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Glycosyltransferases:

An Efficient Tool for the Enzymatic
Synthesis of Oligosaccharides and
Derivatives as well as Mimetics Thereof

Said Rabbani, Oliver Schwardt, and Beat Ernst*

Abstract: Research over the past two decades has uncovered numerous biological roles for carbohydrates, e.g. in
cell adhesion processes, signal transduction, malignant transformation, or viral and bacterial cell-surface recog-
nition. Carbohydrates and structural analogues thereof are therefore considered as potential new leads. Although
the chemical synthesis of carbohydrates is well established, the preparation of particular oligosaccharides still
remains a costly and cumbersome challenge. A complementary approach to the chemical synthesis is the use of
enzymatic methods. The transfer of monosaccharide moieties to natural substrates, catalyzed by glycosyltrans-
ferases, exhibits excellent chemo-, regio- and stereoselectivity. In addition, enzymatic glycosylations permit the
synthesis of carbohydrate derivatives and even carbohydrate mimetics. Our results reveal a remarkable synthetic
potential of fucosyltransferases VI (EC 2.4.1.65) and Ill (EC 2.4.1.65), and a(2—3)-sialyltransferase ST3Gal lll (EC
2.4.99.6). Their use for the preparative synthesis of oligosaccharides and derivatives as well as mimetics thereof

is demonstrated.
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Introduction

Research over the past two decades has
uncovered numerous biological roles for
carbohydrates, ranging from functions as
simple as energy storage, to complex pro-
cesses that regulate transport, protein func-
tion, intercellular adhesion, signal trans-
duction, malignant transformation, or viral
and bacterial cell-surface recognition [1].
As more and more carbohydrate-related
drug targets are discovered and validated,
the tremendous pharmaceutical potential
of carbohydrates is just beginning to be
exploited by the pharmaceutical industry.
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The corresponding carbohydrate ligands,
and especially structural analogues thereof,
with improved pharmacokinetic properties
are therefore considered as potential new
leads. Thus, considerable research efforts
devoted to (i) selectin antagonists as po-
tential anti-inflammatory therapeutics [2],
(i1) neuraminic acid derivatives as inhibi-
tors of the adhesion of influenza viruses to
their host cells [2][3], (iii) immunological
aspects of the a-Gal-epitope in xenotrans-
plantation [4], and (iv) the role of carbohy-
drate antagonists of the myelin-associated
glycoprotein in nerve regeneration [5].

In order to further elucidate the pharma-
ceutical potential of oligosaccharides and
glycoconjugates, and to provide carbohy-
drate lead structures to medicinal chemists
enabling them to develop novel carbohy-
drate-based therapeutics, libraries of diverse
natural and modified oligosaccharides have
to be synthesized and screened. Although
the chemical synthesis of glycosides is well
established [6], some drawbacks still exist.
Owing to (i) insufficient diastereoselect-
ivity of glycosylation reactions, particularly
in the case of chemical sialylation and fuco-
sylation, and (ii) regiochemical challenges
requiring time-consuming protection and

deprotection steps, oligosaccharide syn-
thesis is still a difficult and cumbersome
synthetic area. The recent development of
solid phase oligosaccharide synthesis by
Seeberger et al. [7] dramatically improved
the efficiency of oligosaccharide synthesis,
various regio- and stereochemical aspects,
however, remain unsolved.

With a pioneering approach for the es-
tablishment of glycosidic linkages, namely
the application of isolated or over-ex-
pressed glycosyltransferases (GTs), the
groups of Paulson [8], Wong [9] and Augé
[10] made complex oligosaccharides syn-
thetically available. GTs such as galacto-
syl-, fucosyl- and sialyltransferases, are
type II transmembrane glycoproteins lo-
cated inside the Golgi apparatus [11]. They
consist of a short N-terminal cytoplasmic
domain, a transmembrane domain with a
‘stem’ region easily cleavable by proteases,
and a large C-terminal catalytic domain.
Soluble forms have also been found, e.g.
in human milk [12]. The biosynthesis of
oligosaccharides involves the sequential
action of GTs (EC 2.4.x.y), which trans-
fer activated sugar nucleotides specifically
to acceptor substrates, forming glycosidic
bonds regio- and stereoselectively. Gener-
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ally, glycosyltransfers proceed by inversion
at the anomeric centre of the corresponding
sugar nucleotide, however, for some glyco-
syltransferases, e.g. bovine a(1—3)-galac-
tosyltransferase (EC 2.4.1.90) [4c], reten-
tion of stereochemistry at the C-1 position
of the donor sugar is reported [13]. Up to
now, more than 12,000 sequences encoding
GTs in different organisms have become
available in a glycosyltransferase database,
and classified into 77 families [14]. A mul-
titude of eukaryotic genes coding for GTs
has been cloned, and their corresponding
enzymes expressed, characterized and ap-
plied for oligosaccharide synthesis.

