted by
silver trifluoromethansulfonate in ether at —20°C gave
globotriaose derivative 6 in 71.3% yield. The NMR
spectrum of the product confirms the o-linkage of the
newly formed glycosidic bond ['*C NMR (CDCl3) &:
103.51 (B; C-1), 102.80 (B; C-1), 100.63 (a; C-1")].
Debenzylation of 6 without affecting the terminal double

reduction. However, in the case of globotriaose derivatives
having butenyl or allyl aglycon unit, these aglycons were
slightly cleaved by Birch reduction. Compound 6 was
treated with Na in liquid NH; at —78 °C, followed by
acetylation to afford fully acetylated n-pentenyl
globotriaose derivative 7. After purification of 7,
subsequent deacetylation gave water-soluble n-pentenyl
B-globotriaoside 8, a glycosyl monomer with free hydroxyl
groups and the n-pentenyl (olefin moiety) as polymerizable

bond of the n-pentenyl aglycon was accomplished by Birch group.
BnO OBn . BnO OBn
0 ! 0
BnO Bno%
Brd  OH BnOY,
4 5
BnQ OBn
O
ii BnO
Bn% —o8n OBn
O BnQ
BnO o%\o’\/\/
OBn OBn
]
AcO OAc
0]
AcO
i A0 _oac OAc
O AcO
AcO %%\OW
OAc OAC
7
HO _al
O
HO
iv HOg OH OH
—_— &0 HG
OH CH

Scheme 2. Reagents and conditions: (i) SOCl,, DMF, C1CH,CH,C], 0°C
20 min, then Ac;O, pyridine, it, 21 h; (iv) NaOMe, MeOH, tt, 16 b,

— 11, 20 h. (i) AgOTE, MS 44, Et,0, —20°C, 3.5 b; {iii) Na, liq. NH;, —~78 °C,
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Scheme 3. Reagents and conditions: (i) HSCH,CH;NH,HCI, MeOH, v (254 nm), 0 °C, 2.5 b; (ii) CH,=CHCOCI, Et;N, MeOH, 0 °C, then Ac,O, pyridine, rt,
15 b; (iii) CH,=CHCOCI, NaHCQ,, MeQH, 0 °C, then Ac,0, pytidine, 11, 13 b; (iv) NaOMe, MeOH, rt, 3.0 h.

Scheme 3 describes the syntheses of glycosyl
monomers having acrylamide group at the terminal. Initially,
to n-pentenyl B-lactoside 1 was introduced an amino group at
w-position of the aglycon. n-Pentenyl B-lactoside 1 and
cysteamine hydrochloride were irradiated (254 nm), yielding
the amino terminated thioether 9 (Lee & Lee, 1974; Roy &
Tropper, 1988; van Seeventer, van Dorst, Siemerink, Kamer-
ling, & Vliegenthart, 1997). Then the amino group of 9 was
N-acryloylated and then acetylated to give fully protected
derivative, After usual purification, deacetylated 10 gave
lactose monomer 11 having an acrylamide group at w-position
of the aglycon. By the same procedure, globotriaose monomer
14 was obtained. Radical addition of n-pentenyl 8-globotriao-
side 8 proceeded, followed by N-acryloylation and acetylation
to afford 13 which was deacetylated to give globotriaose
monomer 14 having an acrylamide group at w-position of the
aglycon.

2.2. Radical pelymerization of glycoconjugate polymers

Glycosyl monomers were polymerized or copolymerized
with acrylamide in distilled water at room temperature using

69

N, N, N, N’—letramethy]enediamine (TEMED) and
ammonium persulfate (APS) as initiators (Matsuoka &
Nishimura, 1995; Nishimura et al., 1994), and the products
were purified by gel filtration.

The results of polymerization and copolymerization are
summarized in Table 1. The unit ratio of the polymers
abbreviated as ‘polymer comps’ was determined from the
'H NMR results by comparing the intensity of the
integration of the protons for 1, 1-positions of lactose or
globotriaose (at 4.4 ppm) due to glycosyl residue,
and methine group (at 2.2 ppm) due to the main chain of
the polymer (Figs. 2 and 3).

