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then at room temperature for 60 min, solvent was removed under 
reduced pressure and the residue recrystallized from MeOH-
EtOAc-hexane to give 0.41 g (83%) of analytically pure product 
mp 195-7 0C; 1H NMR (D2O) S - 2.82 (3 H, s), 2.88 (3 H, s), 3.32 
(2 H, m), 3.45 (2 H, m), 5.34 (2 H, s), 8.05 (1 H, d), 8.23 (1 H, d 
of d), 8.57 (IH, d). Anal. (C12H18N6O6S-HCl)CH1N. 

Nitrite Release from Electrolytic Reduction of 4. A 0.01 
mM solution of 4 in 0.1 M tetrabutylammonium perchlorate-DMF 
solution (5 mL) was electrolyzed with dc polarography at a Hg 
electrode (vs Ag/AgCl) under Ar. Immediately after electrolysis 
for 4-5 min, 1 mL of the resulting solution was added to the 
supporting electrolyte, 4 mL of an aqueous solution (pH 2-3) of 
diphenylamine, NaSCN, and HClO4. Released nitrite was de
termined by differential pulse polarography under conditions 
where the test compound did not release nitrite. Nitrite con
centration was determined by comparison of peak current with 
calibration curves. The method of standard additions was also 
used to insure accuracy. 

Biological Assays. In vitro studies were performed with 
exponentially growing cultures of EMT6 mouse mammary tumor 
cells incubated under aerobic and hypoxic conditions. The 
methodology used was essentially the same as that previously 
reported.18 In cytotoxicity studies (Figure 1) cells were treated 
with drug for 2 h under fully hypoxic conditions. In radia
tion/drug interaction studies, cells were treated with drug for a 
total of 75 min and were irradiated (or sham irradiated) during 
the final minutes of drug treatment with 250-kV X-rays at a dose 
rate of ~1 Gy/min. In all cases, points shown are geometric mean 
± SEM's of survivals determined in three or more independent 
experiments. Survival curves, D0% and n's were fitted by re
gression analyses.1,17,18 Cells treated with radiation alone and with 
radiation plus misonidazole were included in the studies, as were 
drug- and solvent-treated controls. The oxygen enhancement 
ratios, calculated from the ratios of the D0's for cells irradiated 
in hypoxia and air, were 3.2 and 2.9 for the experiments shown 
in Figures 3 and 4, respectively, showing that good, radiobiological 
hypoxia was achieved. Sensitizer enhancement ratios (SERs) were 
calculated analogously, as the ratios of the D0's in the absence 
and presence of drug. 

In vivo experiments were performed with EMT6 mouse mam
mary tumors in BALB/c mice. In these studies, the response of 
the tumors to treatment was assessed by euthanizing the animals 
after treatment, removing the tumors, preparing a single cell 
suspension from the tumors, and assaying the ability of the 
suspended cells to form colonies in vitro.18 

Stability of 11 at pH 7.4 and in Rat Plasma. Stability of 
11 in both pH 7.4 buffer at 23 0C and rat plasma at pH 7.4 and 

Monovalent Sialosides That Bind Tightly to 
Influenza A Virus 

The first step in the cascade of events that leads to 
infection by influenza virus is adsorption of virus particles 
to the surface of susceptible cells.1 This process occurs 
through recognition and binding of cell-surface oligo
saccharides that terminate in sialic acid (SA) residues.2 

Previous studies have shown that SA is the only compo-

(1) Paulson, J. C. Interactions of Animal Viruses with Cell Surface 
Receptors. In The Receptors; Conn, P. M., Ed.; Academic 
Press: New York, 1985; Vol 2, pp 131-219. 

(2) Paulson, J. C; Sadler, J. E.; Hill, R. L. Restoration of Specific 
Myxovirus Receptors to Asialoerythrocytes by Incorporation 
of Sialic Acid with Pure Sialyltransferases. J. Biol. Chem. 
1979, 254, 2120-2124. 

