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Inhibition of Neuraminidase with Neuraminic Acid C-Glycosides
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Abstract—Neuraminic (sialic) acid based a-C-glycosides have been synthesized and their inhibitory activity towards bacterial
neuraminidase (sialidase) was examined. While some C-glycosides were found to be potent inhibitors (K; 15-30 uM) of this neur-
aminidase, others afforded no measurable activity. The structure—activity relationship of these C-glycosides is discussed in the
context of other previously reported sialidase inhibitors. © 2000 Elsevier Science Ltd. All rights reserved.

The interaction between cell surface carbohydrates and
their protein receptors are implicated in many impor-
tant biological events.'™ Synthetic carbohydrate deri-
vatives are potentially useful tools to study cellular
interactions, the biosynthesis of glycoproteins, the cata-
bolism of glycoconjugates,>® and the mechanism of
their enzymatic processing.” Inhibitors of enzymes, such
as neuraminidases, involved in these processes may
represent potent antiviral,®>'! antibacterial'>!3 and
anticancer agents.'*'® Neuraminidases are hydrolases,
obtained from diverse species and tissues, that bind to
sialic acid present on the outer layer of cell membranes
and result in its catabolism.!” This de-sialation has dra-
matic consequence for infection, adhesion and recogni-
tion events.

Approaches aimed at the discovery of neuraminidase
inhibitors are primarily based upon the knowledge of
substrate structure, enzymatic mechanism, transition
state analogues'® and the enzyme’s active site.!® The
exploration of a new class of sialidase inhibitors, such as
C-glycosides?® and the investigation of their structure—
activity relationship (SAR) represents an attractive
approach to control events of crucial importance to
glycobiology and immunology. C-glycosides are cata-
bolically stable analogues that have been used as recep-
tor ligands?! and glycosidase inhibitors.?? In the current
study, a series of neuraminic acid based a-C-glycosides
are examined as potential inhibitors of the bacterial
neuraminidase from Clostridium perfringens.
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Recently, our laboratory applied a method for dia-
stereocontrolled synthesis of a-C-glycosides of N-acet-
ylneuraminic acid (5-acetamido-3, 5-dideoxy-D-glycero-
D-galacto-2-nonulosonic acid, NeuS5Ac), using samar-
ium iodide under Barbier conditions,?? which had been
previously used to prepare C-glycosides of hexoses.?*2°
Through a simple, high-yielding reaction, this same
chemistry could be used to couple different ketones or
aldehydes with peracetylated sialic acid sulfone and
form a-C-glycosides of NeuSAc (Scheme 1).27-3¢

Five compounds prepared using this chemistry, ranging
from simple C-glycosides to C-disaccharides, were
selected to undertake a study of their activity as siali-
dase inhibitors (Table 1). All of the compounds pre-
pared (Entries 1-5) contained hydroxyl group at the C-
glycoside bridge, which posed stereochemical concerns.
This hydroxyl group, while improving the hydro-
philicity of the C-bridge, also adds steric bulk that might
affect the conformation and the neuraminidase binding
of these compounds. However, all attempts to remove
this bridge hydroxyl group were unsuccessful.?!-32

Following deprotection and complete characteriza-
tion,3? the five C-glycosides (Table 1) were tested for
their ability to inhibit bacterial neuraminidase. The
enzyme assay was performed according to Potier’s
method3* using MU-Neu5Ac [2/-(4-methylumbelliferyl)-
o-D-N-acetylneuraminic acid] as the substrate (Scheme 2).33
The K, value of C. perfringens sialidase acting on MU-
NeuS5Ac was determined to be 0.1 mM, consistent with
reported previous values.3°

Each of the five C-glycosides was added at the three
different concentrations to the buffer employed in the
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enzymatic assay to investigate their inhibition of siali-
dase activity. Relative fluorescence was recorded by
using the same procedure as the K;;, measurement.?> The
results were fit using Microsoft Excel and Cleland’s Kin
computer programs to different inhibition models. The
best fit was achieved with the competitive inhibition
model. The K; value was determined using a Line-
weaver—Burk double reciprocal plot (Table 1). Data on
the neuraminidase activity (Table 1) show that C-glyco-
sides having hydrophobic substituents at 2- position of
neuraminic acid (Entries 1 and 2) display the highest level
of neuraminidase inhibitory activity. Hydrophilic C-
glycosides, which more closely resemble the structure of
the natural neuraminidase substrate, NeuSAc (2—3)
Gal, show considerably less activity as inhibitors.
(Entries 3 and 4) The two galactose containing C-gly-
cosides (Entries 3 and 4) have identical structure with
the exception of their different configuration at the
bridge hydroxyl methylene groups and anomeric pro-
tection and showed similar inhibitory effect. This result
suggests that presence of the bridge hydroxyl group
probably does not adversely impact C-glycoside binding
to neuraminidase. A change in the configuration of the
connection between the two saccharide units at the 3’
position, converting the galactose residue to gulose,

