Synthesis of sialyloligosaccharides using the trans-sialidase from Trypanosoma
cruz: novel branched and di-sialylated products from digalactoside acceptors
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The trans-sialidase from Trypanosoma cruzi efficiently
catalyses transfer of a-sialyl residues from p-nitrophenyl
sialic acid (p-nitrophenyl N-acetylneuraminic acid) to ac-
ceptors containing f-galactose units.

The sidlic acids are a class of Cy monosaccharides comprising
over thirty five variants® The archetypal member is N-
acetylneuraminic acid 1. Colloguialy this is referred to as
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HO' oH

‘sidic acid’ unless another member of the family is indicated.
Sialic acids are ubiquitous components of mammalian glyco-
proteins.2 They are present in numerous other glycoconjugatest
and are crucia determinants of their biological properties.3

Non-enzymatic syntheses of sialic acid-containing oligo-
saccharides* suffer from the drawbacks of a requirement for
multiple protection—deprotection sequences and problems of
control of configuration at the anomeric centre. In addition
yields may be affected by side reactions involving 2,3-elimina-
tion. Accordingly, enzymatic methods have received much
attention. Sialyl transferases catalyse siaylation regiospecif-
icaly and in high yield.5 A major drawback to their useis that
they require cytidine monophosphate N-acetylneuraminic acid
(CMP-NeuAc) as sialyl donor. Although non-enzymatic syn-
theses of CMP-NeuA ¢ have been reporteds enzymatic methods
have been preferred?” and have been developed to permit
multigram production8 and in situ regeneration of the sialyl
donor.®

Owing to the complexity of the donor and the limited
availability of appropriate enzymes, siaylations with siayl
transferases have usually been limited to the preparation of
sialylated oligosaccharides on the umol scale. Sialyl transfers
catalysed by sialidases has been demonstrated but proceed in
extremely low yields ( < 15%).10

Against this background, the report of a novel retaining «-
trans-sididase in the parasite Trypanosoma cruzi was of
particular interest.1 Noteworthy was the finding that siayl
transfer was catalysed with much greater efficiency than
hydrolysis.12 The trans-sialidase required sialyl glycosides or
oligosaccharides as sialyl donors. It was stated to be selective
for transfer to -galactosyl units; «-galactosides were reported
not to be acceptors.13

The trans-sialidase has been shown to transfer sialyl residues
«(2 — 3) on to galactose residues using sialyllactose,14-17
4-methylumbelliferyl «-sialosidel®-20 or p-nitrophenyl «-sialo-
sidel3.21.22 gs donors. However, the full synthetic potentia of
the enzyme has not been realised. The studies described above
were carried out either on an analytical scaleor, if preparatively,
on ascaeof <10 umol. We have now developed an approach
that permits the synthesis of sialyl galactosides on a mmol or
greater scale. The key to the improvement reported here is the
use of the irreversible sialyl donor p-nitrophenyl «-sialoside 2
made readily available by improvement of a published synthe-
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sis?3 and the use of the recombinant form of the T. cruz trans-
siadidase referred to above, and which consists of the N-terminal
catalytic domain. This fragment expresses the full catalytic
activity of the wild-type enzyme.24

The effectiveness of the trans-sididase is evident in the
synthesis, on a mmol scale, of siayllactose 3 and sialyl-N-
acetyllactosamine 4 (Scheme 1). Yields of siaylated products
are essentially quantitative; the datain Scheme 1 relate to pure,
isolated products. It was noteworthy that hydrolysis of the sialyl
donor 2 occurred to a significant extent only in the absence of
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Scheme 1 Reagent: i, trans-Sialidase from Trypanosoma cruz.

Because it had been reported that the trans-sialidase does not
catalyse transfer to «-galactosides,3 the acceptor behaviour of
methyl «- and 3-galactopyranosides 5 and 6, respectively, was
studied (Scheme 2). The 3-anomer was an efficient acceptor
giving the sialylgalactoside 7 in 81% yield. Surprisingly, the «-
anomer was also sialylated to give glycoside 8 with moderate
efficiency (54% yield). Clearly, a small aglycone in the o-
anomeric position does not constitute a total barrier to trans-
siaylation. However, it was considered that the presence of a
bulky carbohydrate moiety in place of the much smaller methyl
group in glycoside 5 would indeed create problems. Accord-
ingly we studied the acceptor properties of disaccharide
glycoside 9. To our surprise, this was efficiently sialylated but
the product was found to be the branched trisaccharide 10
(Scheme 3), formed in 89% yield. Thusthe barrier to sialylation
of w-galactosides is clearly expressed but the predeliction for
sialylation of 3-galactosides was not negated by substitution at
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Scheme 2 Reagent: i, trans-Sialidase from Trypanosoma cruz.
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Scheme 3 Reagent: i, trans-Sialidase from Trypanosoma cruz.
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Scheme 4 Reagent: i, trans-Sialidase from Trypanosoma cruz.

