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The fields of protein- and nucleic acid-related chemistry and 
biochemistry have benefited greatly from the development of 
solid-phase synthesis of peptides1 and oligonucleotides.2 In 
contrast, the development of solid-phase synthesis of oligosac
charides has been hampered by the lack of effective differential 
protection/deprotection strategy and high-yield stereoselective 
coupling of multifunctional carbohydrate donors and acceptors.3 

Only recently, this problem has been addressed by Danishefsky 
et al.,4 who have developed a new method based on glycal 
chemistry. We report here a new strategy which enables a rapid 
iterative formation of peptide bonds chemically and glycosidic 
bonds enzymatically with glycosyl transferases on a silica-based 
solid support compatible with both organic and aqueous solvents. 
The key element is to attach a proper acceptor-spacer group with 
a selectively cleavable bond to the solid support so that enzymatic 
coupling can be effectively achieved and the glycopeptide (or 
oligosaccharide) products can be released. No protection of the 
sugar hydroxyl groups is required. 

Glycosyltransferases have become valuable reagents for gly-
cosylation due to their high regio- and stereoselectivity and 
increasing availability via recombinant DNA technology;5 how
ever, no viable methodology has been developed6 for solid-phase 
enzymatic synthesis of oligosaccharides. 

Of several solid supports tested,7 aminopropy 1 silica was chosen 
because it (i) is compatible with both aqueous and organic solvents, 
(ii) has a large surface area accessible to biomolecules, and (iii) 
has a sufficient density of functional groups (~ 1.5 mmol/g). In 
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the first step, a hexaglycine spacer was attached to the support 
(Scheme I)8 to give a substitution level of 0.2 mmol/g of dry 
silica. Excess amino groups were then capped using acetic 
anhydride. In the second step, a selective cleavage site was 
implemented for the release of intermediates and final products 
from the support under mild conditions by introduction of an 
a-chymotrypsin-sensitive phenylalanyl ester bond.9 Addition of 
a glycopeptide gave the glycosyl acceptor 3a, which upon a-
chymotrypsin-catalyzed hydrolysis yielded N-BoC-ASn(GIcNAqS)-
Gly-Phe-OH (3b) as the exclusive soluble product. 

/8-1,4-Galactosyl transfer to 3a was catalyzed by /3-1,4-
galactosyltransferase (from Sigma) employing UDP-galactose 
as a glycosyl donor. Reverse-phase HPLC analysis of the 
supernatant after a-chymotrypsin hydrolysis of an aliquot of 
washed and dried solid material revealed a galactosylation level 
of 55% based on the galactosylated tripeptide Boc-Asn-
(Gal01,4GlcNAc;8)-Gly-Phe-OH (4b) isolated by semiprepar-
ative HPLC. The subsequent solid-phase a-2,3-sialylation of 4a 
was performed under similar conditions using a-2,3-sialyltrans-
ferase10 and CMP-sialic acid to give the sialylated product in 
65% yield. To illustrate the feasibility of the system for the 
synthesis of a soluble bioactive glycopeptide, the sialylated 
tripeptide released from the solid support by chymotrypsin was 
enzymatically fucosylated to form sialyl Lewis X glycopeptide 
7.11 The a-1,3-fucosyltransferase-catalyzed10 reaction with GDP-
fucose went to completion within 10 h as monitored by HPLC. 
Since both 4a and 5a are substrates for the enzyme, the product 
mixture contained 3 5% of 6,20% of 7, and 45% of the unreacted 
3b.12 

In summary, the solid-phase system presented here supports 
both chemical peptide synthesis and glycosyltransferase-catalyzed 
sugar chain elongation and allows a rapid synthesis and controlled 
release of glycopeptides." The glycosylation reactions were 
performed in good yields. The system should also enable the 
synthesis of oligosaccharides as the peptide moiety can be removed 
enzymatically using endoglycosidases.13 In addition, glycopep
tides displayed on the solid support may find use in the affinity 
purification of carbohydrate-binding proteins, the assay of binding, 
and/or the catalysis of such proteins and the assembly of 
immobilized oligosaccharide libraries. Work is in progress to 
improve the yield in each coupling step to avoid the formation 
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Scheme 1. Solid-Phase Supported Chemical-Enzymatic Synthesis of a Sialyl Lewis X Glycopeptide" 
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' Reagents and conditions: (a) (i) BoC-GIy3-OH (0.3 equiv), DCC/HOBt, DIEA, (ii) acetic anhydride, pyridine, (iii) 25% TFA (CH2Cl2), (iv) 
BOc-GIy3-OH (5 equiv), DCC/HOBt, DIEA; (b) (i) 25% TFA (CH2Cl2), (ii) 0-(iV-'Boc-phenylalanyl)glycolic acid (7 equiv), BOP/HOBt, DlEA; 
(C) (i) 25% TFA (CH2Cl2), (ii) Boc-Gly-OH (7 equiv), BOP/HOBt, DIEA, (iii) TFA (CH2Cl2), (iv) Boc-Asn(GlcNAc/3)-OH (3 equiv), BOP, DIEA; 
(d) /3-1,4-galactosyltransferase, UDP-GaI (1.5 equiv), 0.1 M HEPES (pH 7.0), 10 mM MnCl2; (e) a-2,3-sialyltransferase, CMP-NeuAc (1.5 equiv), 
0.1 M HEPES (pH 7.0), 5 mM MnCl2); (f) (i) a-chymotrypsin, H2O (pH 7.0), (ii) ultrafiltration, (iii) a-l,3-fucosyltransferase, GDP-Fuc (2.5 equiv), 
0.1 M HEPES (pH 7.0). 

of deleted or truncated products and to develop a new method 
to extend the peptide chain in aqueous media. 
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