The sugar content of the polymer was determined as
percent by weight of the glycosyl monomer in the
polymer. As shown in Table 1, polymer composition was
affected by the glycosyl monomer. The factors affecting
polymerization involves the difference of the polymeriz-
ability of n-pentenyl and acrylamide groups that glycosyl
monomers have and steric hindrance of bulky glycosides.
Gb; was bulkier than lactose due to the additional
a-galactose residue. However, the polymer molecular
weight and sugar content seemed encugh to inhibit
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Table 1

Results of polymerization of glycosyl monomers with acrylamide

Polymer Glycosyl monomer Monomer ratio* Total yield (%) Polymer compsa Sugar content (wt %) Mw® (kDa)
P(PL-co-Am) 1 1:10 86.5 2:27 30 812
P(AL-co-Am) 11 1:10 922 1.6 559 <10

PAL 11 1:0 92.0 1.0 100 46.5
P(PGb-co-Am) 13 1:10 839 1:25 244 147
P(AGb-co-Am) 14 1:10 43.0 1:12 452 73.1
PAGbH 14 1:0 80.0 1:0 100 36

* Ratio of glycosyl monomer to acrylamide.

® Mws were estimated by SEC method with Asahipack G-510 column (pullulans (5.8, 12.2, 23.7, 48.0, 100, 186, and 380 kDa, Shodex Standard P-82) were

used as standards).

cytotoxicity of Shiga toxins. These glycoconjugate
polymers were assayed in vitro and glycoconjugate
polymers carrying Gb; were found effective for
neutralization of Shiga toxins, not only for Stx1 but
also the clinically more relevant Stx2. Moreover,
glycoconjugate polymers carrying Gby were also found
effective in vivo. Details of these results are discussed
elsewhere (Watanabe et al., 2004).

In conclusion, we synthesized glycoconjugate
polymers having lactose and globotriaose residues
as biologically active pendants. These monomers of
glyco-polymers were systematically synthesized.
The construction of the trisaccharide moiety was
accomplished from p-galactose and D-lactose by

A HDO
-1
H-1°

-CH=C
B HDO

several chemical steps. The carbohydrate derivatives
having n-pentenyl group at the aglycon were efficiently
synthesized, and the elongation of the aglycon was
performed to afforded corresponding glycosyl
monomers having an acrylamide group. Polymerization
of those monomers was accomplished and the
results suggested that the acrylamide-type aglycon
was found to be a better polymerizable group.
This phenomenon gave us the glycosyl monomers having
acrylamide pgroup had appropriate length of flexible
spacer arm and showed grater polymerizability.
The glycoconjugate polymers having acrylamide-type
aglycon had stronger neutralization potency against
both Stxs.

Tr T T T T T Y T Y A A Y T r Yy T YT T Y T
55 5.0 4.5 4.0 35 3.0 25 2.0 1.5
Chemical Shift (ppm)

Fig. 2. '"H NMR spectra of (A) glycosyl monomer 8, (B) P(PGb-co-Am) in D,0.
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T T T T T T T T T T T T T T T T TN T T T T T T Tt
6.0 5.0 4.0 3.0 20 1o
Chemical Shift {(ppm)

Fig. 3. "H NMR spectra of (A) glycosyl monomer 14, (B) P(AGb-co-Am) in D,0.

3. Experimental section

3.1. General procedures

Unless otherwise stated, all commercially available
solvents and reagents were used without further purification.
N,N-Dimethylformamide (DMF), tetrahydrofuran (THF),
1,2-dichloroethane, dichloromethane, and pyridine were
stored over molecular sieves 4 A. Methanol was stored over
molecular sieves 3 A, Powdered molecular sieves were
dried in vacuo at ca. 180°C in 2h. Acrylamide was
recrystallized from benzene. The optical rotations were
determined with a JASCO DIP-1000 digital polarimeter.
IR spectra were measured in KBr disc for solid samples,
or film on KBr for liquid samples with JASCO FI/IR-300E.
'H NMR spectra were recorded at 200 or 400 MHz with
Varian Gemini-200 or Bruker AM-400 spectrometer in
chloroform-d or deuterium oxide. 3C NMR spectra were
recorded at 50.3 or 100.6 MHz with the same instruments,
Tetramethylsilane (TMS), HDO (4.78 ppm) were used as
internal standards, Proton assignments in NMR were made
by first-order analysis of spectra, and supported by
homonuclear decoupling experiments. Elemental analyses
were performed with a Fisons EA1108 on samples

n

extensively dried ca. 24h in vacuo over phosphorus
pentoxide. Average molecular weights of the polymers
were estimated by size exclusion chromatography (SEC)
method with a Shodex Asahipak GS-510 7E column,
and pullulans (5.8, 12.2, 23.7, 48.0, 100, 186, 300 kDa,
Shodex Standard P-82) were used as standards. Reactions
were monitored by thin-layer chromatography (TLC) on a
precoated plate of silica gel 60 Fysy (layer thickness,
0.25 mm; E. Merk, Darmstadt, Germany). For detection of
intermediates, TLC sheets were dipped with (a) a solution of
85:10:5 (v/v/v) methanol—p-anisaldehyde—concentrated
sulfuric acid and heated for a few minutes (for
carbohydrates); (b) an aqueous solution of 5 wt % potassium
permanganate and heated similarly (for double bond).
Column chromatography was performed on silica gel
(Silica Gel 60; 40-63 jum, E. Merck), or (Silica Gel 60,
spherical neutral; 40—-100 pm, E. Merck).