37 0C was studied. A 10.5 mM solution of the compound in 
0.085% H3PO4 was prepared. One hundred microliters of this 
solution was added to 1600 iiL of rat plasma and 400 pL of pH 
7.4 phosphate buffer to yield an assay concentration of 0.5 mM. 
The pH was monitored with an Orion Research pH meter and 
maintained by the addition of 0.1 N HCl. Temperature was 
maintained by using a Haake circulating water bath. 

For the plasma sample, 50-̂ L aliquots were removed period
ically and quenched in 950 y.h of 7% HClO4. The quenched 
solutions were centrifuged (Beckman Microfuge) and the su-
pernate analyzed on a Hewlett-Packard HPLC (50-juL injection, 
280 nm, gradient elution of 5-95% MeCN with 0.085% H3PO4 
over 10 min at a flow rate of 3 mL/min, 10-cm VYDAC C18 
protein and peptide column). 

The pH 7.4 buffer experiment was prepared by using the same 
10.5 mM stock prepared previously and diluting 20-fold into pH 
7.4 buffer. Five-microliter aliquots were taken directly by the 
HPLC autosampler without dilution (the temperature of the 
autosampler was 23 0C). 

For the plasma sample, 100% of the starting material was 
recovered after 2 h. For the pH 7.4 buffer sample 82.2% of the 
starting material was recovered after 96 h. 
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nent of these carbohydrate chains that is recognized by 
the virus3 and that the viral entity responsible for this 
interaction is the protein hemagglutinin (HA).4 One ap
proach to combating cellular infection may be to inhibit 
this adsorption process by using SA analogues that com
pete with the cell surface sialyl oligosaccharides, for viral 
HA. However, the binding affinity for HA of all known 
monovalent a-sialosides, such as N-acetyl-2-O-methyl-a-
D-neuraminic acid (Neu5Aca2Me, 1) is weak (Kd « 2 
mM),5 and the virus presumably attaches to cells at many 

(3) Pritchett, T. J.; Brossmer, R.; Rose, U.; Paulson, J. C. Recog
nition of Monovalent Sialosides by Influenza Virus H3 Hem
agglutinin. Virology 1987,160, 502-506. 

(4) Wiley, D. C; Skehel, J. J. The Structure and Function of the 
Hemagglutinin Membrane Glycoprotein of Influenza Virus. 
Annu. Rev. Biochem. 1987, 56, 365-394. 
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Table I. Relative Affinity of Monovalent Sialosides for 
Hemagglutinin0 

OMe 

loci. To compete with these polyvalent interactions, an 
inhibitor of viral adsorption will need to have a much 
higher affinity for HA than that associated with typical 
monovalent a-sialoside ligands. 

The crystal structure of sialyllactose bound to BHA (HA 
that has been cleaved from the viral membrane by the 
protease bromelain) shows that the SA binding site is a 
shallow depression at the end of the protein furthest from 
the membrane.6 Chemical modification of Neu5Aca2Me, 
as well as screening of naturally occurring oligosaccharides 
that contain single SA residues, has failed to provide 
compounds with values of Kd less than about 2 mM.6,7 

These findings suggest that each feature of SA that con
tacts the protein is necessary for binding to HA and that 
modifications to the SA structure may not afford molecules 
with the required binding properties. 

In the crystal structure of the complex of BHA with 
a(2,3)-sialyllactose, the sialoside aglycon protrudes from 
the SA binding site out into solution.6 The electron density 
for these atoms is low, suggesting a disordered structure 
for the sugars that are attached to the sialic acid when the 
ligand is bound to BHA. Nevertheless, the ability of 
different mutant strains of influenza A virus to distinguish 
(even if only weakly) between a(2,3)-sialyllactose and 
a(2,6)-sialyllactose suggests the possibility of contacts 
between HA and the sialoside aglycon. Consideration of 
these facts, and examination of molecular models, led us 
to explore the possibility of building sialoside chains ca
pable of making extended contacts with the protein, thus 
enhancing the binding of monovalent sialoside ligands to 
HA. During this search we have identified a number of 
sialosides with hydrophobic aglycons that bind to HA with 
significantly higher affinity than that of Neu5Aco2Me (1). 
We here describe monovalent inhibitors of hem
agglutination that are better than any yet reported. All 
the compounds were synthesized by a common route, 
shown in Scheme I. Acids 2a-d were prepared from 
methyl 4,7,8,9-tetra-0-acetyl-iV-acetyl-2-chloro-2-deoxy-
(9-D-neuraminate8 using Koenigs-Knorr reaction condi
tions.9 The glycosyl chloride was stirred with mercuric 
cyanide and 3-A molecular sieves at room temperature 
under argon, in the appropriate io-alkenol as solvent,10 until 