With p-p-Galp-(1 — 6)-p-p-Gap—-OMe 11 as acceptor a
mixture of three products was obtained (Scheme 4). The major
component (88% isolated yield) proved to be a1:1 mixture of
the 3- and 3’-monosialylated products 12 and 13 which required
HPLC separation. The third, minor product, formed in 5%
isolated yield, proved to be the bis-sialylated product 14. It was
established that both of the monosialylated compounds 12 and
13 were converted quantitatively into the tetrasaccharide 14.
The selectivity for f-configured oligosaccharide acceptors and
the specificity for «-(2 — 3) transfer were emphasised by the
failure of sialyl transfer to «-p-Galp-(1 — 3)-p-o-Gap-(1 —
4)-p-GlcNAcp, «a-p-Gap-(1 — 3)-pf-b-Gap-OMe and «-b-
Galp-(1 — 3)-a-p-Galp-OMe.

The studiesreported here establish the T. cruz trans-sialidase
asahighly efficient catalyst for the sialylation of (3-gal actosides
on a mmol scale. Moreover, they reveal the previously
unsuspected ability of the enzyme to catalyse the formation of
branched structures. We find that the enzyme is readily
immobilised (Eupergit C) and retains its activity undiminished
over a least nine catalytic cycles. Clearly, it should now be
considered as aviable aternative to CMP-sidlic acid-dependent
sialyl transferases for «-2,3-siaylation of [3-galactose-termi-
nated oligosaccharides and with the added potential for
sialylation of C-6-subsituted internal 3-galactose units.

Besides its importance for the synthesis of sialyl oligo-
saccharides, the T. cruz trans-sialidase provides a paradigm for
the development, through mutagenesis, of glycosidases that
would have high glycosyl transfer but low hydrolytic activity.
The T. cruzi enzyme is homologous (ca. 70% identity for 640
amino acids) with the sialidase from T. rangeli, which lacks
trans-sialidase activity. The latter enzyme has been crystallised.
X-Ray structures have been determined at 2.2 A resolution for
the enzyme and at 2.9 A resolution for the complex between the
enzyme and 2,3-didehydro-2-deoxy-N-acetylneuraminic acid.2s
Homology modelling combined with mutagenesis studies have
revealed severa structural features that are crucial for the
expression of trans-sididase activity in the T. cruz en-
zyme.2526 The acceptor studies reported here will also contrib-
ute to the elucidation of the trans-sialidase/sialidase mecha-
nistic dichotomy.

Field and coworkers have also obtained evidence for the
formation of branched sialyl galactosides (cf. Schemes 3 and
4).27 We thank Professor Field for a useful exchange of
information.

In atypica procedure, the p-nitrophenyl glycoside of siaic
acid (0.1 g, 0.223 mmol) and N-acetyllactosamine (0.5 g, 1.31
mmol) in sodium acetate buffer (50 mM, pH 6.0, 7 cm3) were
incubated at 30 °C with recombinant trans-sialidase (1.38 U
cm—3, 0.225 cmd) for 9 h. The reaction was stopped by filtration
through a PTFE filter (0.45 um pore size). The filtrate was
applied to aBio-Gel P-2 column which was eluted with water to
give siayl-N-acetyllactosaminel actose [«-NeuSAc-(2 — 3)-f-
p-Galp-(1 — 4)-o-GlcNAcp] 4 (Scheme 2), 0.133 g (85%).

We thank Glaxo Wellcome for a gift of sidic acid and the
BBSRC for financial support.

Notes and references

1 R. Schauer, S. Kelm, G. Reuter, P. Roggentin and L. Shaw, in Biology
of the Salic Acids, ed. A. Rosenberg, Plenum Press, New Y ork, 1995,
pp. 7-67.

1014 Chem. Commun., 2000, 1013-1014

2 S.Basu, M. Basu and S. S. Basu, in Biology of the Salic Acids, ed. A.
Rosenberg, Plenum Press, New York, 1995, pp. 69-94.

3 Biology of the Salic Acids, ed. A. Rosenberg, Plenum Press, New Y ork,
1995.

4 R. Hasegawa, in Modern Methods in Carbohydrate Synthesis, ed. S. H.
Khan and R. A. O'Neill, Harwood Academic Publishers, Amsterdam,
1996, pp. 277-300 and references therein.

5 C. H. Wong and G. M. Whitesides, Enzymes in Organic Synthesis,
Elsevier Science Ltd., Oxford, New York and Tokyo, 1994, pp.
269-270; U. Gambert and J. Thiem, Top. Curr. Chem., 1997, 186,
21

6 E. S. Simon, S. Grabowski and G. M. Whitesides, J. Org. Chem., 1990,
55, 1834.

7 H.H.Higaand J. C. Paulson, J. Biol. Chem., 1985, 260, 8838; J. Thiem
and W. Treder, Angew. Chem.,, Int. Ed. Engl., 1986, 25, 1096; D. H. van
den Eijnden and W. van Dijk, Hoppe-Seyler’s Z. Physiol. Chem., 1972,
353, 1817; J. Haverkamp, J.-M. Beau and R. Schauer, Hoppe-Seyler’'sZ.
Physiol. Chem,, 1972, 360, 159; E. L. Kean, J. Biol. Chem., 1970, 9,
239; C. Augé and C. Gautheron, Tetrahedron Lett., 1988, 29, 789.

