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The critical role of specific oligosaccharide structures in the
biological function of many glycoproteins is now well appreci-
ated.1 The importance of protein-bound oligosaccharides in
cell-cell recognition events2 and in modulating protein folding
and stability3 has been highlighted in a number of recent
landmark studies, inspiring the development of new synthetic
methods for the construction of glycoproteins with defined,
homogeneous glycoforms. Many of the difficulties inherent to
the synthesis of such complex molecules, including the require-
ment for extensive protecting group manipulations and the
chemical sensitivity of glycosidic linkages, have been elegantly
addressed by several groups.4,5 Yet, the convergent coupling
of tailor-made oligosaccharides to a protein scaffold, an ap-
pealing strategy for the synthesis of complex glycoproteins, has
been successful only in the construction of the amide sugar-
peptide linkage found inN-linked glycopeptides. The extension
of this approach toO-linked glycopeptides has been hindered
by the difficulties endemic to the formation of a sugar-peptide
glycosidic bond.
Here we report a strategy for the convergent synthesis of

O-linked glycopeptide analogs with native sugar-peptide link-
ages using the principle of chemoselective ligation.6 At the heart
of this approach is the introduction of mutually and uniquely
reactive functional groups (e.g., an aldehyde group and a
hydroxylamino group) onto unprotected fragments and the
coupling of these fragments in an aqueous environment. The
general strategy is depicted in Figure 1. First, building block

1 [NR-Fmoc-Thr/Ser(Ac3-R-D-GalNAc)] is incorporated into a
glycopeptide by solid-phase peptide synthesis (SPPS).4c-j Next,
a chemically unique functional group for chemoselective ligation
is introduced with use of the commercially available enzyme
galactose oxidase,7 which selectively converts galactose or
GalNAc residues to the corresponding C-6 aldehydes. The
aldehyde groups are reacted with an unprotected oligosaccharide
bearing a hydroxylamino group at the reducing end, affording
an oxime-linked analog of theâ1f6 glycosidic linkage that is
frequently observed in naturally occurring O-linked glycans.8

This approach allows flexibility in the elaboration of outlying
glycoforms while retaining the native proximal GalNAc-R-Ser/
Thr linkage.
Our focus on preserving the sugar-peptide linkage was

motivated by several studies suggesting a major role for the
proximal GalNAc residue in modulating local peptide confor-
mation.9 In some glycopeptide targets, perturbation of this
linkage might result in loss of native conformation and therefore
function. Several methods are available for the covalent
attachment of oligosaccharides to peptides through non-native
linkages,10 including chemoselective ligation of the reducing
terminal aldehyde of an oligosaccharide to an N-terminal
hydroxylamino group.11 These methods may not be suitable,
however, for the synthesis of glycoproteins with glycosylation-
dependent active conformations.
To demonstrate this methodology we selected the insect-

derived, antibacterial 19-amino acid glycopeptide drosocin, the
biological activity of which is influenced by glycosylation.12

Drosocin’s potency in blocking bacterial growth is enhanced
2-8-fold (depending on the target bacterial strain) by a single
O-linked disaccharide (GalfGalNAc) at Thr11.13 Threonine
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Figure 1. A general strategy for the chemoselective synthesis of
O-linked glycopeptides with native sugar-peptide linkages.
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derivative14h (Figure 1) was incorporated into drosocin with
use of Fmoc-based solid-phase methods to give GalNAc-
drosocin2 (Scheme 1), which was oxidized with galactose
oxidase to the corresponding C-6 aldehyde (isolated yields were
>70%). Hydroxylamino derivatives of galactose (3) and
GlcNAc (4) were prepared from the correspondingN-hydrox-
ysuccinimidoglycosides with the method of Roy and co-
workers.14 Compounds3 and4 were coupled with the glyco-
peptide aldehyde to give chemoselectively ligated products5
and6, respectively (isolated yields were>80%). The glyco-
sylation sequence of glycopeptide5 mimics that of native
drosocin. The glycan in glycopeptide6 mimics the naturally
occurring GlcNAcâ1f6GalNAc (“core 6”) structure; an oxime
group substitutes for the natural glycosidic bond and the linkage
is extended by one atom.
Unprotected oligosaccharides, either synthetic or derived from

natural sources, can be converted to the corresponding glyco-
sylamines via Kochetkov amination.4kl,15 Functionalization of
these derivatives with a hydroxylamino group would provide
access to a wide variety of oligosaccharide coupling partners.
To demonstrate this approach we synthesized lactose hydroxyl-
amine7by aminooxyacetylation16 of a glycosylamine derivative.
Compound7 was coupled with the aldehyde derived from
enzymatic oxidation of2 to give chemoselectively ligated
glycopeptide8.
We also applied the enzymatic oxidation and chemoselective

ligation reactions to the simple monosaccharideR-benzyl
GalNAc to obtain oxime-linked disaccharide9 for spectroscopic
comparison with oxime-linked glycopeptides (Figure 2). Both
the trans and cis isomers of compound9 were obtained in a
ratio of 2.5:1 (trans/cis).17 1H NMR analysis of drosocin analog
6, bearing an identical oxime-linked disaccharide, revealed only
a single isomer that was assigned thetrans configuration

based on the chemical shift of the oxime proton (HCdNOR,
7.69 ppm). Thus, the C-1 substituent of GalNAc appears to
affect thetrans/cisratio of oximes formed at C-6. Conforma-
tional analysis of oligosaccharides possessing the native
GlcNAcâ1f6GalNAcR1fOR structure has exposed interac-
tions between the C-1 sustituent of GalNAc and the GlcNAc
residue that affect the conformational preference of theâ1f6
linkage.18 The oxime-linked products reported here may
experience similar interactions, a possibility warranting further
investigation.

Finally, we compared the relative potencies of unglycosylated
drosocin and chemoselectively ligated analog5 (the closest
structural mimic to native GalfGalNAc-drosocin) to determine
the functional consequences of the unnatural oxime-linked
glycan at Thr11. Glycopeptide5 was found to be 3- to 4-fold
more potent in blocking bacterial growth (IC50 ) 0.12( 0.02
µM) than unglycosylated drosocin (IC50 ) 0.40( 0.05µM),
similar to the trend observed with native glycosylated drosocin.
This observation suggests that flexibility in the structure of the
outlying glycoform is permitted as long as the native sugar-
peptide linkage is maintained. Glycoproteins that follow this
paradigm are predicted to be well suited synthetic targets for
this chemoselective ligation approach.
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