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By the use of glycosyl donors containing aromatic leaving
groups linked with opposite anomeric configurations compared
to those of the natural donor substrates, an inverting (Cst II)
and a retaining (LgtC) glycosyltransferase were found to
catalyse glycosylation reactions of natural acceptor substrates
in the presence of the corresponding nucleotide.

A detailed understanding of how oligosaccharide structures
present in normal and pathological biological settings dictate
functions ranging from cell-cell communication to the metastasis
of cancerous cells remains one of the least explored avenues of
chemical biology.' This lack of understanding limits the potential
of carbohydrate-based therapeutic agents and/or therapeutic
strategies, although some success has recently been reported in
this area.>® This deficiency in understanding, compared to that for
protein and nucleic acids research, is not the result of a lack of
importance, but rather a lack of physical access to the incredible
range of possible oligosaccharide structures. The wide range of
regio- and stereo-chemical linkages by which individual carbohy-
drate units can be connected results in a level of diversity in
possible glycosylation patterns that far exceeds the structural
diversity found with DNA and even proteins.! For this very
reason, the application of traditional synthetic chemistry to the
synthesis of desired glycan structures requires multiple and
selective protection and deprotection schemes, thereby limiting
feasibility and economic viability. As such, enzymatic synthesis
presents itself as a highly attractive alternative. Traditional use of
glycosidases in transglycosylation reactions typically suffers the
disadvantage of low yields, although rationally engineered
glycosidases (glycosynthases) have provided renewed potential
utility to this class of enzyme.>®

Another logical approach is the use of the anabolic enzymes
responsible for glycan synthesis in nature — glycosyltransferases.
However, the application of this class of enzyme has suffered from
both a lack of access to the enzymes themselves, as many exist as
membrane-associated species,” and also from the cost of glycosyl
donor substrates (typically nucleotide sugars). With bacterial
enzymes, the former problem is currently being overcome by
successful cloning strategies involving truncations to yield
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recombinant soluble catalytic domains.>’ Attempts to overcome
the latter problem involve elaborate coupled enzyme recycling
schemes involving in situ generation of the donor substrate.'™!'" A
recently described alternative strategy takes advantage of the
reversibility of natural product glycosyltransferases for in situ
generation of desired nucleotide sugars.'? The increasing accessi-
bility of the pyrophosphorylases and nucleotidyltransferases
responsible for the formation of nucleotide sugars should further
facilitate these approaches, however, the technical complexity and
problems of product inhibition provide an impetus for exploring
potential alternative substrates for glycosyltransferases.'>!

As with the glycosidases, glycosyltransferases are classified as
either retaining or inverting depending on the stereochemical
outcome at the anomeric centre relative to that of the donor sugar.
They are are also classified into sequence similarity-based families
which are kept updated on the Carbohydrate Active enZYmes
database (CAZY).'">'® Glycosyltransferases are thought to use
mechanistic strategies that directly parallel those used by the well
characterized glycosidases and transglycosidases.'” However, while
the mechanism of inverting glycosyltransferases is generally
accepted, the mechanism of retaining enzymes of this class remains
a topic of considerable debate within the field.'s >

The following report describes investigations into the donor
substrate specificity of representatives of both retaining and
inverting classes of glycosyltransferases. The results provide more
fodder for the mechanistic debate surrounding this class of enzyme
and present a potential starting point for engineering efforts to
provide economical alternatives for their application in enzymatic
glycan synthesis.

Cst II is an inverting bifunctional «-2,3/2,8 sialyltransferase
from Campylobacter jejuni®* 1t uses CMP p-D-sialic acid
(CMP = cytidine 5'-monophosphate) as a donor substrate and
transfers the sialic acid moiety with net inversion of anomeric
configuration to the 3’ hydroxyl of terminal lactose-containing
acceptors (Scheme 1A). Subsequently, Cst II will use this 3'-sialyl
lactose product as an acceptor and transfer sialic acid to the 8"
hydroxyl. The three-dimensional structure of this enzyme has
recently been solved and supports a catalytic mechanism that
appears to involve a straightforward direct displacement reaction
whereby active site residues facilitate departure of the CMP leaving
group and activate the incoming nucleophile of the acceptor.”!

To determine whether this enzyme could use an alternative
source of activated sialic acid as a donor substrate, we chose to
investigate the o-linked para-nitrophenyl (pNP) derivative
(Scheme 1B). Providing potential precedence for their use as
alternative substrates for glycosyltransferases, nitrophenyl deriva-
tives of ribose have been successfully employed as alternative
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Scheme 1 Reaction catalysed by Cst II using (A) the natural donor
substrate CMP B-D-sialic acid or (B) the alternative donor substrate pNP
a-D-sialic acid.

substrates and used as mechanistic probes for both purine
nucleoside phosphorylase and N-ribohydrolase.® Because Cst I
is an inverting enzyme, it was presumed that the aromatic ring of
the nitrophenyl substituent could be accommodated within the
active site, taking the place of the galactose ring of the acceptor
which must be located on the o face of the sialic acid donor. With
pNP o-D-sialoside bound in such a manner, CMP could also be
accommodated within the active site on the  face of sialic acid,
allowing for the direct displacement of p-nitrophenolate by CMP
and the in situ formation of B-linked CMP sialic acid, which could
be used as the donor substrate in a subsequent transfer reaction
following release of pNP. Catalyzed sialic acid transfer was
monitored by TLC using a fluorescein-lactose conjugate acceptor
and, as is shown in Fig. S1, Cst II was indeed found to catalyze
transfer to the fluorescent acceptor but only in the presence of
CMP. Subsequent preparative scale reactions were performed to
determine the efficiency of the reaction (Scheme 1B). Treatment of
the resulting product with a specific o-2,3-neuraminidase was used
to confirm the regio- and stereo-chemistry as being that of the
anticipated linkage (Fig. S2).