3.2. n-Pentenyl 4-0-(2,3-di-0-benzyl-4,6-O-benzilidene- -
D-galactopyranosyl)-2,3,6-tri-O-benzyl-B- D-
glucopyranoside (2)

To a solution of 1 (500 mg, 1.22 mmol) in DMF (2.5 ml)
was added benzaldehyde dimethylacetal (275 pl, 1.83 mmol)
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and (=*)-camphor-10-sulforic acid (28.3 mg, 122 pmel),
and the mixture was stirred over evaporation at 60 °C for
2.5 h. The solution was cooled to room temperature, and
triethylamine (34 pl, 244 pmol) added to neutralize, The
solution was evaporated to give an intermediate mixture, A
part of mixture was crystallized from 2-propanol to give a
white crystals having m.p. 179-180°C. The whole
mixture was dissolved in DMF (15 mi), and the solution
was added dropwise to NaH (420 mg, 17.6 mmol} in DMF
{15 ml). Then benzyl bromide (1.39 ml, 11.7 mmol) was
added dropwise to the reaction mixture, and the mixture
was stirred at room temperature. After 40 min, the reaction
was quenched with methanol and the mixture was
evaporated. The residue was extracted with diethyl ether
and washed with brine, dried over anhydrous magnesium
sulfate, filtered, and evaporated in vacuo. The residue
was purified by silica gel chromatography with 10:1 (v/v)
toluene—ethyl acetate to give 2 (359 mg, 61.8%) as a syrup:
[l ® = +12.3° (¢ = 1.60, CHCLy); 'H NMR (CDCl;) &
7.20 (m, 30 H, Ph X 6), 5.81 (m, 1 H, ~CH=C), 545 (s, 1
H, Ph-CH-0,-), 446 (d, 1 H, Jy, »=7.5Hz, H-1),
437 (d, 1 H, J;,=80Hz, H-1), 402 (brd, 1 H,
Jyy=32Hz, H4), 393 (¢, 1 H, Ju5= 6.6 Hz, H-4),
3.86 (dd, 1 H, Js4, =4.6Hz, H-6b), 3.85 (dd, 1 H,
Jsaer = 10.7 Hz, H-6a), 3.74 (m, 2 H, -OCH,-), 3.62
(t, 1 H, J,3 =88 Hz, H-3), 3.53 (ddd, 1 H, J5 6, = 2.9 Hz,
H-5), 2.15 (m, 2 H, —CH,-C=C), 1.75 (m, 2 H, -0C-
CH,-); Anal. CsgHg4On). Caled: C, 74.66; H, 6.80. Found:
C, 74.52; H, 6.80.

3.3. n-Pentenyl 4-0-(2,3,6-tri-O-benzyl-B-p-
galactopyranosyl)-2,3,6-tri-O-benzyl-3-D-
glucopyranoside (3)

To a solution of 2 (119 mg, 125 pmel) in THF (1.95 ml)
was added molecular seives 4 A powder (119 mg) and
stirred at 0 °C for 30 min. To subsequent solution was added
trimethylamine—borane (63.8 mg, 875 pmol) and then
aluminum chloride (117 mg, 875 pmol) added in numbers.
The solution was stirred at room temperature for 1h.
The solution was filtered through Celite pad and the filtrate
was extracted with chloroform and washed successively
with aqueous 1M hydrochloric acid, aqueous sodium
hydrogen carbonate and brine, dried over anhydrous
magnesium sulfate, filtered, and evaporated in vacuo.
The residue was purified by silica gel chromatography
with 3:1 (v/v) hexane—ethyl acetate to give 3 (91 mg,
76.3%) as an amerphous powder: [m]%)s'9 = +18.9°(c 1.9],
CHCLy); IR (KBr) » 3506 (OH) em™; 'H NMR (CDCl3) &
7.32(m, 30 H, Ph X 6), 5.81 (m, 1 H, ~-CH=C), 4.53 (br-s, 1
H, H-1"), 4.44 (br-s, 1 H, H-1), 401 (m, 1 H, H-4)), 3.94
(br-d, 1 H, J = 8.6 Hz, H-4), 2.12 (m, 2 H, -CH,-C=(),
1.65 (m, 2 H, —OC-CHz—); Anal. C59H6601 1+ Calcd: C,
74.50; H, 6.99. Found: C, 74.48; H, 7.05.
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3.4, 2,3,4,6-tetra-0-benzyl-a-p-galactopyranosyl
chloride (5)

