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ABSTRACT

A trisaccharide donor containing a cis-Galpr(1f4)Galp linkage was prepared using a synthetic strategy based on chemoenzymatic
oligosaccharide synthesis on a soluble polymeric support. Significantly, only retaining glycosyltransferases gave complete reactions, whereas
inverting enzymes showed little or no activity with poly(ethylene glycol) (MPEG)-bound lactose as an acceptor. The MPEG-attached trisaccharide
was shown to bind to Verotoxin-1 by transfer NOE studies through the Galpr(1f4)Galp portion of the molecule.

Our research activities are directed toward the simplification
of the synthesis of oligosaccharides. Toward this goal, we
have developed methodological improvements to polymer-
supported and chemoenzymatic syntheses. One of the major
unsolved problems in polymer-supported oligosaccharide
synthesis is how to incorporate “difficult” linkages such as
cis linkages.1 One strategy is to prepare oligosaccharide
building blocks containing the “difficult” linkage and use
the building block in the preparation of larger oligosaccha-
rides. We demonstrate that oligosaccharide building blocks
containing cis linkages can be synthesized on polymeric
supports chemoenzymatically. This strategy combines the
advantage of the absolute stereochemical control ofcis-
glycoside bond formation afforded by glycosyltransferases2

and the simple purifications from using polymeric supports.3

These efforts culminated in the synthesis of the Pk antigen
as a trisaccharide and a tetrasaccharide attached to the
polymer poly(ethylene glycol) (MPEG), CH3O(CH2CH2O)nH
via the linker dioxyxylene [DOX,-(O)CH2PhCH2(O)-].4

These oligosaccharides contain acis-GalpR(1f4)Galp link-
age and are of interest because they could bind to the
Verotoxin fromEscherichia coliO157.5

Initially, lactose was glycosidically bound to (MPEG)-
(DOX)OH 1 by glycosylation with the perbenzoylated
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thioglycoside donor2 (see Scheme 1). All attempts to use
the more accessible peracetylated lactose donors were
frustrated by concomitant acetyl transfer to the polymer-
bound construct.6 Reactions with2 proceed in essentially
quantitative yield to3 free of this side reaction. The soluble
polymer-bound compounds can be purified by precipitation
with tert-butyl methyl ether (TBME) and reprecipitation from
absolute ethanol. After debenzoylation, the acceptor4 can
be dissolved in aqueous buffers since (MPEG) is also readily
water soluble. Thus, the well-characterized enzymeR(1f4)-
galactosyltransferase (LgtC)7 and the nucleotide donor UDP-
Gal can be incubated with4. The reaction proceeds to near
completion to yield polymer-bound Pk trisaccharide5.
Purification involves centrifugation to remove insoluble
precipitates, lyophilization followed by extraction into
dichloromethane, filtration, and evaporation. This material
is nearly pure and can be further purified by reprecipitation
from ethanol. In some cases, treatment with acidic ion-
exchange resin is recommended to remove traces of para-
magnetic metals (e.g., Mn2+), which can interfere with NMR
studies. NMR studies are conveniently performed in CDCl3

or D2O solutions. Signals for4 were not detectable, and only
those consistent with5 were observed (see Figure 1a).

The trisaccharide can be cleaved from the (MPEG)(DOX)
by Sc(OTf)3 in the presence of acetic anhydride to yield
easily purifiable peracetylated sugar-DOXOAc products.
These procedures are easily scaled up to yield hundreds of
milligrams of trisaccharide6 (see Scheme 2).8 A sequence
of hydrogenation to yield7 followed by treatment with CCl3-
CN and DBU leads to the trichloroacetimidyl donor8. This
donor can be used to glycosylate polymer bound acceptor9

to yield 10 and after cleavage to yield tetrasaccharide11.9

Thus, thecis-GalpR(1f4)Galplinkage of5 is incorporated
into a polymer-bound oligosaccharide. This sequence is a
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Scheme 1

Figure 1. Partial one-dimensional transient NOE spectra of 2 mM
polymer-bound trisaccharide5 and5 with Verotoxin-1 (200/1) in
D2O: (a)1H NMR spectra of5 in D2O; (b) 1D NOESY spectra of
5 and VT-1 in D2O; (c) 1D NOESY spectra of5 in D2O.

