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Enzymatic and chemo-enzymatic approaches provide
straightforward access to wuridine diphospho sugars
irrespective of the relative and absolute configuration of the
sugar, its ring size and substitution pattern.

The rise of glycobiology leaves an increasing need for new tools and
probes to investigate the biological function of carbohydrates.! For
instance, the widespread occurrence of glycosides in medicinal
natural products® has attracted particular attention in relation to
whole organism glycosylation engineering to modify secondary
metabolite  biological ~activity.> Other genetic engineering
approaches have reassembled biosynthetic pathways for large-
scale carbohydrate synthesis.* In vitro glycosylation engineering
overcomes issues of sugar uptake, processing and/or dilution into
an assortment of biochemical pathways, but requires a supply of
activated sugar nucleotide building blocks.” In this study we set out
to investigate enzymatic and chemo-enzymatic approaches to
UDP-sugars in the search for generic methods that can be applied
widely.

In connection with studies on microbial LPS biosynthesis, we
had a need to prepare a range of UDP-sugars. Morpholidate-based
pyrophosphate syntheses are notoriously unreliable, often giving
only moderate yields after long reaction times and generating by-
products that can be problematic to remove.’ Alternatively,
enzymatic approaches provide attractive routes to sugar nucleo-
tides, as demonstrated by Whitesides and co-workers a while ago.”
More recent work by Thorson and co-workers® with native and
mutant RmlA enzymes shows how these enzymes can catalyse the
formation of a wide range of dTDP- and UDP-based o-p-pyranose
sugar nucleotides from the respective sugar-1-phosphates. In
addition, Wang and co-workers” have developed immobilised
multi-enzyme systems— ‘superbeads”—for the wholly enzymatic
generation of UDP-galactose, for instance, from the corresponding
reducing sugar. We chose to work with native enzymes (but
possessing a Hisg tag) rather than engaging in potentially
complicated, but effective, structure-based redesignw or forced
evolution studies.!! Based on the “superbeads” approach,*® a one-
pot multi-enzyme approach to UDP-galactose analogues from the
corresponding reducing sugar was explored (Scheme 1, parts A and
B). The use of key enzymes in immobilised form allows their use in
excess, facilitates enzyme recovery and dramatically simplifies
product purification. As is clear from Table 1, this approach shows
a good deal of flexibility in the reducing sugars that can be
transformed into the corresponding UDP-adducts in practical
yields.

The one-pot, wholly enzymatic approach is attractive due to its
simplicity, although in some cases (e.g. 2- and 3-azidodeoxyga-
lactose) this approach proved ineffective. This raised the question:
was the initial phosphorylation step rate limiting, or was the
uridylation reaction the limiting step? Wild-type galactokinase
from a number of sources has been shown to tolerate only a limited

1 Electronic supplementary information (ESI) available: cloning and over-
expression details; protein production and purification; collated spectro-
scopic information for all compounds reported. See http://www.rsc.org/
suppdata/cc/b4/b410184g/
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Scheme 1 One-pot enzymatic synthesis of UDP-galactose.*”

range of substrates,'* suggesting that the initial phosphorylation
step may be the problem.

Following on from the work outlined in Scheme 1 (parts A and
B) and Table 1, and hampered by the inflexibility of native
galactokinase,"*'%% an alternative approach to UDP-sugars was
also explored. A logical chemo-enzymatic approach to sugar
nucleotides involves the chemical synthesis of sugar-1-phosphates,
followed by enzymatic transformation to the nucleotide adduct
(Scheme 1 part B). For a number of sugars for which

Table 1 One-pot enzymatic synthesis of UDP-p-galactopyranose
al}glogues from reducing sugars according to Scheme 1, parts A and
B

HO OH Scheme 1 HO OH
parts A and B
4 S 7 O —_— O
HO&,UOH —>= Ho
HO HO O—UDP
Modified position Substituent? Yield (%)"
— p-Galactose 98
C-2 -H 98
C-2 -F 97
C-2 -NH, 95
C-2 -NHAc 19
C-2 N, S
C-3 -F 64
C-3 -N; b
C-5 —CHj; (p-fucose) 57
C-5 —CH,F 37
C-5 —H (L-arabinose) 47

“ Substituents replace -OH or -CH,OH groups with retention of
configuration. ? Production of the UDP-sugar adduct was not detect-
able by RP ion-pair HPLC.