In this communication, we report ap-
plications of mammalian and bacterial
fucosyl- and sialyltransferases for the en-
zymatic synthesis of oligosaccharides and
derivatives thereof, which are of particular
interest as myelin-associated glycoprotein
blockers [5] or selectin antagonists [2].

Chemo-enzymatic Synthesis of
Myelin-associated Glycoprotein
(MAG) Antagonists

The adult mammalian central nervous
system (CNS) has — unlike the peripheral
nervous system (PNS) — no capacity for re-
generation [15]. Originally, it was believed
that this lack of regeneration is inherent to
the CNS. However, it is now known that
neurite outgrowth is principally possible
[16], but is actively inhibited by inhibitor
proteins expressed by myelinating glia cells,
oligodendrocytes, and Schwann cells [17].
Three inhibitor proteins have been identi-
fied so far: Nogo-A [18], oligodendrocyte
myelin glycoprotein (OMpg) [19] and my-
elin-associated glycoprotein (MAG) [20]. It
appears that these three proteins all bind to
the same receptor, Nogo-66 [21], that sub-
sequently forms a complex with the p75NTR
co-receptor. This leads to the transduction
of the inhibitory signal into the cytosol of
the neuron, where it activates RhoA, which
in turn causes growth cone collapse [22].
This cascade has also been shown to be trig-
gered by MAG binding to gangliosides with
p75NTR a5 co-receptor [23] (Fig. 1).

MAG has been identified as a sialic
acid-binding immunoglobulin-like lectin
(Siglec-4). Its role [24] as one of several
myelin components inhibiting axonal re-
growth after injury has attracted a lot of
attention [25]. Although the mechanism
is still not fully understood, it is believed
that reversion of the inhibitory activity of
MAG could support the regeneration of the
central nervous system after injury. Schnaar
and coworkers [5] reported that a limited
set of structurally related gangliosides, e.g.
GDla or GT1b (Fig. 2), known to be ex-
pressed on myelinated neurons in vivo, are
functional ligands of MAG. The recently

CHIMIA 2006, 60, No. 1/2

(000000000 ¢

BOOOOOOOOOC
Oligodendrocyte

Neuron
0200000000000

%‘.

Inactivation of Rho

—> Growth Cone
Collapse

A. Vogtli, 2006

Fig. 1. MAG, Nogo 66 and oligodendrocyte myelin glycoprotein (OMgp) all bind to the Nogo-66
receptor (NgR). The inhibitory signal is transduced into the cytosol of the neuron via the co-receptor
p75NTR, MAG also binds to GT1b with p75NTR as co-receptor, and, thereby, transduces the inhibitory
signal into the cytosol. Intracellularly, the small GTPase RhoA is activated, which leads to a collapse

of the growth cone.
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Fig. 2. The gangliosides GD1a and GT1b

reported ability to reverse MAG inhibition
with monovalent glycosides [26] encourag-
es further exploration of glycans and glycan
mimics as inhibitors of MAG-mediated ax-
onal outgrowth inhibition.

Based on structure—activity relationship
(SAR) studies [27], the terminal trisaccha-
ride of GDla and GT1b, NeuNAca(2—

3)Galp(1—=3)GalNAc (1), was identified as
the major contributor to MAG-binding [5].
It was therefore used as the starting point
for a lead optimization program.