To a solution of 4 (4,00 g, 7.40 mmol) in 1,2-dichloro-
ethane (30 ml) was added DMF (290 pl, 3.70 mmol) and
cooled at 0°C. To the solution was added thiony! chloride
(3.22 ml, 444 mmol) and stirred at 0°C for 20h.
The soluticn was filtered through silica gel and concentrated
to give 5 (4.14 g, 100%): "H NMR (CDCl3) §7.28 (m, 20 H,
Phx4), 6.14 (d, 1 H, J;» = 3.7 Hz, H-1), 445 (dd, 1 H,
J34=18.8 Hz, H-3),4.22 (dd, 1 H, J;3 = 11.9 Hz, H-2).

3.5. n-Pentenyl 4-0-{4-0-(2,3,4,6-tetra-0-bengyl-a-p-
galactopyranosyl)-2,3,6-tri-O-benzyl-B-D-
galactopyranosyl]-2,3,6-tri-O-benzyl- B-D-
glucopyranoside (6)

To a solution of 3 (4.35 g, 4.57 mmol) and 5 (6.10¢g,
10.9 mmol} in disti}led diethyl ether (200 ml) was added
molecular seives 4 A powder (4.14 g} and stirred for 30 min.
To the mixture was added silver trifluoromethansulfonate
(3.52 g, 13.7mmol) and stirred at —20°C for 3.5h.
The solution was diluted with chloroform and filtered
through a pad of Celite, and the filtrate was extracted with
chloroform and washed successively with aqueous sodium
hydrogen carbonate and brine, dried over anhydrous
magnesium sulfate, filtered, and evaporated in vacuo. The
residue was purified by silica gel chromatography with 8:1
(v/v) hexane—ethyl acetate to give 6 (4.80 mg, 71.3%) as a
syrup: [a}5* = +33.5° (¢ 0.51, CHCly); *H NMR (CDCl5)
57.22 (m, 50 H, Ph x 10), 5.80 (m, 1 H, -CH=C), 2.13 (m,
2 H, -CH,-C=C), 1.73 (m, 2 H, -OC-CH,-); *C NMR
(CDCI,;) 8 103.51 (C-1), 102.80 (C-1), 100.63 (C-1%,
114.79 (—C=CH,); Anal. Cg3H;000;¢- Caled: C, 75.79; H,
6.84. Found: C, 75.83; H, 6.86.

3.6. n-Pentenyl 4-0-[4-0-(2,3,4,6-tetra-O-acetyl-a-D-
galactopyranosyl)-2,3,6-iri-O-acetyl-f3-D-
galactopyranosyl]-2,3,6-tri-O-acetyl- 8-D-
glucopyranoside (7)

