
J. Med. Chem. 1992, 35, 4501-4502 4501 

Carbohydrate Materials Bearing 
Neuraminidase-Resistant C-Glycosides of 
Sialic Acid Strongly Inhibit the in Vitro 
Infectivity of Influenza Virus 
Jon O. Nagy,*'* Peng Wang,+'* James H. Gilbert,8 

Mary E. Schaefer,* Tara G. Hill," 
Matthew R. Callstrom.U and Mark D. Bednarski*'* 

Department of Chemistry, University of California at 
Berkeley, Berkeley, California 94720 

The Center for Advanced Materials, Lawrence Berkeley 
Laboratory, Berkeley, California 94720 

Department of Microbiology and Immunology, Glycomed, 
Inc., Alameda, California 94501 

Department of Chemistry, The Ohio State University, 
Columbus, Ohio 43210 

Received August 25,1992 

Sialic acids, derivatives of iV-acetylneuraminic acid 
(NeuAc), are carbohydrate molecules found terminating 
cell-surface glycoproteins and glycolipids.1-3 The a-gly-
cosides of NeuAc are utilized by pathogens to attach to 
cells prior to infection using a class of glycoprotein 
molecules called lectins.4-6 One of the most well-studied 
proteins in this class is the influenza hemagglutinin 
(HA) .7_9 A number of papers have recently demonstrated 
the remarkable cooperativity effect of polyvalent deriv­
atives of 0-linked sialic acids to inhibit the attachment of 
the virus to erythrocytes.10"16 Of the materials tested, none 
were effective at inhibiting infectivity in vitro. The use 
of materials containing O-sialosides is also severely limited 
because enzymes that hydrolyse the saccharide linkage 
(neuraminidases (NA)) are present on the surface of the 
virus.7 Materials to treat influenza must, therefore, be 
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both resistant to viral NA and be able to inhibit viral plaque 
formation. We report the first example of a multivalent 
material that consists of the carbon glycoside (C-glycoside) 
of sialic acid that is resistant to hydrolysis by the viral NA 
and strongly inhibits viral binding and viral plaque 
formation. 

The synthesis of the a-C-glycoside analog of sialic acid 
1 has recently been reported by both our group and Paulsen 
et al. utilizing radical coupling reactions,16'17 and by Vasella 
et al. using alkylation chemistry.18 In a competitive viral 
binding assay,19 we found that only the a-isomer binds to 
the virus.20 Compound 2 was prepared from the ethyl 
ester of 1 by using standard chemistry (see supplementary 
material). (The 0-epimer of compound 2 was similarly 
synthesized to show that no epimerization of the a 
isomer occurred over the course of the reaction sequence.) 
Compound 2 was then reductively aminated onto a 
2-amidoglucose polymer 3 to give 4 (Scheme I). Carbo­
hydrate-based materials such as 3 were chosen for con­
jugation of the C-sialosides because of their stability, high 
solubility in aqueous solutions, and the availability of latent 
aldehyde groups for ligand attachment.21 Polymer 3 
(concentration 30 mg/mL) was treated with compound 2 
in a solution buffered at pH 8 (0.1 M borate buffer) and 
excess sodium cyanoborohydride. After incubation for 2 
weeks at 37 0C, polymer 4 was recovered by extensive 
dialysis (Spectra/Por 25 000 MW cutoff) in water to remove 
all unbound monomer and borate salts. The material was 
lyophilized to give a fluffy white solid and the percentage 
of attached sialosides was estimated on the basis of the 
increase in weight of the polymer. Two materials were 
synthesized with different percentages of sialic acid by 
varying the ratios of compounds 2 and 3. Material 4a 
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Table I. Comparison of a- and /S-C-Sialoside Monomers and 
Multivalent C-Sialoside Polymers 4a and 4b in Their Ability To 
Prevent Viral Binding to Erythrocytes by Influenza Virus" 

entry compound 

1 /8-C-allyl sialic acid 
2 a-C-allyl sialic acid 1 
3 a-O-methyl sialic acid 
4 5% a-C-sialic acid polymer 4a 
5 30% a-C-sialic acid polymer 4b 

concn for 
50% inhibn 

>50mM 
1OmM 
4mM 
ImM 
0.2 MM 

rel 
potency 

<0.02 
1 
2.5 
10 
50000 

0 Material 4a contains 5% sialic acid by weight and material 4b 
contains 30% .22 The inhibition of influenza virus (X-31) to resial-
ylated erythrocytes was examined as previosly described.19 

contained approximately 5% of the a-C-glycoside analog 
of sialic acid and material 4b contained 30%.22 

The monomers and polymers were tested in a standard 
viral binding assay (Table I).19 To achieve 50% inhibition 
of viral binding, compound 1 required a concentration of 
10 mM, the C-sialoside conjugate 4a required 1 mM, and 
material 4b only 0.2 pM. The enhancement of binding 
inhibition observed for material 4b (approximately 50 000 
times the value for monovalent sialosides) is in agreement 
with the values others have reported for multivalent 
O-sialoside complexes of similar sialic acid percent 
composition.10,13"15 Carbohydrate polymer 3 alone showed 
no inhibition of viral binding. 

We next turned our attention to assess the efficacy of 
polyvalent materials 4a and 4b to stop viral infectivity 
using a viral plaque assay.23 It was found that at a 
concentration of 100 MM of 4b the number of plaques was 
reduced by approximately 50 % and at a concentration of 
500 /KM there was approximately 80 % inhibition of plaque 
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formation. The plaque size was also greatly reduced and 
plaque morphology was altered at these concentrations of 
4b in a dose-dependent manner. The polymer with 5% 
sialic acid 4a showed only slight plaque reduction and the 
underivatized polymer 3, C-sialoside 1, and the a-O-methyl 
sialoside showed no inhibition of influenza virus plaque 
formation.23 Compound 1 exhibited only weak inhibition 
of viral neuraminidase (approximately 40% inhibition at 
a concentration of 12 mM) but neither polymer 4a nor 4b 
inhibited the NA. These materials were also not substrates 
for the enzyme.24 

In summary, we have synthesized a C-glycoside sialic 
acid containing material that is resistant to the viral NA 
and prevents viral binding to erythrocytes and viral plaque 
formation in vitro. We are in the process of testing these 
new materials in vivo. 
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