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Extending the scope of GTFR Glucosylation reactions with
tosylated substrates for rare sugars synthesis

Julian Gorli@, Christian Possiel®, Christoph Sotriffer®l, Jirgen Seibel*

Functionalized rare sugars were synthesized with 2-, 3- and 6-
tosylated glucose derivatives as acceptor substrates by
transglucosylation with sucrose and the glucansucrase GTFR
from Streptococcus oralis. The 2- and 3-tosylated glucose
derivatives yielded the corresponding 1,6-linked disaccharides
(isomaltose analogues) whereas the 6-tosylated glucose
derivatives resulted in 1,3-linked disaccharides (nigerose
analogue) with high regioselectivity in up to 95% yield. Docking
studies provide insights into the binding mode of the acceptors
suggesting two different orientations which are responsible for
the change in regioselectivity.

Glycoconjugates play a crucial role in biological recognition
processes in particular viral and bacterial infection.[? Since the
synthesis of oligosaccharides is still a challenge for modern
science, researchers try to allocate modular assembly systems to
obtain tailor-made oligosaccharides.®! The presence of several
chemically similar hydroxyl-groups results in many reaction steps
involving different strategies of orthogonal protection group
chemistry. Thus, the control of regio- and stereochemistry is the
key challenge in chemical synthesis of oligosaccharides.!
Glucansucrases have been shown to be promising tools for the
synthesis of glycoconjugates.®! They belong to the glucosyl
hydrolase family GH70 (CAZy database)® and are expressed
extracellularly by bacteria such as Streptococcus mutans,
S. oralis or Lactobacillus reuteri.l7” Glucansucrases take part in
biofilm formation by synthesizing exopolysaccharides (EPS) from
sucrose 1 as donor (Scheme 1).7 In contrast to glycosyl
transferases, most GH70 enzymes are readily available and their
substrate (sucrose 1) is cheap. They produce a variety of a-linked
glucosyl-polymers with different lengths and linkages among
which are dextran (2, mainly a-1,6), reuteran (a-1,4), alternan
(alternating a-1,3 and a-1,6) and mutan (o-1,3).8] Beside polymer
formation and hydrolysis glucansucrases are able to glucosylate
numerous acceptors such as alditols, aliphatic alcohols and
natural aromatic compounds.® This reaction type makes them a
valuable tool in the chemo-enzymatic synthesis of
glycoconjugates since highly selective transfer reactions can be
accomplished without the need of protection groups. However,
their product promiscuity can be contra productive for the
synthesis of tailor-made carbohydrates. To overcome this
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limitation protein- and substrate engineering is frequently used to
fine-tune enzymatic conversion.¢ 1% In earlier works our research
group succeeded in altering the product diversification by
mutagenesis of the glucansucrase from Streptococcus oralis
ATCC10557'Y (GTFR, EC 2.4.1.5) shifting the product to more
a-(1,3) linked, insoluble polymer or enhancing isomaltose
production.*d The transfer reaction of an enzyme can be strongly
influenced by substituents blocking certain hydroxyl groups of the
acceptor (substrate engineering). Hellmuth et al. used lactose as
an acceptor for the glucansucrase GTFR which mainly produces
a trisaccharide presenting an a-(1,2) linkage due to the steric
blockage of the 3- and 6-positions by the galactose-moiety.™* 12
The use of 6-tosylated glucose derivatives (e.g. 12, Scheme 2c)
as acceptors lead to the formation of a-(1,3)-linked disaccharides
in 62-95% vyield. The tosyl group can be readily substituted by
various thio-sugars to form trisaccharides. In this work we
extended this concept by the usage of 2- and 3-tosylated glucose
derivatives as acceptors yielding the corresponding a-(1,6)-
glucosylated products. Performed docking studies provide
insights into the basic principles of the glucansucrase’s acceptor
reactions suggesting that two different orientations are
responsible for its regioselectivity.