Na (1.97 g, 85.8 mmol) was added to liquid NH; (90 ml}
at —78°C and a solution of 6 (3.16 g, 2.15 mmol) in
1,2-dimethoxyethane (20 ml) was added dropwise to the
mixture. After the mixture was stirred at — 78 °C for 20 min,
ammonium chloride (4.59 g, 85.8 mmol) was added to the
reaction mixture and the mixture was stired for 3 h.
The mixture was evaporated and the residue was stirred
with pyridine (45 ml) and acetic anhydride (30 ml) at
room temperature for 21 h. The mixture was poured into
ice—water. The extract with chloroform was washed
successively with aqueous 1 M hydrochloric acid, aqueous
sodium hydrogen carbonate and brine, dried over anhydrous
magnesium sulfate, filtered, and evaporated in vacuo.
The residue was purified by silica gel chromatography
with I:1 (v/v) hexane-cthyl acetate to give syrupy 7
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(153 g, 71.7%): [a)3*® = +40.5° (¢ 1.11, CHCly);
'H NMR (CDCl3) 8 5.78 (m, 1 H, —CH=C), 5.39 (dd, 1
H, Jyr g0 = 33 Hz, Jyrpr = 11.0Hz, H-3"), 520 (¢, 1 H,
J23=92Hz, J3,=94Hz, H-3), 518 (dd, 1 H,
Jiror = 3.8 Hz, H-2"), 5.10 (dd, 1 H, Jyy=7.8Hz,
Jyy = 10.8 Hz, H-2"), 5.00 (m, 1 H, -C=CH,), 4.99 (4, 1
H,Jpn 2 = 2.9 Hz, H-1"),4.89 (br-t, 1 H, H-2),4.73 (dd, L H,
Jz'_3f= 10.9 Hz, J3F‘4’= 2.4 Hz, H~3’), 4.52 (d, 1 H,
Jyy=7.6Hz, H-1), 446 (d, 1 H, J;; =7.7Hz, H-1),
4.45(m,3H,Jg 6 = 11.1 Hz, J5 5, = 6.3 Hz, H-6b, 63" and
6b"), 4.13 (m, 4 H, H-6a, 62, 6b’and 5"), 4.01 (br-d, 1 H, H-
41,3.84(1,1H,J, s = 9.0 Hz, H-4),3.81 (m,2H, —OCH,-),
3.79 (t, 1H, Js ey = 9.4 Hz, H-5'), 3.48 (ddd, 1 H,
15.63 =3.5Hz, 15_55 =438 Hz, J4'5 =906 HZ, H-S), 2.08
(m, 32 H, —OAc X 10, -CH,-C=C), 1.75 (m, 2 H, -OC—
CH,-); *C NMR (CDCl3) 8 101.02 (C-17), 100.49 (C-1),
99.54(C-1"), 114.99 (—C=CH,); Anal. C43HgOx6. Calcd: C,
52.01; H, 6.09. Found: C, 52.38; H, 6.15.

3.7. n-Pentenyl 4-0-[4-0-(x-D-galactopyranosyl)- B-D-
galactopyranosyl]-B-p-glucopyranoside (8)

To a solution of 7 {1.10g, 11.0 mmol) in methanol
(11ml) was added sodium methoxide (59.9 mg,
1.10 mmo!), and the mixture was stirred for 16 h at room
temperature. IR-120B (H™) resin (875 pl) was added to
neutralize the solution, and the suspension was filtered and
evaporated to give 8 (632 mg, 99.9%): 'H NMR (D,0) 8
587 (m, I H, —-CH=C), 5.05 (dd, 1 H, J,,..,s = 17.1 Hz,
Joem = 1.35 Hz, —-C-C=CH), 4.98 (dd, 1 H, J;; =102
Hz, ~C-C=CH), 4.90 (d, 1 H, Jy»o» = 3.8 Hz, H-1"), 4.46
(d, 1 H, Jy» = 8.0Hz, H-1"), 443 (d, 1 H, J,, =83 Hz,
H-1), 3.25 (t, 1 H, H-2), 2.10 (m, 2 H, ~CH,-C=C), 1.68
(m, 2 H, ~OC-CH;-).

38 5-(2-aminoethylthio) pentyl 4-O-(8-D-
galactopyranosyl)- B-p-glucopyranoside hydrochloride (9)

To a solution of 1 (200 mg, 487 pmol) in MeOH
(3.0ml) was added 2-aminoethanthiol hydrochloride
(277 mg, 244 mmol) and irradiated with ultraviolet
light {254 nm) at 0°C for 3h. The mixture was
concentrated and then the residue was purified by gel
filtration with aqueous 5% acetic acid to give crude 9
(294 mp) containing acetic acid as an impurity, which
was used for next step without further purification: H
NMR (D,0) 6 3.09 (dd, 2 H, -CH,—-N-C-), 2.74 (dd, 2
H, -S-CH,-), 2.49 (dd, 2 H, -CH,-S-).

3.9. 5-(2-N-acryloylaminoethylthio) pentyl 4-0-(2,3,4,6-
tetra-O-acetyl-3-p-galactopyrosyl)-2, 3,6-tri-O-acetyl-3-p-
glucopyranoside (10)