Scheme 2
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prototype of a powerful strategy to overcome one of the
inherent problems in synthesizing oligosaccharides by polymer-
supported methods, namely absolute stereochemical control
of cis-glycoside formation. This new iterative protocol
extends our previous approaches to this problem based on
chemoenzymatic synthesis of oligosaccharide donors10 and
complements a recent entirely chemical approach, which
relies on developing a 100% stereoselective glycosylation
reaction.11

This chemoenzymatic protocol relies on finding enzymes
that are compatible with MPEG-bound acceptors. We have
examined a number of glycosyltransferases, which include
so-called retaining and inverting glycosyltransferases, for this
activity (see Table 1). Experiments with the inverting
enzymes,R(2f3)sialyltransferases andâ(1f3)-N-acetyl-
glucosaminyltransferase (LgtA) fromNeisseria meningitidis
or Campylobacter jejunigave extremely low yields or no
reaction.12 Typically, the reactions were treated with more
enzyme and excesses of nucleotide sugar donors. However,
the glycosylation reaction yields were not increased.LgtC
is a retaining enzyme, so we tested4 as a substrate for
another retaining enzyme, the bovineR(1f3)galactosyl
transferase.13 As expected, near-quantitative galactosylation
of the MPEG-bound acceptor4 was achieved in the presence

of only a small excess of uridine 5′-diphospho galactose
(UDP-Gal, 1.5 equiv). The 1D and 2D NMR spectroscopy
(gCOSY, gHSQC, and HMBC) of14 indicated that the
glycosidic linkage is acis-GalpR(1f3)Galplinkage (chemi-
cal shift of terminal Gal anomeric proton:δ ) 5.23 ppm,J
) 2.0 Hz). This allows for the synthesis of the so-called
xenotransplantation antigen GalpR(1f3)Galp14 (see Scheme
3).

A recent report successfully used glycosidases with our
(MPEG)(DOX) system, but the maximum reported yields
were 24%, which would compromise our new iterative
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Table 1. Glycosylation Reaction of
GalpR(1f4)Glcpâ-O-(DOX)(PEGM)4 with a Number of
Retaining and Inverting Glycosyltransferases

enzyme (gene) donor (R/â)
yield (%)

(config (R/â))

R(2f3) sialyltransferase CMP-NeuNAc (â) ∼0
(NST-27)a inversion (R)
(CST-04)b ∼0-2

inversion (R)
(CST-06)b ∼0-5

inversion (R)
â(1f3)-N-acetylglucosaminyl UPD-GlcNAc (R) ∼0-5

transferase (LgtA)c inversion (â)
R(1f3)galactosyltransferase

(bovine)
UDP-Gal (R) >95

retention (R)
R(1f4)galactosyltransferase

(LgtC)
>95
retention (R)

a For reaction conditions, see ref 20.b Acceptor4 (1 mM), HEPES (50
mM), MgCl2 (20 mM), CMP-Neu5Ac (2 mM), 0.08 U of enzyme, 37°C,
18 h. c For reaction conditions, see ref 20.
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protocol.15 A recent report using a dendritic linker system
attached to a PEG derivative also encountered difficulties
in obtaining quantitative yields.16 The origin of this inhibition
of the transferases by MPEG-bound acceptors is not clear.
We have done a number of control experiments that rule
out simple explanations. For example, the deacetylated
lactoseDOX glycoside12a is an acceptor for some of the
inactive transferases, ruling out a simple conformational
explanation. Also, incubating a standard lactose-FCHASE17

acceptor12b in the presence of (MPEG)(DOX)OH1 does
not inhibit the inverting transferase ofR(2f3)sialyltrans-
ferase fromN. meningitidis. Similarly, incubating12a in the
presence of4 and theR(2f3)sialyltransferase fromC. jejuni
(CST-06) did not inhibit the sialylation of12a, while4 was
not sialylated. These direct competition experiments rule out
nonspecific inhibition by PEG.

We currently hypothesize a “strangulation” effect in which
binding of the acceptor to the enzyme active site leads to
metastable binding of the PEG chains to the protein and
hence inhibition of transferase activity. Without the nucle-
ation by sugar-protein binding, the PEG-protein interaction
is too weak to lead to enzyme inhibition. We are currently
examining more transferases and testing different experi-
mental protocols to optimize these reactions.

To study the mechanism(s) of MPEG-attached oligosac-
charides binding to proteins, we performed NMR studies of
5 in D2O solution. Construct5 was shown to bind to the
Verotoxin-1 fromE. coli O15718 by 1H NMR transfer NOE
measurements.19 In the absence of protein,5 behaves like a

small molecule withωτc < 1 and, hence, positive NOEs;
see Figure 1c. Once bound to the protein, the NOEs across
the GalpR(1f4)Galplinkage become negative (ωτc > 1),
whereas those in the DOX linker remain positive; see Figure
1b. This clearly indicates that the major binding is between
the sugar and the protein and not the linker or the PEG.
Furthermore, without sophisticated numerical analyses of the
NOE data, one can conclude that the GalpR(1f4)Galp
portion of the molecule binds to the protein in agreement
with previous NMR studies.19 These interesting motional
properties of MPEG-bound oligosaccharides are currently
being studied in more detail to ascertain if this provides a
general method for determining binding sites of protein-
bound oligosaccharides.
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