This journalis © The Royal Society of Chemistry 2004



HO _OH OH
OH
Q HO -0
HO HO
N3
O-UbP o-upP
(2-Azido-2-deoxy-D-galactose) (D-Mannose)
76% 93%
OH
HO 0 HO 0
HO HO
ACHNG upP HOo.upp
(N-Acetyl-D-glucosamine) (D-Xylose)
0% 89%
O-UDP
HO
HO_ 0 Q OH
HO H OO-UDP Ho OH
(D-Galactofuranose) (L-Fucose)
79% 12%

Fig. 1 UDP-sugars prepared from the corresponding sugar-1-phosphates
according to Scheme 1, part B only.?!

phosphorylation by galactokinase was not detectable (as judged by
TLC; 2-azido-2-deoxy-p-galactose, b-mannose, D-xylose, L-fucose)
the corresponding anomeric phosphates were either obtained from
commercial suppliers or prepared by chemical synthesis, and
subjected to the action of galactose-1-phosphate uridyltransferase
(Scheme 1, part B only; Fig. 1).

In stark contrast to galactokinase, galactose-1-phosphate
uridyltransferase appears to possess a remarkably relaxed substrate
specificity (Fig. 1). For instance, not only will it accept
D-galactopyranose-1-phosphate as a substrate, but it will also
take the geometrically unrelated p-galactofuranose-1-phosphate,
providing straightforward access to UDP-galactofuranose™ (the
latter is a substrate for a novel mutase enzyme involved in galactose
metabolism in pathogenic microorganisms®). Further, native
galactose-1-phosphate uridyltransferase will also accept L-fucose-
1-phosphate as a substrate, providing access to UDP-adducts of
the antipodal L-series of sugars.

In summary, we have identified straightforward enzymatic and
chemo-enzymatic approaches to UDP-sugars. The latter is
seemingly unaffected by the relative and absolute configuration
of the sugar, its ring size and substitution pattern. The apparently
relaxed substrate specificity of native galactose-1-phosphate
uridyltransferase noted in this study serves to emphasise the need
to be cautious in making use of sequence-based gene function
assignments in the search for new chemically competent biocata-
lysts (as opposed to those that are kinetically competent to effect
physiological processes). In general, even at low efficiency (< 1% of
the rate of reaction with the natural substrate), biotransformations
can still provide straightforward access to biomolecules that would
be laborious to prepare by chemical synthesis. This study also
highlights the ease with which flexible catalysts can be accessed
directly from nature without recourse to elaborate protein
engineering.

These studies were supported by the BBSRC, the EPSRC and
the Weston Foundation. We are indebted to the EPSRC Mass
Spectrometry Service Centre, Swansea for invaluable support.

Notes and references

1 Essentials of Glycobiology, ed. A. Varki, R. Cummings, J. Esko,
H. Freeze, G. Hart and J. Marth, Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY, 1999.

2 V. Kren and L. Martinkova, Curr. Med. Chem., 2001, 8, 1303-1328.

~ N D W

oo

10

1

—_

12

1

(95)

14

19

20

2

—_

22

23

C. Mendez and J. Salas, Trends Biotechnol., 2001, 19, 449-456.
Reviewed in: M. Li, J. Shao, M. Xiao and P. G. Wang, ACS Symp. Ser.,
2004, 873, 165-18l1.

J. M. Elhalabi and K. G. Rice, Curr. Med. Chem., 1999, 6, 93-116.
For instance, morpholidate coupling en route to UDP 2-azido-2-deoxy-
p-galactose: 7 days, 25% yield. D. Lazarevic and J. Thiem, Carbohydr.
Res., 2002, 337, 2187-2194.

J. E. Heidlas, W. J. Lees and G. M. Whitesides, J. Org. Chem., 1992, 57,
152-157.

W. A. Barton, J. B. Biggins, J. Lesniak, P. D. Jeffrey, J. Jiang,
K. R. Rajashankar, J. S. Thorson and D. B. Dikolov, Nat. Struct. Biol.,
2001, 8, 545-55.

Z.Y. Liu, J. B. Zhang, X. Chen and P. G. Wang, ChemBioChem, 2002,
3, 348-355.

Reviewed in: J. S. Thorson, W. A. Barton, D. Hoffmesister, C. Albermann
and D. B. Nikolov, ChemBioChem, 2004, 5, 16-25.

D. Hoffmeister, J. Yang and J. S. Thorson, Proc. Natl. Acad. Sci. USA,
2003, 100, 1318413189 and references therein.

The E. coli K-12 galK and galPUT genes were cloned and over-expressed
essentially as described by Wang and co-workers*’.

