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Sialic acids, a diverse family of nonulosonic acids, have been CMP—(Gal-Sia) will result in the elongation of the compound with
predominantly found as the outermost carbohydrate units on a disaccharide repeating unit (Gal-Sia). When CM@al-Sia) is
glycoproteins and glycolipids of vertebrates or on surface polysac- intended to be used as a sialyltransferase donor, it can also be
charides of some pathogenic bactérighe surface polysaccharides considered #-p-galactoside which can also be recognized by the
(e.g., capsular polysaccharides or lipopolysaccharides) of somesialyltransferase as an acceptor. In order to prevent the complication
pathogenic bacteria also contain internal sialic acid residues, suchof the sialyltransferase-catalyzed reaction, GMRcGal-Sia)
as N-acetylneuraminic acid (NeuSAc) and 2-keto-3-deexy-  containing a protected Gal, such as a peracetylated galactopyranosyl
glycerob-galacto-nonulosonic acid (KDN), as part of their oli- moiety, at the nonreducing end is used. The designed €MP
gosaccharide repeating units. For exam@t@ntigen ofSalmonella  (AcGal-Sia) can now only be used as a potential donor for the
arizonaeO21 contains{-3)-o-L-FUgN(1—3)-5-d-GlcpNAC(1—7)- sialyltransferase. After being transferred to the acceptor, the product
o-D-Newp5Ac(2—] as repeating unit Capsular polysaccharides of  can be deprotected and used as an elongated acceptor for another
Neisseria meningitidigroup W135 and Y consist of repeating units  yound of sialylation. Repeating the process leads to efficient

[—6)-a-D-Gap(1—4)-0-0-NewSAc(2~) and [~6)-a-0-Glep(1—4)- synthesis of structure- and size-defined polysaccharides.
a-D-NetpSAc(2—], respectively: KDN-containing polysaccharides To test whether oligosaccharides can be transferred from CMP-
with repeating unit {-2)-a-p-Galp(1—2)-6-p-Ribf(1—9)-a-p- activated oligosaccharides by Pd2,6ST, the CMP-activated disac-

KDNp(2—] haV(z been detected in the cell wall 8norhizobium  charide analogud, in which the disaccharide analogue moiety
freiddi SVQ293" These ionic polysaccharides are believed to be ¢qnists of a peracetylated galactose linked to a sialic acid residue
essential for efficient attachment of pathogenic microorganisms to through a triazole ring, was prepared by an efficient chemoenzy-
host cell$ and are important virulence factdrs. __ matic approach. As shown in Scheme 1, the azido derivative of
Structurally defined polysaccharides containing internal sialic CMP—Neu5Ac, CMP-Neu5NAz 2, was synthesized fronh-

acid residues are extremely difficult to obtain in homogeneous forms azidoacetyb-m:slnnosamind at 3706 using a one-pot two-enzyme
either by isolation from natural sources by chemical synthes's. system containing a recombinaht coli sialic acid aldolase and a
Developing novel chemoenzymatic approaches to attain S'Ze'def'nedrecombinanN. meningitidisCMP—sialic acid synthetase (NmCSS)

polysaccharides with internal sialic acid resndues has been one of.n Tris-HCI buffer (100 mM, pH 8.5) containing 5 equiv of pyruvate
our research goals. We report here the first successful example o . . ; b .
b . . : and 1.5 equiv of CTP? After stopping the reaction by adding

controlled chemoenzymatic synthesis of size-defined polysaccha- o . . .
: L L . ) : ethanol to precipitate the protein, the mixture was centrifuged to
rides with internal sialic acid residues by sialyltransferase-catalyzed -

A ) - . ’ remove the precipitate and concentrated on a rotary evaporator.
block transfer of oligosaccharide repeating units. The obtained

compounds are mimics of naturally occurring polysaccharides. Thtﬁ mlxturet cloptglnlngz was use(il ththout pur_lggagon to react
Sialyltransferases are enzymes that catalyze the transfer of a sialicV!!h peracetyiate propargyi--galactopyranosi y copper-

acid from activated sugar nucleotide donor Civitalic acid to an (I)-catalyz_ed Huisggn’s 1,3-d.ipolar cycloa_ddition (?f azide .and
acceptor for the formation of sialic acid-containing structdréke alkyne (click chemistry¥ to yield CMP-activated disaccharide
sialyltransferase used here is a recombirimtobacterium dam- ~ 2nalogue4 in 83% overall yield after silica gel column and gel
selaa2,6-sialyltransferase (Pd2,6S%)It has flexible donor and filtration column purification. , .
acceptor substrate specificities. For example, CMP-NeuSAc deriva-  With the desired CMP-disaccharide analoguein hand, we were
tives with diverse modifications on different positions of NeusAc "€ady to investigate the suitability of this compound being used as
are acceptable donors, and compounds wjtkagalactospyranose ~ @ donor substrate for Pd2,6ST. As shown in Scheme 2, we
(3-0-Galp) at the nonreducing end are good acceptors for the delightedly found that the compourdwas an excellent substrate
enzymeloac for Pd2,6ST. Pd2,6ST-catalyzed sialylation of propargyb-