Compound 9 (100 mg, 191 pmol) was dissolved in
methano} (1.0 ml) and cooled at 0 °C. To the solution was
simultaneously added tricthylamine (41.4 pl, 573 pmol)
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and acryloyl chloride (19.5 pl, 229 pmol) dropwise
five times. After removal of the solvent, acetic anhydride
(3.0 m}) and pyridine (3.0 ml) was added to the mixture at
room temperature and the mixture was stirring for 15 h, and
concentrated. The residue was extracted with chloroform
and washed successively with aqueous 1 M hydrochloric
acid, aqueous sodium hydrogen carbonate and brine,
dried over anhydrous magnesium sulfate, filtered,
and evaporated in vacuo. The residue was purified by
silica gel chromatography with 1:3 (v/v) toluene—ethyl
acetate to give corresponding 10 (132 mg, 82.6%):
[alb'® = —14.4° (¢ 1.36, CHCL); 'H NMR (CDCl5)
6 630 (dd, 1H, Jyans=17.0Hz, Jgerm = 1.42Hz,
-C-C=CH),6.13(m, 1 H, -NH-),6.13(dd, 1 H,J;, = 10.2
Hz, -C-CH=C), 5.66(dd, 1 H, -C-C=CH), 5.35 (br-d, 1 H,
H-4"),3.52 (m, 2 H, -CH;-N-),2.69 (1,2H,J =64, -5~
CH,-C-N-),2.52(t,2H,J = 7.2, -C-CH;-5-), 2.00 (m,
30 H, -OAc x 10), 1.58 (m, 4 H, -CH,- X 2}, 1.43 (m, 2
H, —CHg—); Anal. C36H53N101981. Calcd: C, 5173, H,
6.39; N, 1.68. Found: C, 51,79, H, 6.41; N, 1.51.

3.10. 5-(2-N-acryloylaminoethylthio) pentyl 4-O-{ 8-D-
galactopyranosyl)- B-p-glucopyranoside (11)

To a solution of 10 (950 mg, 1.14 mmol} in methanol
(12 ml) was added sodium methoxide (43.0 mg, 795 pmol),
and the mixture was stirred for 2.5 h at room temperature.
IR-120B (H*) resin (628 pl) was added to neutralize the
solution, and the suspension was filtered and evaporated to
give 11 (612 mg, 99.4%): m.p.: 159 °C; IR (KBr) » 3420
(N-H), 2920 (O-H), 1653 (C=0), 1627 (N-H) cm™%;
'H NMR (D,0) & 6.10 (m, 1 H, ~CH=C), 5.66 (br-d, 1
H, -C=CH), 4.35 (m, 2 H, H-1' and 1), 3.82 (m, 1 H, H-4),
3.68 (m, 1 H,H-3"),3.56 (m, 2 H, H-3, 5),3.45 (m, 2 H, H-2,
4),3.38 (m, 2 H, -CH3-N-),3.20 (m, 3H, H-2, -O-CH-
) 2.64 (m, 2 H, -CH,-8-),2.49 (m, 2 H, -S-CH;-), 1.51
(m, 4 H, -CH;- % 2), 1.28 (m, 2 H, —CH,-); Anal.
C36H33N10198::0.25 H,0. Caled: C, 48.38; H, 7.29; N,
2.56. Found: C, 48.35; H, 7.05; N, 2.44.

3.11, 5-(2-aminoethylthio) pentyl 4-0O-{4-O-(a-D-
galactopyranosyl)- B-p-galactopyranosyl]--p-
glucopyranoside hydrochloride (12)

To a solution of 8 (200 mg, 349 pmol) in MeOH (2.0 ml)
was added 2-aminoethanthiol hydrochloride (198 mg,
1.75 mmol) and irradiated with ultraviolet light (254 nm)
at 0 °C for 3 h. The mixture was concentrated and then the
residue was purified by gel filtration with aqueous 5% acetic
acid to give 12 (241 mg, 100%): '"H NMR (D,0) & 3.09
(dd, 2 H, -CH,-N-C-), 2.73 (dd, 2 H, ~S-CH;-), 247
(dd, 2 H, ~CH,-8-).
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3.12. 5-(2-N-acryloylaminoethylthio) pentyl 4-0-{4-0O-
{2,3,4,6-tetra-O:acetyl-o-D-galactopyranosyl)-2,3,6-tri-O-
acetyl-B-p-galactopyranosyl]-2,3,6-tri-O-acetyl-B-D-
glucopyranoside (13)