HO
HO Q OH HO Q
HO GTFR S. oralis a-(1,6) 62% | HO
OH OH ——> OH
o7\ oy ° ] on
HO OH
1 HO Q
a-(1,3) 14%| ©
OH

---0

dextran 2

Scheme 1 GTFR from S. oralis produces a water soluble dextran with a-(1,6)
and a-(1,3) linkages (about 62 and 14%, respectively) with minor branching
(14%).012

For the synthesis of the 2-tosylated-glucoside 1-O-allyl-2-O-
p-toluenesulfonyl-a-D-glucopyranoside (allyl 2-Ts-a-D-Glcp, 7),
O-allyl-D-glucose was synthesized from glucose 3 according to
literature3 (Scheme 2a). The crude mixture of a- and B-allyl -
glucose was subsequently converted into 1-O-allyl-4,6-O-
benzylidene-D-glucopyranoside.' At this stage a- and B-anomer
were separated by column chromatography to yield 4 in 44%
overall yield (starting from glucose 3). The tosylation of 4 affords
a mixture of 2- and 3-tosylated products (5 and 6) which can be
isolated by column chromatography in yields of 50% and 12%
respectively. Subsequent deprotection of 5 with 70% AcOH
yielded 7 in quantitative yields.

Due to the low yields of the 3-tosylated derivate an alternative
way starting from di-O-isopropyliden a-D-glucofuranose 8 was
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Scheme 2 a) acceptor

O-allyl-3-tosyl-p-glucopyranoside 11, c) structure of the acceptor
toloenesulphonyl-a-p-glucopyranoside 12 (previous work)®.

developed (Scheme 2b). The 3-position was tosylated in 68%
yields. The subsequent acidic deprotection of 9 was performed
under reduced pressure to shift the equilibrium to the product side
by removing acetone from the reaction mixture while maintaining
the reaction temperature at 40°C (the product quickly
decomposes at high temperatures or basic conditions). 3-O-p-
toluenesulphonyl glucopyranoside 10 (3-Ts-D-Glcp) was
obtained in 87% vyield. An optional allylation gave 1-O-allyl-3-O-
p-toluenesulphonyl glucopyranoside 11 (allyl 3-Ts-D-Glcp) as a
mixture of a- and B-anomers in 50% yields. 3-Ts-D-Glcp is readily
soluble in water whereas for the allylated acceptors, enzymatic
reactions were performed in 10% DMSO.

The glucansucrase GTFR was incubated with allyl 2-Ts-a-D-
Glcp 7 and sucrose 1 (10 eq.) as a donor substrate. The enzyme
glucosylated allyl 2-Ts-a-D-Glcp 7 to give the isomaltose derivate
allyl a-D-Glcp-(1,6) allyl 2-Ts-a-D-Glecp 13 (Scheme 3) in 91%
yield (determined via HPLC, 62% isolated yield). The GTFR
prefers the transfer of glucose to the tosylated acceptors to the
production of the dextran polymer. After the consumption of the
acceptor the enzyme continues with the dextran formation while
13 is not degraded in the process. In contrast to the previous
reaction, using allyl 3-Ts-D-Glcp 11 as an acceptor gave only very
poor yields of glucosylated product which could not be isolated in

o\ LR
- “;\o
TsO

9 68%

1-O-allyl-2-O-para-toloenesulphonyl-a-b-
glucopyranoside 7, b) Synthesis of 3-tosyl-D-glucopyranose 10 and subsequent allylation to 1-
1-O-allyl-6-O-para-
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sufficient yields (Scheme 3). However, the
acceptor without the allyl-group (3-Ts-D-Glcp, 10)
yielded the corresponding isomaltose-derivate a-

D-glucopyranosyl-(1,6)-3-O-p-toluoenesulfonyl-
D-glucopyranose (a-D-Glcp-(1,6) 3-Ts-D-Glcp 14)
in 88% yield (determined via HPLC, 40% isolated
yield, Scheme 3). Purification of 14 was not trivial
due to the easy loss of the tosyl group. The
obtained decomposition products could not be
fully characterized but ESI mass spectrometry
(m/z = 347.095 [M+Na]*, calc. 347.0949) suggest
an intramolecular substitution reaction forming an
epoxide.