Typical 1-pot enzymatic procedure (adapted from Wang et al.“): UTP
(20 mg 36 umol), ATP (0.1 mg 0.18 pmol), PEP (14 mg, 52 pmol), UDP-
glucose (0.1 mg 0.16 pumol) and monosaccharide (10 mg 55 pmol) were
dissolved in buffer (500 pl, 50 mM HEPES, pH 8.0, 5 mM KCl, 10 mM
MgCl,). Pyruvate kinase (50 U), glucose-1-phosphate uridyltransferase
(5 U), inorganic pyrophosphatase (5 U), immobilised galK and galPUT
were added (0.5 ml resin containing 100 U of galK and 75 U of galPUT;
for weak substrates additional units were used—see ESIT). The reaction
was flushed with nitrogen and stirred at 30 °C for 8 hours whilst being
monitored by HPLC. The immobilised enzymes were removed by
centrifugation and the remaining solution was spin-filtered (Amicon
YM10). The flow through was applied to a Poros HQ50 anion exchange
column (3 ml; Perceptive Biosystems) and eluted with a linear gradient of
NH,HCO; (5 to 250 mM over 45 column volumes; 20 ml min ). Sugar
nucleotides, which typically eluted at around 50 mM bicarbonate, were
detected at 265 nm. Relevant samples were concentrated and NH;HCO3
was removed by lyophilisation to give required compounds as their
diammonium salts.

Saccharomyces cerevisiae galK is reported to catalyse only the
phosphorylation of the galactose' whereas the S. fiagilis'® and
Tetrahymena thermophila'” enzymes will also phosphorylate galactosa-
mine and 2-deoxygalactose. E. coli galK'® is reported to phosphorylate a
limited range of galactose analogues.

M. A. Schell and D. B. Wilson, J. Biol. Chem., 1977, 252, 1162-1166.
F. Alvarado, Biochim. Biophys. Acta, 1960, 41, 233-238.

J. E. Lavine, E. Cantlay, C. T. Roberts and D. E. Morse, Biochim.
Biophys. Acta, 1982, 717, 76-85.

J. Yang, X. Fu, Q. Jia, J. Shen, J. B. Biggins, J. Jiang, J. Zhao,
J. J. Schmidt, P. G. Wand and J. S. Thorson, Org. Lett., 2003, 5, 2223
2226.

Recent galK structures provide clues to its selectivity: J. B. Thoden and
H. M. Holden, J. Biol. Chem., 2003, 278, 33305-33311; A. Hartley,
S. E. Glynn, V. Barynin, P. J. Baker, S. E. Sedelnikova, C. Verhees, D. de
Geus, J. van der Oost, D. J. Timson, R. J. Reece and D. W. Rice, J. Mol.
Biol., 2004, 337, 387-398.

Work from Thorson and co-workers recently described the generation of
the first anomeric p/L-sugar kinase by directed evolution''.

Typical 2-pot chemo-enzymatic procedure. Sugar-1-phosphates were
either purchased or prepared using standard synthetic procedures.
UTP (19 mg, 34 umol), UDP glucose (0.1 mg, 0.16 pmol) and the sugar-
1-phosphate of choice (10 mg 35 pmol) were dissolved in buffer (500 p,
50 mM HEPES pH 8.0, 5 mM KCl, 10 mM MgCl,). Glucose-1-
phosphate uridyltransferase (5 U), inorganic pyrophosphatase (5 U) and
immobilised galPUT were added (0.5 ml resin containing 200 U of
galPUT; for weak substrates additional units were used—see ESIT). The
solution was flushed with nitrogen and the reaction was stirred at 30 °C
for 24 hours whilst being monitored by HPLC. Work-up and product
isolation as described above'.

Chemical synthesis of UDP-Galf is non-trivial: Y. E. Tsvetkov and
A. V. Nikolaev, J. Chem. Soc., Perkin Trans. 1, 2000, 889-891;
A. L. Marlow and L. L. Kiessling, Org. Lett., 2001, 3, 2517-2519.

D. A. R. Sanders, A. G. Staines, S. A. McMahon, M. R. McNeil,
C. Whitfield and J. H. Naismith, Nat. Struct. Biol., 2001, 8, 858-863;
M. Soltero-Higgin, E. E. Carlson, T. D. Gruber and L. L. Kiessling, Nat.
Struct. Mol. Biol, 2004, 11, 539-543 and references therein.

Chem. Commun., 2004, 2706-2707

2707