(5) 

(6) 

(7) 
(8) 

(9) 

(10) 

Sauter, N. K.; Bednarski, M. D.; Wurzburg, B. A.; Hanson, J. 
E.; Whitesides, G. M.; Skehel, J. J.; Wiley, D. C. Hem
agglutinins from Two Influenza Virus Variants Bind to Sialic 
Acid Derivatives with Millimolar Dissociation Constants: A 
500-MHz Proton Nuclear Magnetic Resonance Study. Bio
chemistry 1989, 28, 8388-8396. 
Weis, W.; Brown, J. H.; Cusack, S.; Paulson, J. C; Skehel, J. 
J.; Wiley, D. C. Structure of the Influenza Virus Hem
agglutinin Complezed with Its Receptor Sialic Acid. Nature 
1988, 333, 426-431. 
Hanson, J. E.; Wiley, D. C, personal communication. 
Ogura, H.; Furuhata, K.; Itoh, M.; Shitori, Y. Syntheses of 
2-0-Glycosyl Derivatives of N-Acetyl-D-Neuraminic Acid. 
Carbohydr. Res. 1986, 158, 37-51. 
Okamoto, K.; Goto, T. Glycosidation of Sialic Acid. Tetrahe
dron 1990, 46, 5835-5857. 
Oct-7-enol was prepared according to the procedure of Best-
mann et al.12 The other alkenols that were used are commer
cially available. 
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0 Binding affinities were determined in hemagglutination inhib
ition experiments with influenza A strain X-31 and adult chicken 
red blood cells. 6AIl compounds have the general structure 3 
(Scheme I). "The relative affinity of Neu5Aca2Me (1; Kd = 2.8 
mM) is arbitrarily defined as 1. ''That is, K-, >80 ^M. 

there was no starting material remaining by thin-layer 
chromatography. Using acids 2a-d, a variety of different 
amides were prepared by standard peptide-coupling 
methodology, from which the acetate and ester protecting 
groups were then removed hydrolytically. The affinity of 
these compounds for HA was measured by their ability to 
inhibit viral hemagglutination of chicken erythrocytes.11 

(11) WHO Tech. Rep. Sec. 1953, 64, 1. 
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Scheme I. General Route to Monovalent Sialosides0 
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•(a) HO(CHj)nCH=CH2 (as solvent), Hg(CN)2 (0.1 equiv), 3-A 
molecular sieves, room temperature; (b) KMnO4 (3 equiv), AcOH-
(aq), 4 0C, 2 h; (c) 1-hydroxybenzotriazole (1 equiv), dicyclohexyl-
carbodiimide (1 equiv), diisopropylethylamine (1 equiv), RNH2 (1 
equiv), CH2Cl2; (d) methanol, NaOH(aq), room temperature, 2 h. 

In several cases, binding to BHA was also measured by the 
NMR titration assay.6 This method affords relative 
binding affinities that are in agreement with those obtained 
from hemagglutination inhibition experiments. 

From Table I it can be seen that every compound that 
binds to HA better than Neu5Aca2Me (1) carries an aro
matic group attached to the nitrogen of the aglycon amide 
linkage. This finding suggests that the aromatic group 
contributes to binding and that its positioning is critical 
for tight association with HA. The best inhibitors (13 and 
14), with K{ = 40 uM, bind to HA more than 60-fold better 
than Neu5Aca2Me (K1 • 2.8 mM).6 These are the tightest 
binding monovalent inhibitors of hemagglutination that 
have been described. It is interesting to note that the 
binding affinity is related to both the nature of the aglycon 
substituent (R) and the chain length (re). When R is the 
1-naphthylmethyl group, the tightest binding inhibitor has 
the chain length n = 6. Examination of inhibitors modeled 
into the SA binding site of BHA does not reveal an obvious 
hydrophobic binding locus on the protein surface, and a 
proper understanding of the reason for the observed in
creases in binding affinity will have to await the solution 
of the crystal structure of a protein-ligand complex. 