Compound 12 (225 mg, 328 pmol) was dissolved in
methanol (3.0 ml) and cooled at 0 °C. Then to the solution
was added sodium hydrogen carbonate (165 mg,
1.97 mmol) and acryloyl chloride (80.0 pl, 984 pmol)
dropwise four times. To the mixture was added acetic
anhydride (7.0 ml) and pyridine (10.0 ml) at room tempera-
ture for 13 h and concentrated. The residue was diluted with
chloroform and washed successively with aqueous 1 M
hydrochloric acid, aqueous sodium hydrogen carbonate and
brine, dried over anhydrous magnesium sulfate, filtered, and
evaporated in vacuo, The residue was purified by silica gel
chromatography with 1:3 (v/v) toluene—ethyl acetate to
give 13 (163 mg, 44.2%): [a]}+¢ = +34.3° (¢ 1.09, CHCl,);
'"H NMR (CDCly) & 624 (dd, 1 H, Jygns = 17.1 Hz,
Jeem = 1.1 Hz, -C-C=CH), 6.22 (m, 1 H, -NH-), 6.09
(dd, 1 H, J.;; = 10.2 Hz, -C-C=CH), 5.60 (dd, 1 H, ~C—
C=CH), 5.53 (br-d, 1 H, H-4"), 533 (dd, 1 H,

Jorgn=112Hz, Jy o =3.2Hz H-3"), 514 (1, 1 H,
J23=9.1Hz, H-3), 5.13 (dd, 1 H, J;»» = 3.5 Hz, B-2"),
5.05 (dd, 1 H, Jy» = 7. 5 Hz, Jy 3 = 10.7 Hz, H-2), 4.94
(d,1H,H-1"),4.83(dd, 1 H, J, , = 8.0 Hz, H-2), 4.69 (dd, 1
H, Jy 4 = 2.7Hz, H-3), 447 (d, 1 H, H-1), 4.44 (m, 2 H,
H-6a", 6b"), 442 (d, 1 H, H-1), 438 (dd, 1 H,
Jsgo = 6.7 Hz, Jo g, = 11.5 Hz, H-6b), 4.07 (m, 4 H, H-
6a, 6a’, 6b' and 5"), 3.97 (br-d, 1 H, H4'), 3.77 (m, 3 H, H-4,
-0OCH,), 3.74 (t, 1 H, Js gz = Jo gy = 3.7 Hz, H-5), 3.43
(m, 2 H, —CH,-N-), 2.63 (t, 2 H, J=2.6Hz, -S~
CH,-C-N-), 247 (t, 2 H, J= 2.5, -C-CH;-8-), 1.99
(m, 30 H, —0Ac x 10), 1.52 (m, 4 H, -CH,- X 2}, 1.37
(m, 2 H, —CHz—); Anal. C43H59N1021S[. Calcd: C, 5129,
H, 6.19; N, 1.25. Found: C, 51.27; H, 6.1§; N, 1.22.

3.13. 5-(2-N-acryloylaminoethylthio) pentyl 4-0O-{4-O-(a-
D-galactopyranosyl)- B-D-galactopyranosyl]-3-p-
glucopyranoside (14)

To a solution of 13 (225 mg, 200 pmeol) in methanol
(2.85ml) was added sodivm methoxide (10.8 mg,
200 wmol), and the mixture was stirred for 8 h at room
temperature. IR-120B (H™) resin (158 pl} was added to
neutralize the solution, and the suspension was filtered and
evaporated to give 14 (141 mg, 100%): IR (KBr) v 3445
(N-H), 2922 (O-H), 1654 (C=0), 1623 (N-H) cm™'; 'H
NMR (D;0) 66.10 {m, 2H, -CH=C, -C=CH), 5.66(d, 1 H,
-C=CH),4.83(d,1H,H-1,4.39(d, 1 H,H-1),4.34(d, 1 H,
H-1), 4.23 (br-t, 1 H, H-5"),3.92 (br-d, 1 H, H-4),3.80 (m, 1
H, H-5",3.73 (m, 1 H,H-2"),3.62 (m, 2 H, H-3' and 4}, 3.52
(m, 2 H, H-3 and 5), 3.46 (m, 2 H, H-3", 2’ and 4), 3.36 (m, 2
H, -CH;-N-), 3.24 (s, 2 H, -OCH,-), 3.18 (t, 1 H, H-2),
2.65 (m, 2 H, -S-CH,-), 2.51 (m, 2 H, -CH,-8-), 1.52
(m, 4 H, —-CH,— X 2), 1.30 (m, 2 H, ~CH,-); '*C NMR
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. (D;0) 5168 (-C=0), 130(-C=C), 128 (—C=C), 103 (C-1’),
" 102 (C-1), 100 (C-1%).
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3.14. Copolymerization of glycosyl monomer
with acrylamide

A solution of the glycosy! monomer 1 (100 mg,
185 pmol) and 10 molar equiv of acrylamide (131 mg,
1.85 mmol) in distilled water (2.0 ml) was degassed using a
diaphragm pump, and TEMED (2.74 pl, 18.5 pmol) and
APS (1.67 mg, 7.3 pmol) were added. The reaction mixture
was continuously stimed for 2h at room temperature,
diluted with 0.1 M acetic acid—pyridine buffer (pH 5.00),
purified by using gel filtration (Sephadex G-50),
and lyophilized to give the water-soluble copolymer as a
white powder. The same procedure was carried out for each
of the monomers §, 11 and 14.