O

>~

The blockage of the favoured hydroxyl-group
of the acceptor with an orthogonal group (such as
other sugar moieties, azides, tosylates) probably
forces the acceptor to occupy different
orientations towards the donor causing a change
in the regioselectivity. For further investigation,
docking studies were performed to gain insights
into potential binding modes of the acceptors.
Since no crystal structure of GTFR is known to
date an N-truncated and mutated (D1025N)
variant of GTF-180a from Lactobacillus reuteri
180191 was used as template (PDB identifier:
3HZ3, numbering in brackets) in the docking
process. GTF-180a has 47% sequence identity
(61% positives, 5% gaps, protein-BLAST tool)
and forms similar a-1,6 and 1,3-linked glucan with
branchesl'®l. In addition, Leembhuis et al. recently
compared the active site clefts of several
glucansucrases suggesting that a-(1,6)-linking
with  minor branching GTFs exhibit similarly
formed clefts.[”! As a member of the a-amylase
superfamily®”, the GTFR enzyme converts
sucrose via a double-displacement mechanism(*8!
Glu554 (Glul063) serves as proton source and
facilitates the attack of Asp516 (D1025N) as
nucleophile on the anomeric centre of the glcp-moiety of sucrose.
A covalent enzyme-substrate complex (ES-complex) is formed
and the product is obtained by nucleophilic attack of an acceptor
on C1 releasing the free enzyme." 8 In order to imitate the attack
of the acceptor on the bound glucose, an ES-complex was
simulated from the crystal structure 3HZ3 which contains sucrose

sucrose

4, 4,
R0 GTFR S. oralis, 20 mM RO
HO: Q Sorensen buffer pH 7 HO:! Q
R3O > R0
R%0 R20

OR' OR'
Yield [%]

(isolated)

Acceptor R' R? R® R* Solvent Product R' R? R® R

7 allyl Ts H H buffer/dmso (9:1) 91 (62) 13 allyl Ts H aGle
10 H H Ts H buffer 88 (40) 14 H H TsaGlc
1 alyl H Ts H buffer/dmso (9:1) - - - T

12 alyl H H Ts  buffer/dmso (9:1) 95 (951 15 allyl H aGlc Ts

Scheme 3 Overview of the performed reactions with the GTFR enzyme and
the tosylated acceptor substrates. Reaction and isolated (in brackets) yields
are given.
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bound in the active site due to a single mutation of Asp1025 to
asparagine. The fruf-moiety was deleted (PyMOL) and the
resulting structure was subsequently used as a template in
AutoDock 3.0. The dockings were then compared with the
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Figure 1 Docking studies of tosylated acceptor substrates with the GTFR
enzyme. A) The best docking result of allyl 2-Ts-a-D-Glcp (-6.11 kcal-mol?)
occupies the +2 subsite, with a distance of 2.9 A between C1 of the simulated
ES complex and O6; B) the best docking mode of 3-Ts-a-D-Glcp (-5.68
kcal-molt) occupies the +2' subsite instead; C) the best docking mode of
ally 6-Ts-a-D-Glcp (-6.61 kcal-mol™*) occupies the same subsite as the 3-
tosylated sugar; figure generated with PyMOL (PyMOL Molecular Graphics
System, Version 1.8; Schrodinger, LLC; 2015)

subsites identified through analysis of the GTF-180a crystal
structure in complex with maltose by Vujivic-Zahar et al.*>d (PDB
identifier: 3KLL, Figure S1A).

In a first docking study the goal was to confirm the results
achieved experimentally by Hellmuth et al.¥l using 6-tosylated
glucose derivatives as substrates yielding a-1,3 linked
disaccharides. Docking of allyl 6-Ts-a-D-Glcp 12 provided a
variety of different overlapping orientations among the top ranks
in which the glucosyl-scaffold occupies the +1 subsite (Figure 1A,
S1B). The best result in terms of the estimated free energy of
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binding (-6.61 kcal-mol?) corresponds to a position in which O3 is
pointing to C1 of the protein-bound glucose, at a distance of 3.0 A.
The next-closest group of the tosylated ligand is 4-OH, with a 3.1
A distance to C1. Both OH-groups of the ligand appear to be
interacting favorably with Glu554 (Glu1063, general acid/base).
The 2-OH is forming a hydrogen bond with Asn520 (Asn1029) and
the tosyl group is placed in a shallow pocket (Figure 1A, S1B)
formed by the residues Aps627 (Asp1136) to Val633 (GIn1142)
which was identified as the +2 subsite before (Figure S1A).[5a