The identification of tight-binding sialosides containing 
aromatic substituents also suggests the possibility of syn
thesizing fluorescent ligands for BHA. This idea is cur
rently being developed to provide a convenient fluores
cence assay for the binding of ligands to influenza A 
hemagglutinin. 
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Peptide to Glycopeptide: Glycosylated 
Oligopeptide Renin Inhibitors with Attenuated in 
Vivo Clearance Properties 

Given the remarkable breadth of biological activity 
vested by Nature in the assembled amino acids, the value 
of peptides as preeminent templates for therapeutic drug 
design is self-evident. It is in recognition of this fact that 
considerable resources are expended, on a continuing basis, 
on the task of identifying chemical strategies that preserve 
the information content of the peptide and abolish its 
intrinsic shortcomings as a practical drug.1 Of these 
shortcomings three are particularly vexing. The typical 
oligopeptide is susceptible to proteolytic degradation and 
is poorly orally absorbed, and of that modest fraction 
which is absorbed, there exists an efficient liver transport 
system2 that extracts the oligopeptide from the blood and 
excretes it through the bile. It is within the context of this 
latter problem—liver/biliary clearance—that we report a 
distinct contrast in disposition between an oligopeptide 
and its glycosylated derivative. 

A practical illustration of the difficulty posed by the 
therapeutic oligopeptide is provided by the inhibitors3 of 
the aspartyl protease renin. This enzyme is an attractive 
target for the amelioration of hypertension, as a result of 
its specific proteolytic release of the oligopeptide precursor 
of the vasoconstrictive hormone angiotensinogen II. Di-

(1) For an excellent review on the limitations of peptides as drugs: 
Plattner, J. J.; Norbeck, D. W. Obstacles to Drug Development 
from Peptide Leads. Drug Discovery Technologies; Clark, C. 
R., Moos, W. R., Eds.; Ellis Harwood Ltd.-Halsted Press: 
Chichester, England, 1989; pp 92-128. 

(2) Greenfield, J. C; Cook, K. J.; O'Leary, I. A. Disposition, Me
tabolism, and Excretion of U-71038, A Novel Renin Inhibitor 
Peptide, in the Rat. Drug. Metab. Dispos. 1989,17, 518-525. 
Frimmer, M.; Ziegler, K. The Transport of Bile Acids in Liver 
Cells. Biochim. Biophys. Acta 1988,947,75-99. Bertrams, A. 
A.; Zielgler, K. New Substrates of the Multispecific Bile Acid 
Transporter in Liver Cells: interference of Some Linear Renin 
Inhibiting Peptides with Transport Protein(s) for Bile Acids. 
Biochim. Biophys. Acta 1991,1073, 213-220. Buscher, H-P.; 
Gerok, W.; Kollinger, M.; Kurz, G.; Muller, M.; Nolte, A.; 
Shcneider, S. Transport Systems for Amphipathic Compounds 
in Normal and Neoplastic Hepatocytes. Adv. Enzyme Regul. 
1988, 27,173-192. Gores, G. J.; Kost, L. J.; Miller, L. J.; La-
Russo, N. F. Processing of cholecystokinin by Isolated Liver 
Cells. Am. J. Physiol. 1989, 257, G242-G248. 

(3) Thaisrivongs, S. Renin Inhibitors: A Promising New Class of 
Hypertensive Agents. Drug News Perspec. 1988, /, 11-16. 
Kleinert, H. D. Renin Inhibitors: Discovery and Development 
Am. J. Hypertens. 1989, 2, 800-808. Greenlee, W. J. Renin 
Inhibitors. Med. Res. Rev. 1990,10, 173-236. Ocain, T. D.; 
Abou-Gharbia, M. Renin-Angiotensin System Dependent 
Antihypertensive Agents: I. Renin Inhibitors. Drugs Future 
1991, 16, 37-51. 
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