3.15. Polymerization of glycosyl monomer

A solution of a glycosyl monomer 11 or 14 (100 mg,
185 pmol) in distilled water (2.0 ml} was degassed using
a diaphragm pump, and TEMED (2.74 ul, 18.5 pmol)
and APS (1.67 mg, 7.3 pmol) were added. The reaction
mixture was continuously stirred for 2h at room
temperature, diluted with 0.1 M acetic acid—pyridine
buffer (pH 5.00), purified using gel filtration (Sephadex
(G-50), and lyophilized to give the water-soluble copoly-
mer as a white powder.
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{See the article by Watanabe et al., on pages 350-8.)

Shiga toxin (Stx)-producing Escherichia

coli (STEC), also known as “verocytotoxin-
producing E. col” {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-
archea, 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, Sl and Stx2, which
are AB, subunit toxins with | enzymati-
cally active A subunit and 5 identical cop-
ies 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). Stx2, which is found
more often than Stx1 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 Sx1 in vitro [27] and thus may
have a greater propensity than 51 to in-
jtiate 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, mesanggal cells,
monocytes |16, 28], and platelets [15, 29).

Circulating proinflammatory cytokines,
especially tumor necrosis factor (TNF)-o
and interleukin {IL)-13, stimulated by di-
rect toxin action on monocytes [30], po-
tentiate the action of Stx on endothelial
cells by inducing expression of the recep-
tor Gb, [31]. Binding of Stx to its target
cells presumably initiates a complex chain
of events, including coagulation and pro-
inflammatory processes, that results in
HUS [16, 28). Blocking of $tx binding to
endothelial cells to halt these events and
prevent the development of HUS might
be achieved by generation of specific Stx
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)-Galg(1-
4)-Glcf1-, which binds to the Stx B pen-
tamer. Although both Stx1 and Stx2 (in-
cluding subtypes 2c 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-
ins 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 orfentation
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 receptor an-
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-
bloody 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 gutlam-
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 lzboratory broth
media that show maximal toxin titers dur-
ing the STEC logarithmic growth phase
and cessation of toxin production in the
stationary phase [47]. Thus, $tx translo-

cation from the gut to the circulation must
occur at some point between the incu-
bation period, when 5tx 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 2 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 $tx2 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. Ippolito, Alberta Research Counctl, 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 Stx2 [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,
randemized, 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, Gala(1-
4)-GalB(1-4)-Glcf1-, 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 cbservation 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)JCP-
Gb3 absorbed and neutralized Stx1, Sox2,
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:pJCP-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 Stxl and
Stx2. 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 ©157: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 E. coli 0157:H7 multiplied
in the intestines between day 2 after in-
fection and day 4, when growth had
reached its peak, an incubation peried 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. St
was detected in blood only from day 3 to
day 5 after infection. E. coli 0157 strains
preducing Stx1, $tx2, or both were used,
and 10-day mortality tended to be highest
among mice challenged with strains that
produced both toxins. When Nishikawa
et al. [33) 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 ©157: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. Cne

of these compounds, “Starfish,” which has
an affinity for S&x1 and Stx2 that is several
orders of magnitude higher than that of
Synsotb-Pk [61], protected mice when it
was injected subcutaneously in combi-
nation with a lethal dose of S}, but not
when it was injected in combination with
Stx2 [62). On the other hand, a modi-
fied version of Starfish, called “Daisy”
[62], protected mice against both 5tx1 and
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 Stx1 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 [35, 56). It is derived
from linear polymers of acrylamide made
with different densities of the Gb, trisac-
charide Galo(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 $tx2 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 0157: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
gut toxin levels were in the exponential
growth phase and Stx was detectable in
the bloed), 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 clinically in pre-
venting HUS despite its limited ability to
neutralize the biological activity of Stx2 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
Stx2, is able to neutralize the biological
activities of both toxins in cell culture, and
is protective against otherwise fatal infec-
tion with E. coli Q157 when the polymer
is administered 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 Sx1 and Stx2
(Stx2c and Stx2d were not evaluated) than
does Synsorb-Pk. Theoretically, therefore,
Gb, 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-
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