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Abstract

A possible approach to the development of synthetic inhibitors of influenza virus attachment to host cells is based
on the anchoring of the minimum receptor determinant of influenza virus, sialic acid, to a polymeric carrier. In this
study, the effect of substitution of oxygen by sulphur in the 5N-acetyl moiety of sialic acid on the binding of
monovalent and polymeric sialosides by A and B influenza virus strains was investigated. The polymeric inhibitor
with pendant 5N-thioacetylneuraminic acid residues was found to be more broadly active against different virus
strains than the one prepared from the Neu5Ac ligand. Copyright © 1997 Elsevier Science B.V.
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Influenza virus infection is initiated by the at-
tachment of the virus to target cells mediated by
specific interactions of the viral hemagglutinin
(HA) with sialo-sugar chains of cell-surface glyco-
proteins and/or glycolipids (reviewed by Paulson,

1985; Wiley and Skehel, 1987). The X-ray struc-
ture of HA in complex with sialic acid analogs
(Weis et al., 1988; Sauter et al., 1992; Watowich et
al., 1994) revealed that the sialic acid binding site
is formed by amino acid residues which are mainly
conserved during antigenic variation of the virus.
It was suggested, therefore, that this site could be
a potential target for the design of anti-influenza
drugs covering a wide range of virus strains.
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Fig. 1. Structural formulas of sialosides.

There are two main interconnected approaches
to the design of tightly bound inhibitors of influ-
enza virus attachment, namely, (i) development of
monovalent compounds with high affinity for the
receptor-binding site, starting from N-acetylneu-
raminic acid (Neu5Ac) as a scaffolding device
(Sauter et al., 1992; Watowich et al., 1994, and
references therein), and (ii) design of bi- or multi-
sialylated structures which provide for enhanced
binding affinity due to cooperative interactions
with the virus particle (Lees et al., 1994;
Mochalova et al., 1994, and references therein).

In the first approach, sialic acid analogs with
10–100-fold higher affinity for X31 (H3N2) influ-
enza virus strain have been already obtained by
introduction of unique substituents at glycosidic
oxygen and/or at 4-O-hydroxyl group of sialic
acid (Toogood et al., 1991; Weinhold and
Knowles, 1992). The explanations of observed
affinities in molecular terms were suggested in a
study on the crystal structures of the HA com-
plexed with these analogs (Watowich et al., 1994).
Substitution of carbonyl oxygen by sulphur in
5N-acetamido residue of Neu5Ac (Brossmer and
Gross, 1994) also significantly enhanced the bind-
ing of monovalent and of polymeric sialosides by
the X31 strain (Machytka et al., 1993; Itoh et al.,
1995).

In this study, we prepared benzyl a-glycosides
of 5N-thioacetylneuraminic acid, coupled one of
them to a polymeric carrier, and measured bind-
ing of the monovalent and polyvalent 5N-
thioacetyl-Neu analogs to various human A and
B influenza viruses. The polymeric inhibitor with
pendant 5N-thioacetylneuraminic acid residues
thus obtained was found to be more broadly
active towards different virus strains compared
with the one prepared from the Neu5Ac ligand.

Benzyl- and glycylamidobenzyl a-glycosides of
5N-acetylneuraminic acid (Fig. 1, BN and BGN,
respectively) were synthezised as described earlier
(Byramova et al., 1991). The benzyl glycoside of
5N-thioacetylneuraminic acid (BTN) and the
thioglycylamidobenzyl glycoside of 5N-thioacetyl-
neuraminic acid (BGTN) were synthesized by
treatment of protected BN and BGN with P2S5

and Lawesson’s reagent (2,4-bis(p-methoxy-
phenyl)-1,3-dithiadiphosphetane-2,4-disulfide), re-
spectively, followed by deprotection of purified
thionated products (Bovin et al., 1992). To pre-
pare polyvalent sialosides, BGN and BGTN were
coupled to poly(4-nitrophenyl)acrylate with subse-
quent hydrolysis of the remaining 4-nitro-
phenylester side chain groups of the polymer as
previously described (Matrosovich et al., 1990;
Byramova et al., 1991). Copolymers of acryloyl-
glycylamidobenzylsialoside-co-acrylic acid, thus
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Table 1
Binding by influenza viruses of monovalent and polymeric a-benzyl glycosides of 5N-acetylneuraminic acid (BN and PBGN,
respectively), and of corresponding 5N-thioacetyl compounds (BTN and PBGTN)

Virus strain Amino acid in position 155Binding affinity, Kd (mM Sia)a

of the HA
PBGTNBN BTN PBGN

Type A, subtype H3
\20 3X31 (Aichi/2/68) 400 Thr130

X31/HS [226Q]b 1300 130 Thr
Thr200X31/63-E [193N, 226P]b 630

200X31/68X [193R]b Thr400
ThrX31/63-D [224–230 deleted]b 400 160

8 2X31/63-3 [218E]b 320 160 Thr
7 0.8 Thr130X31/V9A [218R]b 400

Port Chalmers/1/73 200 500 Tyr
Tyr106400Victoria/3/75 80

Texas/1/77 8 100 Tyr
0.1 0.05England/321/77 30 250 Tyr

Tyr0.150.180Philippines/2/82 5
630 TyrUSSR/2/85 200

0.3 0.4USSR/3/85 4 50 Tyr

Type A, subtype H1
0.4 ThrFort Warren/1/50 4

Thr500USSR/90/77 1300
5 1Chile/1/83 500 250 Thr

Taiwan/1/86 1300 500 Thr

Type B
Val0.6Singapore/222/79 500 250 3
Val0.22250USSR/100/83 400

10 3Ann Arbor/1/86 Val

a The binding affinity constants were determined by measuring the ability of the ligand to compete with the binding of the standard
peroxidase-labeled fetuin preparation to the solid-phase immobilized virus (Gambaryan and Matrosovich, 1992).
b Mutants of X31 were kindly donated by Dr J.J. Skehel. Amino acid substitutions in respect to X31 are specified in square brackets
in a single-letter code.

