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Reports the generation of a library composed of UDP-GlcNAc/

UDP-GalNAc and investigates the substrate specificity of

Escherichia coli GlcNAc-1-P uridyltransferase GlmU.

In glycobiology research, analogs of sugars and glyco-

conjugates equipped with functional groups that enable facile

detection or further derivation are indispensable materials for

deciphering structure–function relationships in carbohydrate-

associated pathways1 and discovering carbohydrate-based

drugs.2 These analogs can be produced chemically or

enzymatically. Of the available enzymatic methods, glycosyl-

transferase-catalyzed oligosaccharide synthesis is generally

preferred as the reactions are regio- and stereoselective and

also eliminate the typical multiple protection/deprotection

steps required for chemical synthesis. As a result, access

to commercially unavailable unnatural sugar nucleotide

substrates of Leloir-type glycosyltransferases is of considerable

interest.

N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine

(GalNAc) are ubiquitous amino sugar components of glyco-

conjugates. GlcNAc is a component of peptidoglycans,3 while

both amino sugars play key roles in different glycosamino-

glycans.4 Moreover, they are prevalent in the core structures of

glycans in glycoproteins,5 and glycolipids,6 affecting cell–cell

interactions during various metabolic processes. Replacement

of GlcNAc/GalNAc residues by GlcNAc/GalNAc analogs in

a polysaccharide or glycoconjugate would thus be a good approach

to understand the mechanism of GlcNAc/GalNAc-related

pathways. GlmU, a GlcNAc-1-P uridyltransferase (pyrophos-

phorylase) from Escherichia coli,7 was accordingly employed

to obtain unnatural uridine 50-diphosphate-GlcNAc/uridine

50-diphosphate-GalNAc (UDP-GlcNAc/UDP-GalNAc) sugar

donors. This enabled generation of a library composed of

UDP-GlcNAc/UDP-GalNAc analogs and determination of

the substrate specificity of GlmU towards GlcNAc-1-P,

GalNAc-1-P and their corresponding analogs.

GlcNAc-1-P/GalNAc-1-P and their analogs used as GlmU

substrates were prepared chemoenzymatically as previously

described.8 The corresponding sugar nucleotides were

constructed by GlmU using sugar-1-P and UTP. In addition,

yeast inorganic pyrophosphatase was added to drive the

GlmU reaction forward by degrading the byproduct PPi.

All sugar nucleotides produced here were purified by anion

exchange chromatography followed by desalting with size

exclusion chromatography.

Out of seventeen sugar-1-P compounds tested, eleven were

accepted by GlmU (Table 1).9 GlcNAc-1-P, its 4-epimer

(GalNAc-1-P) and the 4-deoxy version were converted to

sugar nucleotides at comparable levels, indicating the 4-hydroxyl

group may not be necessary for enzyme recognition. In

contrast, 4-azido GalNAc-1-P failed in the reaction, presumably

resulting from the bulkiness of the azido group. The tolerance

for N-acyl modifications was different for GlcNAc-1-P and

GalNAc-1-P analogs. For the GlcNAc type, compounds with

relatively small N-acyl groups (GlcNAz-1-P and GlcNPr-1-P)

were good substrates, leading to generation of compounds 2

and 3. Reaction efficiency decreased for compound 4,

however, with its bulky acyl group, while compound 5 was

non-isolable and only detectable by MS, demonstrating poor

acceptance for bulky substitutions. Interestingly, none of the

N-acyl modified GalNAc-1-P analogs were accepted by

GlmU. The changes at both the N-acyl and C-4 positions

may enlarge these sugar-1-P compounds, thus causing them to

fail to enter the uridyltransferase pocket.10

In contrast, the tolerance for 6-modified GlcNAc-1-P and

GalNAc-1-P analogs was quite similar. The yields of smaller

6-deoxy UDP-sugars were comparable to that of UDP-GlcNAc

and decreased dramatically for 6-azido compounds bearing a

relatively large substituent. The 3-epimer of GlcNAc-1-P was

also converted to the corresponding sugar donor but with

lower yield than GlcNAc-1-P.

To probe whether these UDP-sugar analogs are prospective

sugar donors for glycosyltransferases, 6-deoxy UDP-GlcNAc

(6) and Lac-1-OBnwere chosen as donor and acceptor respectively

for LgtA (EC 2.4.1.56), which is a N-acetylglucosaminyl-

transferase. A trisaccharide with a terminal 6-deoxy-GlcNAc

was produced (Scheme 1). In addition, a disaccharide

(6-deoxy-GlcNAcb1-3GalpNO2Ph) was detected by MS and

TLC (Fig. S2 and S3w) when p-nitrophenyl a-D-galactopyrano-
side was used as another acceptor.