Docking of allyl 2-Ts-a-D-Glcp 7 provided essentially three
different orientations of the ligand among the top-ranked results:
two in which the tosyl-group is placed in the +1 subsite and a third
in which the 6-OH of the allyl 2-Ts-a-D-Glcp is pointing towards
the C1 of the protein-bound glucose (Figure 1B, S1C). In terms of
the docked-energy score, the latter is only marginally (0.1 to 0.5
kcal-mol?) less favorable than the former two and may thus be
considered as an energetically degenerate top-ranked result. The
orientation suggests that productive binding for reaction is readily
possible. In this binding mode (Figure 1B), the distance between
the O6 of the incoming ligand and the C1 of the bound glucose is
2.9 A, which is close to the lower limit that can be expected in non-
covalent docking. In comparison to the 6-tosylated sugar, the
tosyl-group of allyl 2-Ts-Glcp occupies a different pocket (+2'
subsite, Figure 1B, S1C). The ligand appears well accommodated
in a cleft between Asn520 (Asn1029) and Trp556 (Trp1065), with
the sulfone group forming potential hydrogen bonds with the
Tyrd69 (Ala978) backbone and the Asn520 (Asn1029) side chain
which was suggested by Vujicic-Zagar etal. to be the +2’
subsite.[*5a

Docking of allyl 3-Ts-Glcp 11 (a- and R-anomer) with the
same settings as the other ligands did not provide any binding
orientation with a free OH-group in proximity to C1 of the protein-
bound glucose. The closest distance of a hydroxyl-group was 3.3-
3.5 A and the calculated binding energies are considerably less
favorable (about 2 kcal-mol ). The observations are in agreement
with the experiment yielding only low amounts of glucosylated
product. In contrast to the docking with the corresponding
allylated derivate, docking of 3-Ts-Glcp 10 (a-anomer) provided
two different docking modes: one in which the tosyl group is
pointing towards the anomeric carbon of bound glucose (not
shown) and one with the 6-OH pointing towards C1 at a distance
of 2.8-2.9 A (-5.68 kcal-mol™). The latter docking mode occupies
the same cleft as the best docking modes for allyl 6-Ts-Glcp (+2
subsite, Figure 1C, S1D). Thus it is reasonable to assume that the
allyl-group causes an additional steric hindrance that disables
effective glucosylation of the allylated derivate.

Our goal was to utilize the glucansucrase GTFR as a tool in
chemo-enzymatic synthesis for rare sugars and sugar building
blocks. The decoration of the acceptor glucose with p-
toluenesulfonyl groups in 2-, 3- and 6-positions allows the control
of the regioselectivity of the transglucosylation reaction. The
synthesized nigerose and isomaltose derivatives equipped with p-
toluenesulfonyl groups are ideal functional building blocks for
follow-up reactions via Sn2 substitutions with different
nucleophiles i.e. thioacetate*™, azides, hydroxylates and for
synthesis of bacterial rare sugar building blocks.*% In addition the
docking studies provided a plausible model of putative binding
modes of the acceptors that may be responsible for the strict
regioselectivity of the enzymatic reactions.
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Experimental Section

Experimental details can be found in the Supporting Information

Acknowledgements

The authors acknowledge the financial support by the Federal
Ministry of Education and Research of Germany in the framework
of MEX15WTZ (project number 01DN16034).

Keywords: biocatalysis « substrate engineering ¢ glucansucrase
* substrate promiscuity ¢ rare sugar

[1] H. Hellmuth, L. Hillringhaus, S. Hobbel, S. Kralj, L. Dijkhuizen, J. Seibel,
Chembiochem 2007, 8, 273-276.

[2] A. Varki, Glycobiology 1993, 3, 97-130.

[3] a) H. S. Hahm, M. K. Schlegel, M. Hurevich, S. Eller, F. Schuhmacher,
J. Hofmann, K. Pagel, P. H. Seeberger, Proc Natl Acad Sci U S A 2017,
114, 3385-3389; b) K. Buchholz, J. Seibel, in Oligosaccharides in Food
and Agriculture, Vol. 849 (Ed.: G. Eggleston, Coté, G.L.), American
Chemical Society, 2003, pp. 63-75; ¢) A. Homann, J. Seibel, Appl
Microbiol Biotechnol 2009, 83, 209-216.

[4] P. H. Seeberger, Finney N., Rabuka D., Bertozzi C.R., in Essentials of
Glycobiology, 2nd ed. (Ed.: A. Varki, Cummings, R.D., Esko, J.D., Freeze,
H.H., Stanley, P., Bertozzi, C.R., Hart, G.W., Etzler, M.E.), Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y., 2009, pp. 691-705.