prepared (PBGN and PBGTN, respectively), bore
12 mol% of pendant Neu5Ac or 5N-thioacetyl-
neuraminic acid moieties. Both PBGN and
PBGTN were prepared using the same batch of
poly(4-nitrophenyl)acrylate, to avoid possible dif-
ferences in their ratio of polymerization and poly-
dispersity.

The binding of monomeric and polymeric a-
benzylsialosides and of corresponding 5N-thio-
analogs by influenza viruses was measured in a
competitive solid phase assay as described in our
previous papers (Gambaryan and Matrosovich,
1992; Mochalova et al., 1994). The binding
affinity constants, formally equivalent to the dis-
sociation constants of the virus–sialoside com-

plexes, were calculated with respect to the
concentration of N-acetylneuraminic acid to facil-
itate comparison of monovalent and polymeric
analogs. Representatives of currently epidemio-
logically active influenza virus types and subtypes
were included in the study to assess possible vari-
ability in the virus recognition of 5N-thio-
acetamido substituent.

The results of the comparative testing of BN
and BTN (Table 1) revealed that substitution of
the acetyl group at 5N of Neu5Ac by the
thioacetyl group increased the affinity of the
ligand towards type B viruses, H1 subtype type A
strains, X31 strain and its variants (H3 subtype
HA). The effect was even more pronounced in the
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Fig. 2. Closest counterparts of the carbonyl oxygen of N-acetamido group of Neu5Ac in the receptor-binding site of X31 influenza
virus HA according to X-ray data of Weis et al. (1988) (5HMG entry in the Brookhaven Protein Data Bank). Neu5Ac with its
carbon atoms numbered, Leu194, and Thr155 are represented as stick bonds, other amino acids in the site—as wireframe bonds.
Van der Waals dot surfaces are shown for the carbonyl oxygen of 5N-acetyl substituent, CD2 of Leu194, and CG2 of Thr155.
Figure is generated using RasMol 2.5 Molecular Visualisation Program (Roger Sayle, Glaxo Research and Development, Greenford,
Middlesex, UK).

case of polymeric analogs; polymer with pen-
dant thioacetylated sialic acid residues (PBGTN)
bound to the viruses 4–10 times more avidly as
compared to Neu5Ac-based PBGN.

According to the structural data on a disposi-
tion of Neu5Ac moiety in the receptor-binding
site of X31 (Weis et al., 1988), the carbonyl
oxygen of the Neu5Ac 5N-acetamido group is
in Van der Waals contact with the hydrophobic
methyl group of the side chain of Leu194 and
in a close proximity to the side chain methyl
residue of Thr155, partially shielding off both
methyls from the solvent (Fig. 2). To rationalize
the higher affinity of thio-analog towards X31

virus, it may be suggested that substitution of
5N-acetamido oxygen by less polar and more
bulky sulphur atom enhances hydrophobic and
Van der Waals interactions of the ligand with
this subsite of the receptor-binding pocket. This
explanation may be valid also for the H1 and
type B strains tested (Ile194/Thr155 and Leu194/
Val155, respectively). In HAs of other subtypes
of influenza A virus and in type B virus HAs
sequenced to date, Leu is in position 194, while
mutations in position 155 are mainly conserva-
tive (Thr/Val/Leu/Ile), leaving the possibility
that the 5N-thioacetyl analog could be superior
for these strains as well.
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Remarkably, although X31 and its variants
bound BTN better than BN, in agreement with
the earlier data of Machytka et al. (1993) and
Itoh et al. (1995), the opposite effect was ob-
served for the other H3 strains tested herein.
X31 is a recombinant virus bearing hemagglu-
tinin and sialidase from the A/Aichi/2/68 field
strain (H3N2). The latter is one of the first hu-
man isolates from the so-called Hong Kong infl-
uenza virus era started after introduction of the
avian H3 HA into the human population in
about 1965 (Bean et al., 1992). During the first
years of circulation of the H3 subtype virus in
humans, substitution of Thr155 by Tyr155 oc-
curred, and subsequent drift variants of the H3
HA retained Tyr at this position. This substitu-
tion seems to be the reason for the inverse
mode of recognition of 5N-acetyl and 5N-
thioacetyl analogs by X31 and by the later H3
viruses. Despite a negative effect of the thio-sub-
stituent on the affinity of monovalent sialosides
for later H3 strains, these strains, with an exclu-
sion of Victoria/3/75, still reveal a higher affinity
for the polymeric analog compared with H1,
type B viruses and X31.

In summary, the substitution of 5N-acetyl
group of sialic acid by the thioacetyl one, leads
to an increased affinity of the ligand for H1
subtype A and type B influenza virus strains.
Coupling of this ligand to a polyacrylic acid
carrier results in preparation with a more uni-
form inhibitory activity towards different strains
of influenza viruses compared to the Neu5Ac-
based polymer.
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