Chemical sialylation reactions still be-
long to the most difficult glycosylation re-
actions, because the hindered tertiary ano-
meric centre often leads to unacceptably
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low yields, and the lack of a participating
group next to the anomeric centre leads to
low stereoselectivity [28]. For the synthesis
of sialylated trisaccharides to be tested as
MAG antagonists, an alternative — enzy-
matic — approach using sialyltransferases
was therefore explored.

The rat liver o(2—3)-sialyltransferase
(#ST3Gal 111, EC 2.4.99.6) catalyzes o-selec-
tively the transfer of a sialic acid moiety from
cytidine-5'-monophospho-N-acetylneuram-
inic acid (CMP-NeuNAc) onto the 3-OH
group of a terminal (-linked D-galactose (see
Scheme 1). The natural substrates of rST3Gal
I are type 1 [Galp(1—3)GIcNAc] and type
II [Galp(1—4)GIcNAc] epitopes [8a,b]. Fol-
lowing standard sialylation protocols [29], in-
cubation of substrates 2 (type II, entry 1) and
3 (type I, entry 2) with CMP-NeuNAc and re-
combinant 7ST3Gal 11l gave the corresponding
sialylated trisaccharides 8 and 9, respectively,
in excellent yields (Table 1) [30].

However, since the desired trisaccharide
lead 1 contains a type III core [Galp(1—
3)GalNAc], the substrate tolerance of the
rat ST was further explored. It was thus
found that the type III disaccharides 4—6
were also well tolerated by rST3Gal II1
furnishing MAG antagonists 1, 10, and 11
in acceptable yields (entries 3-5). The 6-O-
sialylated trisaccharide 7, however, was not
accepted by the enzyme, probably due to
the bulkiness of the polar substituent at the
6-position of galactose.

Chemo-enzymatic Synthesis of
Sialyl Lewis* (sLe*) Derivatives

Leukocyte recruitment to sites of injury
or infection is an important defence mecha-
nism of the immune system. However, the
excessive infiltration of inflamed tissues by
leukocytes can cause acute or chronic con-
ditions such as reperfusion injury, stroke,
psoriasis, rheumatoid arthritis, and respi-
ratory diseases [31]. Consequently, there
is a great medical need for the prevention
of excessive leukocyte recruitment, which
takes place in a regulated chain of events:
rolling, firm adhesion, and transendothelial
migration (Fig. 3). The first step in the in-
flammatory cascade — leukocyte rolling — is
mediated largely by a family of cell adhe-
sion molecules, E-, P- and L-selectins and
their carbohydrate ligands [32].

The tetrasaccharide sialyl Lewis* (sLe*)
has been identified as the carbohydrate
epitope mediating leukocyte rolling on en-
dothelial cells and thereby initiating the
inflammatory response [33]. a(1—3)-Fu-
cosyltransferase VI (FucT VI, EC 2.4.1.65)
catalyzes the last step in sLe* biosynthesis.
The enzyme transfers L-fucose from GDP-
fucose onto the 3-OH group of galactose of
the type II, or sialylated type II, epitope to
form a(1—3)-glycosidic linkages of Lewis*
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Scheme 1. Enzymatic sialylations of type | [Galf3(1—3)GIcNAc], type Il [Gal}(1—4)GIcNAc] and type
Il [Galf3(1—3)GalNAc] saccharides using rST3Gal lll and CMP-NeuNAc

Table 1. Isolated yields of enzymatic sialylations of type I, Il, and Ill saccharides?®
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2 Substrates and CMP-NeulNAc were incubated with rST3Gal /Il for 3-5 d at 37 °C in a mixture of
50 mM sodium cacodylate buffer (pH 6.5) and 60 mM MnCl,-solution containing BSA and CIAP
(EC 3.1.3.1).
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trisaccharides or sialyl Lewis* tetrasaccha-
rides, respectively [34]. In a study aimed at
exploring the protein surface next to the ni-
trogen of the glucosamine in sLe*, a library of
modified sLe*-tetrasaccharides 14 was enzy-
matically synthesized on a preparative scale
and in good overall yields [35]. For this, a
series of lactosamine derivatives 12 was first
sialylated using rST3Gal IIl, and the result-
ing trisaccharides 13 were subsequently fuco-
sylated with FucT VI (Scheme 2).