Table 1. Inhibition constants of C-glycosides

afforded a profound change, with this C-glycoside hav-
ing no measurement neuraminidase inhibitory activity
(Entry 5). Lectin affinity chromatography3’—° of 2,6
specific Sambucus nigra agglutinin, SNA lectin and 2,3
specific Maackia amurensis agglutinin, MAA lectin was
used to confirm the structural similarity between the
natural O-glycoside and C-glycoside analogue 3-5. As
expected neither compound bound to SNA lectin, while
both bound to MAA lectin.

A number of different neuraminidase inhibitors have
been reported.'® Extensive studies by several
laboratories'®#0~4> have been undertaken on 2-deoxy-2,
3-didehydro-N-acetylneuraminic acid transition state
analogueues as neuraminidase inhibitors. Studies on
these derivatives indicate the importance of the carbox-
ylate, and the acetamido (NH and methyl) groups in
Neu5Ac.4 Replacement of the glycerol side chain of
NeuSAc with carboxamide groups*? and the prepara-
tion of bicyclo derivatives also afforded potent neur-
aminidase inhibitors.***> In addition, these studies
investigated the space surrounding the 4-position of the
NeuSAc residue. One of these agents, the 4-guanidino
derivative, Zanamivir is undergoing clinical evaluation
as a potential agent for the treatment of influenza.*¢
These agents generally exhibit pM K; values against
various neuraminidases using the same fluorescent sub-
strate used in the current study.

In addition to transition state analogues, inhibitors
based on product structure have also been investigated.
The aminocyclic Neu5Ac analogue*” and an analogue
formed through the replacement of the NeuS5Ac
carboxyl group with a phosphonate group*® showed
activity comparable to the transition state inhibitors. A
carbocyclic Neu5SAc analogue, however, was not a
neuraminidase inhibitor.#’ Inhibitors based on substrate
structure include both thioglycosides displaying mM
inhibition constants®® and S-disaccharides displaying

Entries Structures FABHRMS K; values (uM)
HM yo.c 16
1 acin 252 (CH2)CH; [M+Na™]* for C;9H3509N Calcd: 444.4766 Found: 444.4763
HO OH HO
HoH HO,C 14 29
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ACHNHO Tt i, [ ] 1441259
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uM K; values.®' The current study shows that simple C-
glycosides 1 and 2 display uM K; values. Furthermore,
the more hydrophobic the aglycones afford greater
neuraminidase inhibitory activity. This is similar to
reports of the potent inhibitory activity of the octadecyl
glycoside of Neu5Ac.>? In a previous study in which C-
glycosides were prepared by replacement of the C-2
hydroxyl group with a hydroxylmethylene group, only
very weak inhibitory effects towards Vibrio cholerae
sialidase were observed.>® This might be due to the high
hydrophilicity of aglycone substitution, consistent with
the current study. Studies on S-linked Neu5Ac (2—06)
Glc and Gal demonstrated the importance of the C-4
configuration of the hexose residue, as well as the
conformation about the S-glycosidic linkage on the
measured K;.>!32 The current study shows that config-
uration at C-3 of the 2,3 linked NeuS5Ac C-dis-
accharides 4 and 5 profoundly influences the observed
K; while the perturbation of the conformation about the
C-glycosidic linkage 3 and 4 appears to have little effect
on the K;. Studies using liposomes,>* polymerized lipo-
somes,?° polymers>> and dendrimers>® of Neu5Ac deri-
vatives showed that multivalency can markedly enhance
ligand interaction and biological effects. Future studies
will examine whether improvements in C-glycoside
neuraminidase inhibitory activity can be obtained by
multivalency.

In summary, the present study shows that certain Neu5Ac
C-glycosides are potent neuraminidase inhibitors dis-
playing K; values comparable to those of the transition
state analogue NeuS5Ac-2-ene (5-acetamido-2, 6-anhy-
dro-3, 5-dideoxy-D-glycero-D-galacto-non-2-enonic acid),
which is currently in clinical trials as an anti-influenza
agent.*%41-57 A neuraminidase based on Neu5Ac C-gly-
cosides mimetic of the natural O-glycoside substrate
may take advantage of both tightly binding and resis-
tance enzyme cleavage. This property may lead to
longer retention time in vivo and higher inhibitory
effects affording a new class of antibacterial and anti-
viral agents.
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