In summary, we have reported the enzymatic synthesis of a

set of UDP-GlcNAc/UDP-GalNAc analogs. The substrate

specificity of the pyrophosphorylase GlmU towards sugar-1-P

compounds was also examined. The enzyme showed relaxed

tolerance for modifications at N-acyl, C-3, C-4, and C-6

positions, with a preference for small substituent groups.

The yields were low to moderate (10–65%) and some sugar-1-Ps

failed to generate the corresponding UDP-sugars due to the
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Table 1 Isolated yields for enzymatic pyrophosphorylation reactions

Entry Product Yield (%)a Entry Product Yield (%)a

1 40 9 65

2 44 10 N/Ab

3 57 11 N/Ab

4 27 12 N/Ab

5 N/Ab 13 N/Ab

6 50 14 55

7 20 15 10

This journal is �c The Royal Society of Chemistry 2009 Chem. Commun., 2009, 6976–6978 | 6977
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steric problem. However, our approach still exceeds cumber-

some chemical synthesis9 and can quickly produce the desired

UDP-sugar analogs in relatively large scale (30–50 mg).

Mutants of GlmU or other pyrophosphorylases could be

utilized to enrich the donor analog library. Nonetheless, the

unnatural sugar donors produced here are applicable in

carbohydrate/glycoconjugate analog synthesis, establishing a

platform for developing new sugar-based therapeutics and

unraveling mechanisms underlying sugar-related biological

processes.

P. G. Wang acknowledges the National Cancer Institute

(R01 CA118208), NSF (CHE-0616892) for financial support.

W. Guan acknowledges the China Scholarship Council for

financial support. Mass spectra data were collected on a

Bruker micrOTOF instrument provided by a grant from the

Ohio BioProducts Innovation Center. We also thank Robert

Woodward for proofreading of the manuscript.

Notes and references

1 H. C. Hang, C. Yu, M. R. Pratt and C. R. Bertozzi, J. Am. Chem.
Soc., 2004, 126, 6; W. Yi, X. Liu, Y. Li, J. Li, C. Xia, G. Zhou,
W. Zhang, W. Zhao, X. Chen and P. G. Wang, Proc. Natl. Acad.
Sci. U. S. A., 2009, 106, 4207.

2 H. J. Jennings, R. Roy and A. Gamian, J. Immunol., 1986, 137,
1708; C. Boucheron, V. Desvergnes, P. Compain, O. R. Martin,
A. Lavi, M. Mackeen, M. Wormald, R. Dwek and T. D. Butters,
Tetrahedron: Asymmetry, 2005, 16, 1747.

3 J. van Heijenoort, Glycobiology, 2001, 11, 25R.
4 T. C. Laurent and J. R. Fraser, FASEB J., 1992, 6, 2397;
M. Salmivirta, K. Lidholt and U. Lindahl, FASEB J., 1996, 10,
1270; U. Lindahl and M. Hook, Annu. Rev. Biochem., 1978, 47, 385.

5 I. Brockhausen, S. Narasimhan and H. Schachter, Biochimie, 1988,
70, 1521; K. L. Carraway and S. R. Hull, Glycobiology, 1991, 1, 131;
H. C. Hang and C. R. Bertozzi, Bioorg. Med. Chem., 2005, 13, 5021.

6 A. M. Wu, Neurochem. Res., 2002, 27, 593.
7 D. Mengin-Lecreulx and J. van Heijenoort, J. Bacteriol., 1993, 175,
6150.

8 L. Cai, W. Guan, M. Kitaoka, J. Shen, C. Xia, W. Chen and
P. G. Wang, Chem. Commun., 2009, 2944; L. Cai, W. Guan,
W. Wang, W. Zhao, M. Kitaoka, J. Shen, C. O’Neil and
P. G. Wang, Bioorg. Med. Chem. Lett., 2009, 19, 5433.

9 NMR data for compound 2, 3, 4, 6, 14 and 16: D. J. Vocadlo,
H. C. Hang, E.-J. Kim, J. A. Hanover and C. R. Bertozzi, Proc.
Natl. Acad. Sci. U. S. A., 2003, 100, 9116; D. Lazarevic and
J. Thiem, Carbohydr. Res., 2006, 341, 569; G. Srivastava,
G. Alton and O. Hindsgaul, Carbohydr. Res., 1990, 207, 259;
P. Busca and O. R. Martin, Tetrahedron Lett., 2004, 45, 4433.

10 K. Brown, F. Pompeo, S. Dixon, D. Mengin-Lecreulx,
C. Cambillau and Y. Bourne, EMBO J., 1999, 18, 4096.

Table 1 (continued)

Entry Product Yield (%)a Entry Product Yield (%)a

8 20 16 59

17 N/Ab

a Isolated yield from DEAE cellulose and P-2 gel columns. b No product detected by MS or TLC, or product detected by MS but non-isolable due

to very low yield, see TLC of reaction mixtures.

Scheme 1 Enzymatic synthesis of trisaccharide using glycosyl-

transferase LgtA.
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