The replacement of the N-acetyl group
by aromatic or heteroaromatic moieties
(entries 3 and 7 in Table 2), charged resi-
dues (entries 4 and 5) or sulfonamides (en-
try 6) is well tolerated by both transferases.
Bulky polar saccharopeptides (entry 8) are
also easily glycosylated in the expected
manner. Surprisingly, the natural N-acetyl
group of the glucosamine unit is not a key
recognition element for FucT VI, although

fucosylation takes place at the hydroxyl
group adjacent to the N-acyl group.

Prokaryotic glycosyltransferases that
accomplish transformations analogous to
mammalian enzymes are of great interest
because they can be produced in simple and
cost effective bacterial expression systems.
The synthetic potential of a cloned H. py-
lori o(1—>4)-FucT [36] was evaluated for
the synthesis of sLe* derivatives contain-
ing replacements of the GlcNAc and/or
NeuNAc moieties by non-carbohydrate
structures (Scheme 3).

The pseudotriaccharide 15 (entry 2 in
Table 3), in which GIcNAc is substituted
by (R,R)-cyclohexan-1,2-diol and NeuNAc
by (R)-cyclohexyllactic acid, was tolerated
as a substrate, although with a reduced ac-
tivity (3.8%) compared to the natural sub-
strate. The (S)-lactic acid derivative 16 (entry
3) proved to be an excellent substrate (100%)
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Scheme 2. Synthesis of sLe*-derivatives via enzymatic sialylation and fucosylation of non-natural

type Il saccharides

Table 2. Isolated yields of enzymatic sialylations? and fucosylations® of non-natural type Il saccha-

rides 12
Entry R (acyl Yield of Yield of
group) sialylation fucosyla-
[%] tion
[%]

1 ™ 76 82

Entry R (acyl Yield of Yield of
group) sialylation  fuco-
[%] sylation
[%]

5 T see gp 45

o

6 s 92 91

7\

OH
7 Z | 74 64
\N
(o} OH
O
HO OMe

95 60

@ Substrates and CMP-NeuNAc were incubated with rST3Gal /ll for 1-2 d at 37 °C in a mixture of
50 mM sodium cacodylate buffer (pH 6.5) and 60 mM MnCl,-solution containing BSA and CIAP

(EC 3.1.3.1).

b Substrates and GDP-Fuc were incubated with FucT VI for 1-3 d at 37 °C in a mixture of 250 mM
sodium cacodylate buffer (pH 6.5) and 250 mM MnCl,-solution containing BSA and CIAP.
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when exposed to the enzymatic fucosylation.
However, the activity was practically abol-
ished when compound 18 (entry 5, GlcNAc
replaced by (R,R)-butan-2,3-diol and Neu-
NAc by (S)-3-phenyllactic acid) was used as
substrate. Finally, reduced activity was also
observed with substrates 17 (6.5%, entry 4)
and 19 (2.1%, entry 6). Although in some
cases the reaction rates are low compared to
the natural epitope (entry 1), they are still suf-
ficient for preparative enzymatic syntheses.

Conclusions and Perspectives

Glycosyltransferases assemble natural
oligosaccharides with excellent regio- and
stereoselectivity. However, for the syn-
thesis of libraries of oligosaccharides and
derivatives thereof, a broader substrate tol-
erance would be preferable. To explore the
synthetic potential of some selected bacte-
rial and mammalian glycosyltransferases
(ST3Gal I, FucT III and FucT VI) a broad
range of unnatural substrates was tested.
Interestingly, most of these substrates were
accepted, although some of them showed
only distinctively reduced reaction rates.
However, these do not make preparative
applications impossible.

For a further expansion of the substrate
tolerance as well as the resistance to organic
solvents, detergents or elevated temperature,
GTs may be modified by random or directed
mutations. Theses new enzymes will further
expand the synthetic range of enzymatic gly-
cosylations, and therefore, facilitate the syn-
thesis of libraries of oligosaccharide deriva-
tives and mimetics thereof.
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