The design for the controlled chemoenzymatic synthesis of dalactopyranosidgin Tris-HCl buffer (100 mM, pH 7.5) followed
polysaccharides with sialic acid-containing repeating units is based by deacetylation of the product by Zempleeaction in sodium
on the assumption that sialyltransferases with relaxed substratemethoxide and methanol produced trisacchafide 95% overall
specificity can transfer oligosaccharides from their cytidine 5 Yield. A second round of sialylation using the newly formed
monophosphate (CMP)-activated forms to acceptors containing atrisaccharide6 as an acceptor followed by deacetylation gave a
galactose residue at the nonreducing end §G&). The simplest pentasaccharidein 91% yield. The third round of sialylation and
CMP-activated oligosaccharides that can be potentially used asdeprotection afforded heptasacchardde 81% yield. All of these
sialyltransferase donors would be CM@isaccharides containing ~ compounds were characterized by high-resolution mass spectrom-
a sialic acid that is directly linked to the CMP. If the nonreducing etry (HRMS) and nuclear magnetic resonance (NMR) spectrometry.
end of the CMP-disaccharides is A-p-Galp, the product of the Tested in small scale and monitored by thin-layer chromatography
sialylation catalyzed by sialyltransferases can be used as an acceptafTLC), the synthesis of a nonasacchar@l&om heptasaccharide
for the second round of sialylation. Each round of sialylation with 8 was also achieved efficiently>80% yield, estimated by TLC)

11918 = J. AM. CHEM. SOC. 2007, 129, 11918—-11919 10.1021/ja075736b CCC: $37.00 © 2007 American Chemical Society
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Scheme 1. Chemoenzymatic Synthesis of CMP-Activated
Disaccharide Analogue 4
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Scheme 2. Controlled Chemoenzymatic Synthesis of
Size-Defined Polysaccharides by Pd2,6ST-Catalyzed Block
Transfer of Disaccharides
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using the similar approach. The formation of the nonasacchéride
was confirmed by MALDI-TOF mass spectrometry.

In order to synthesize polysaccharides more efficiently and to
further test the flexibility of the Pd2,6ST, a CMP-activated
tetrasaccharid&l1 was prepared by click chemistry similar to that
described for the synthesis df Briefly, trisaccharidel0 was
obtained by Pd2,6ST-catalyzed sialylationsafising4 as a donor
followed by silica gel column purification. Copper(l)-catalyzed
Huisgen’s 1,3-dipolar cycloaddition of the azide in CiMIReu5NAz
2 and the alkyne in trisaccharid&é0 afforded CMP-activated
tetrasaccharidell in 98% yield. As shown in Scheme 3, the
tetrasaccharide ifil could also be efficiently transferred by Pd2,-
6ST to trisaccharidé followed by deacetylation to give heptasac-
charide 8 in high yield (85%). Second round of sialylation of
heptasaccharid@ using CMP-tetrasaccharidell as a donor
successfully produced undecasacchadidéen good yield (65%).
The final productl2 was confirmed by NMR and MS. These results

clearly indicate that the newly designed chemoenzymatic synthesis
is an efficient and novel approach to obtain size-defined polysac-

charides with sialic acid-containing repeating units.
In conclusion, we have demonstrated a novel and highly efficient

chemoenzymatic approach for synthesizing structure- and size-
defined polysaccharides containing internal sialic acid residues by
sialyltransferase-catalyzed block transfer of oligosaccharide repeat-

Scheme 3. Synthesis of CMP-Activated Tetrasaccharide 11 and
Controlled Chemoenzymatic Synthesis of Size-Defined
Polysaccharides by Pd2,6ST-Catalyzed Block Transfer of
Tetrasaccharides
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ing units. These compounds are mimics of some surface polysac-
charides produced by a number of pathogenic bacteria. The
chemoenzymatic synthetic approach reported here provides ad-
ditional evidence that bacterial sialyltransferases have extremely
flexible substrate specificity. They are efficient tools in novel
synthesis of diverse and complex sialic acid-containing carbohy-
drates and glycoconjugates.
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