To further explore the generality of this substrate promiscuity
amongst glycosyltransferases, a similar strategy was applied to the
retaining o-1,4 galactosyl transferase LgtC from Neisseria
meningitidis."® LgtC catalyzes the transfer of galactose to the 4
hydroxyl of terminal lactose-containing acceptor substrates using
UDP a-D-galactose (UDP = uridine 5’-diphosphate) as the donor
with overall net retention of anomeric configuration (Scheme 2A).
It has previously been observed that LgtC will use o-galactosyl
fluoride as a donor substrate analogue in the presence of UDP,
resulting in the observed formation of o-linked UDP Gal.>® This
finding is consistent with either of the proposed mechanisms of
retaining glycosyltransferases.!” The observed activity could occur
via a double displacement mechanism involving initial displace-
ment of fluoride ion by a catalytic nucleophile, resulting in the
transient formation of a covalent glycosyl-enzyme intermediate,

followed by subsequent displacement by an incoming nucleophile
(either the acceptor or UDP). Alternatively, an oxocarbenium ion
is formed, with a lifetime that allows for a degree of departure by
the fluoride ion leaving group sufficient for attack by the incoming
nucleophile on the same face. To further test the limits of donor
substrate promiscuity, LgtC was tested for its ability to use pNP
a-D-galactoside or dNP a-D-galactoside (NP = 2.4-dinitrophe-
nyl) as the surrogate donor substrate. Again, glycosyl transfer was
monitored by TLC using a fluorescein-lactose conjugate acceptor.
Under these conditions, no trisaccharide product was observed
(data not shown). This is not surprising as the dNP leaving group
would have to occupy the UDP binding site of the enzyme and the
binding of UDP to LgtC is known to induce a conformational
change that results in the closure of a loop that makes up a
significant portion of the active site.'® Therefore, an a-linked
alternative leaving group must be of sufficiently small size to allow
for simultaneous binding of UDP, as is the case with a-galactosyl
fluoride.

A strategy analogous to that described above for Cst II was then
applied to LgtC in which an alternative donor with an activated
leaving group of anomeric configuration opposite to that of the
natural donor was tested. In this case, because LgtC is a retaining
enzyme, the aromatic leaving group would not occupy the
acceptor site as both the leaving group and the incoming
nucleophile are present on the same face of the donor sugar in
the active site of this class of enzyme. As such, the success of this
approach would rely upon fortuitous accommodation of an
aromatic substituent on the B face of the donor within the LgtC
active site. Initially, pNP B-D-galactoside was tested for its ability
to act as a surrogate donor in the presence or absence of UDP, but
no trisaccharide product was observed in either case, even at high
enzyme concentrations (0.5 mg mL™") and after extended
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Scheme 2 Reaction catalysed by LgtC using (A) the natural donor
substrate UDP o-D-galactose or (B) the alternative donor substrate 2.4-
dinitrophenyl B-D-galactoside.
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incubation times (5 days) (data not shown). Dependence on
leaving group ability was then probed by repeating the above
experiments using the more activated derivative 2.4-dinitrophenyl
f-D-galactoside (Scheme 2B). Using this more activated analogue a
trisaccharide was observed and again glycosyl transfer only
occurred in the presence of the natural nucleotide (UDP)
(Fig. S3). Analogously to the inverting enzyme, LgtC presumably
catalyzes the direct displacement of the activated f-linked donor
analogue by UDP, resulting in the formation of the natural
a-linked UDP galactose donor substrate which is then used in a
subsequent glycosylation reaction involving the acceptor substrate
to yield a trisaccharide product.

From the present understanding of structure and mechanism of
the inverting Cst IL, it is reasonably clear how the enzyme active
site accommodates the observed alternate activity. The a-linked
PNP substituent could bind within the acceptor substrate binding
site ready for displacement by CMP bound to its natural binding
site on the B face of sialic acid. It is expected that this approach
should be generally applicable amongst other inverting glycosyl-
transferases. However, it is more difficult to rationalize the
observed activity with the retaining enzyme LgtC. Based on the
available ternary complex crystal structure it is not clear how
the B-linked dNP substituent can be accommodated within the
active site as both the acceptor and leaving group binding sites lie
on the o face of the galactose donor. A catalytically relevant
covalent glycosyl-enzyme intermediate has recently been observed
for an active site mutant of LgtC, however the labelled aspartate
residue is separated from the anomeric reaction centre by a
distance of 9 A in the available crystal structure.”® Even if this
residue does not play the role of the catalytic nucleophile in a
double displacement mechanism, in order for this covalent species
to be formed and turned over a significant conformational change
from that observed in the crystal structure must occur during
catalysis, thereby indicating a significant degree of structural
plasticity. This structural plasticity is further supported by the
observed accommodation of f-linked dNP galactose in a
catalytically competent conformation. Although neither of these
results provides definitive support for a given catalytic mechanism
used by retaining glycosyltransferases, they do indicate that crystal
structures for glycosyltransferase complexes should be interpreted
cautiously.

The results of this work illustrate how the donor substrate
promiscuity of both inverting and retaining glycosyltransferases
can be harnessed, providing the starting point of an alternative
strategy for their application as synthetic tools. Both classes of
enzymes appear to be able to use glycosyl donors with alternative
activated leaving groups of opposite anomeric configuration,

compared to the natural donor substrate, in the presence of
catalytic amounts of the natural nucleotide. The enzyme functions
by catalyzing the in situ formation of the natural nucleotide sugar
donor, which is then used in a subsequent catalyzed glycosylation
reaction involving an acceptor substrate.
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