8 J. Thiem and P. Stangier, Liebigs Ann. Chem., 1990, 1101.

9 Y. Ichikawa, G.-J. Shen and C.-H. Wong, J. Am. Chem. Soc., 1991, 113,
4698; Y. Ichikawa, J. J.-C. Liu, G.-J. Shen and C.-H. Wong, J. Am.
Chem. Soc., 1991, 113, 6300; G. F. Herrmann, Y. Ichikawa, C.
Wandrey, F. C. A. Gageta, J. C. Paulson and C.-H. Wong, Tetrahedron
Lett., 1993, 34, 1993.

10 J. Thiem and B. Sauerbrei, Angew. Chem.,, Int. Ed. Engl., 1991, 30,
1503; K. Ajisaka, H. Fujimoto and M. Isomura, Carbohydr. Res., 1994,
259, 103; Y. Makimura, H. Ishida, A. Kondo, A. Hasegawa and M.
Kiso, J. Carbohydr. Chem., 1998, 17, 975.

11 J. O. Previato, A. F. B. Andrade, M. C. V. Pessolani and L. M. Previato,
Mol. Biochem. Parasitol., 1985, 16, 85; B. Zingales, C. Carniol, R. M.
de Lederkremer and W. Colli, Mol. Biochem. Parasitol., 1987, 26, 135;
S. Schenkman, J. Man-Shiow, G. W. Hart and V. Nussenzweig, Cell,
1991, 65, 1117.

12 A.J.Parodi, G.D. Pollevick, M. Mautner, A. Buschiazzo, D. O. Sanches
andA. C. C. Frasch, EMBO J., 1992, 11, 1705; S. Schenkman, L. Pontes
de Carvalho and V. Nussenzweig, J. Exp. Med., 1992, 175, 567.

13 P. Scudder, J. P. Doom, M. Chuenkova, |. D. Manger and M. E. A.
Pereira, J. Biol. Chem.,, 1993, 268, 9886; A. Ferrero-Garcia, S. E.
Trombetta, D. O. Sanchez, A. Reglero, A. C. C. Frasch and A. J. Parodi,
Eur. J. Biochem., 1993, 213, 765.

14 Y. Ito and J. C. Paulson, J. Am. Chem. Soc., 1993, 115, 7862.

15 P. R. Scudder, K. Shailubhai, K. L. Duffin, P. R. Streeter and G. S.
Jacob, Glycobiology, 1994, 4, 929.

16 A. Vetere and S. Paoletti, FEBS Lett., 1996, 399, 203.

17 A.Lubineau, K. Basset-Carpentier and C. Augé, Carbohydr. Res., 1997,
300, 161.

18 K. B. Leeand Y. C. Lee, Anal. Biochem., 1994, 216, 358.

19 A. Vetere, S. Ferro, M. Bosco, P. Cescutti and S. Paoletti, Eur. J.
Biochem., 1997, 247, 4083.

20 N. Takahashi, K. B. Lee, H. Nakagawa, Y. Tsukamoto, Y. Kawamura,
Y.-T.Liand Y. C. Lee, Anal. Biochem., 1995, 230, 333.

21 S-l. Nishimura, K. B. Lee, K. Matsuoka and Y. C. Lee, Biochem.
Biophys. Res. Commun., 1994, 199, 249.

22 M. A. Probert, M. J. Milton, R. Harris, S. Schenkman, J. M. Brown,
S. W. Homans and R. A. Field, Tetrahedron Lett., 1997, 38, 5861.

23 J. Rothermel and H. Faillard, Carbohydr. Res., 1990, 196, 29; V.
Eschengelder and R. Brossmer, Carbohydr. Res., 1987, 162, 294.

24 M. Ribeirao, V. L. Perreira-Chioccola, D. Eichinger, M. M. Rodrigues
and S. Schenkman, Glycobiology, 1997, 7, 1237.

25 A. Buschiazzo, G. A. Tavares, O. Campetella, S. Spinelli, M. L.
Cremona, G. Paris, M. Fernanda Amaya, A. C. C. Frasch and P. M.
Alzari, EMBO J., 2000, 29, 16.

26 M. L. Cremona, D. O. Sanchez, A. C. C. Frasch and O. Campetella,
Gene, 1995, 160, 123; L. E. Smith and D. Eichinger, Glycobiology,
1997, 7, 445; M. L. Cremona, O. Campetella, D. O. Sanchez and
A. C. C. Frasch, Glycobiology, 1999, 9, 581; M. Chuenkova, M. Pereira
and G. Taylor, Biochem. Biophys. Res. Commun., 1999, 262, 549.

27 J. A. Harrison, PhD thesis, St Andrews, 1998.