[5] P. Monsan, M. Remaud-Simeon, I. Andre, Curr Opin Microbiol 2010, 13,
293-300.

[6] V. Lombard, H. Golaconda Ramulu, E. Drula, P. M. Coutinho, B.
Henrissat, Nucleic Acids Res 2014, 42, 490-495.

[7] H. Leemhuis, T. Pijning, J. M. Dobruchowska, S. S. van Leeuwen, S.
Kralj, B. W. Dijkstra, L. Dijkhuizen, J Biotechnol 2013, 163, 250-272.

[8] a) J. Seibel, K. Buchholz, Adv Carbohydr Chem Biochem 2010, 63, 101-
138; b) J. Seibel, H. J. Jordening, K. Buchholz, Biocatal Biotransfor 2006,
24, 311-342.

9] J. Seibel, H. Hellmuth, B. Hofer, A. M. Kicinska, B. Schmalbruch,
Chembiochem 2006, 7, 310-320.

[10] a) M. Remaud-Simeon, R. M. Willemot, P. Sarcabal, G. P. de Montalk,
P. Monsan, J Mol Catal B-Enzym 2000, 10, 117-128; b) Z. Shao, F. H.
Arnold, Curr Opin Struct Biol 1996, 6, 513-518; c) M. Timm, J. Gorl, M.
Kraus, S. Kralj, H. Hellmuth, R. Beine, K. Buchholz, L. Dijkhuizen, J.
Seibel, ChemBioChem 2013, 14, 2423-2426.

[11] T. Fujiwara, T. Hoshino, T. Ooshima, S. Sobue, S. Hamada, Infect
Immun 2000, 68, 2475-2483.

[12] H. Hellmuth, S. Wittrock, S. Kralj, L. Dijkhuizen, B. Hofer, J. Seibel,
Biochemistry 2008, 47, 6678-6684.

[13] M. Anderluh, Tetrahedron Lett 2006, 47, 9203-9206.

[14] H.S.Wang, J. She, L. H. Zhang, X. S. Ye, J Org Chem 2004, 69, 5774-
5777.

[15] a) A. Vujicic-Zagar, T. Pijning, S. Kralj, C. A. Lopez, W. Eeuwema, L.
Dijkhuizen, B. W. Dijkstra, P Natl Acad Sci USA 2010, 107, 21406-21411;
b) Y. X. Zhou, X. L. Zhang, B. Ren, B. Wu, Z. C. Pei, H. Dong,
Tetrahedron 2014, 70, 5385-5390; c) A. Vujicic-Zagar, T. Pijning, S. Kralj,
C. A. Lopez, W. Eeuwema, L. Dijkhuizen, B. W. Dijkstra, Proc Natl Acad
Sci U S A 2010, 107, 21406-21411.

[16] S. Kralj, G. H. van Geel-Schutten, M. M. G. Dondorff, S. Kirsanovs, M. J.
E. C. van der Maarel, L. Dijkhuizen, Microbiology 2004, 150, 3681-3690.

[17] a) B. Henrissat, G. Davies, Curr Opin Struct Biol 1997, 7, 637-644; b) E.
A. MacGregor, H. M. Jespersen, B. Svensson, FEBS Lett 1996, 378,
263-266.

[18] a) M. J. van der Maarel, B. van der Veen, J. C. Uitdehaag, H. Leemhuis,
L. Dijkhuizen, J Biotechnol 2002, 94, 137-155; b) T. R. Barends, J. B.
Bultema, T. Kaper, M. J. van der Maarel, L. Dijkhuizen, B. W. Dijkstra, J
Biol Chem 2007, 282, 17242-17249.

[19] M. Emmadi, S. S. Kulkarni, Nat Prod Rep 2014, 31, 870-879.

This article is protected by copyright. All rights reserved.



ChemBioChem

COMMUNICATION

HO aGic_
HO! Q o
HO. Sucrose HO Q
TsO Glucansucrase R Ho

0.
S~ from S. oralis TsO

Two binding
modes

w18 0 L
e
TsO: TsO. ¥
HO! Q HO o}
HO aGlc—0
® S HO
—4 . X a3 Oy

Substrate directed synthesis of rare sugars. Tosylated glucose derivates were
used as acceptors of the glucansucrase R from S. oralis. The tosyl groups allow
only distinct orientations of the acceptor in the active cleft (docking experiments)
resulting in highly regioselective glucosylated products.
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