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Abstract—The conversion of ribavirin to the monophosphate by adenosine kinase is the rate-limiting step in activation of this broad
spectrum antiviral drug. Variation of the 3-substituents in a series of bioisosteric and homologated 1-b-DD-ribofuranosyl-1,2,4-triaz-
oles has marked effects on activity with the human adenosine kinase, and analysis of computational descriptors and binding models
offers insight for the design of novel substrates.
� 2007 Elsevier Ltd. All rights reserved.
RNA viruses are significant pathogens that cause ill-
nesses ranging from the common cold to epidemic scale
diseases such as AIDS, hepatitis C, influenza, and
emerging diseases caused by the agents Yellow fever
virus, West Nile virus, Dengue virus, SARS CoV, and
hantaviruses. Few antiviral drugs are available, and clin-
ical treatment must confront the diversity and rapid evo-
lution of resistant strains. The antiviral drug ribavirin
(1-b-DD-ribofuranosyl-1,2,4-triazole-3-carboxamide) 1 was
first synthesized in 1972 and has shown broad spectrum
antiviral activity against both RNA and DNA viruses.1

Ribavirin has been used clinically in combination with
interferon-a for treatment of hepatitis C virus (HCV)
infection, respiratory syncytial virus (RSV), several viral
hemorrhagic fever causing viruses, and recently
for SARS CoV infections.2–5 Side effects, including
hemolytic anemia,6,7 and viral resistance8,9 are major
limitations.

The phosphorylation of ribavirin to the 5 0-monophos-
phate by human adenosine kinase (hADK) is the rate-
limiting step for activation to the physiologically relevant
triphosphate.10–14 Several mechanisms for ribavirin’s
antiviral activity have been identified. It inhibits inosine
5 0-monophosphate dehydrogenase and decreases intra-
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cellular guanosine triphosphate (GTP) concentrations.15

This is the predominant mechanism for the antiviral
activity of ribavirin against yellow fever, parainfluenza
3, and respiratory syncytial viruses.16–18 Other mecha-
nisms of ribavirin’s antiviral activity include: (1) inhibi-
tion of influenza virus RNA polymerase in vitro with
ribavirin triphosphate (RTP),19,20 (2) inhibition of viral
genome capping through interference with guanyltrans-
ferase or methyltransferase activity in Sindbis virus,21–23

and (3) modulation of host immune response in HCV
infected patients.24,25 Recent interest has been focused
on increased mutation rates in the viral genome that af-
fect replication, transcription, and virion viability. This
has been shown in the case of Hantaan virus, an Old
World hantavirus that can produce a life-threatening
hemorrhagic fever with renal syndrome.26

There is great interest in the development of synthetic
nucleoside analogs with modified hydrogen bonding,
p-stacking, hydrophobic and steric features to exploit
the decreased fidelity of viral replication and transcrip-
tion.27,28 Considering the importance of hADK for met-
abolic activation of 1, we were interested in evaluating
structural effects within a closely related series of
3-substituted-1-b-DD-ribofuranosyl-1,2,4-triazoles as part
of our ongoing efforts to develop new antiviral drugs
for RNA viruses.

We identified a series of triazole derivatives (2–8) with 3-
substituents providing modified steric volume, lipophilicity,
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hydrogen-bonding capacity, and ionic charge. Com-
pounds 2–4 possess isosteric substitutions for the 3-car-
boxamide of 1 including nitro, ketone, and carboxylate
groups, respectively. Derivatives 5, 7, and 8 are homo-
logs and constitutional isomers of 1 that incorporate
an additional methylene group. The carbonyl oxygen
of 1 was replaced with N-methyl in amidine derivative 6.

The nitro derivative 2 was prepared by direct fusion of
3-nitro-1,2,4-triazole with 1-O-acetyl-2,3,5-tri-O-ben-
zoyl-b-DD-ribofuranose.29 The carboxylate 4 and N-meth-
ylcarboxamide 5 were obtained after deprotecting the
commercially available methyl ester (I) followed by
saponification or methylamine substitution, respec-
tively.30 The methyl ketone 3 and the acetamide 8 were
synthesized as shown in Scheme 1.39,40 Introduction of
tert-butyldimethylsilyl protecting groups followed by
selective reduction of the methyl ester with diisobutyl-
aluminum hydride provided the aldehyde, then addition
of methylmagnesium bromide, oxidation with pyridini-
um chlorochromate, and deprotection gave the methyl
ketone 3. The acetamide 8 was synthesized from 2 by
reduction of the nitro with hydrazine, followed by acet-
ylation and ester hydrolysis. The N-methylamidine 6
and methyl imidate 7 were prepared from 1 following
the literature route.30 No hydrolysis of 6 or 7 was evi-
dent by 1H NMR after two weeks in D2O at 25 �C.

The hADK clone 20-1 was generously provided by Dr.
Jozef Spychala (UNC Chapel Hill, Chapel Hill, NC)
and hADK was prepared as described.31 Nucleosides
were assayed as substrates for hADK, and reaction
products were detected by HPLC. Assay conditions con-
sisted of 50 mM Hepes (pH 6.0), 40 mM KCl, 1 mM
MgCl2, 1 mM ATP, 0.1% BSA, 10 lM deoxycoformy-
cin, 100 lM of the test compound, and enzyme. Reac-
tions were started by the addition of enzyme and
incubated in a 37 �C water bath. Aliquots of 50 ll were
taken at 0-, 1-, 2-, and 4-h intervals, and reactions were
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Scheme 1. Synthesis of 3 and 8. Reagents and conditions: (a)

NaOCH3, CH3OH, rt, 2 h, 82%; (b) TBSCl, imidazole, DMAP,

DMF, rt, 12 h, 84%; (c) DIBAL-H, CH2Cl2, �78 �C, 4 h, 78%; (d)

CH3MgCl, THF, 0 �C, 2 h, 87%; (e) PCC, CH2Cl2, mol sieves, rt, 4 h,

62%; (f) TBAF, THF, 0 �C, 2 h, 76%; (g) H2NNH2, H2O, rt, 0.5 h,

89%; (h) Ac2O, NEt3, DMAP, CH3CN, rt, 16 h, 55%; (i) CH3COCl,

NEt3, CH3CN, rt, 2 h, 59%; (j) NaOCH3, CH3OH, rt, 2 h, 64%.
stopped by the addition of 50 ll of 1 M perchloric acid.
Samples were neutralized to pH 7, and precipitated salts
were removed by centrifugation. Reactants and prod-
ucts were separated by HPLC using Bio Basic anion ex-
change column (Thermo Electron Corp., Bellefonte,
PA) with a 40-min linear salt and pH gradient from
5 mM ammonium phosphate (pH 2.8) to 750 mM
ammonium phosphate (pH 6). Peaks were detected as
they eluted from the column by absorbance at their
kmax, typically 215 nm. All enzyme reactions were linear
during the incubation period and substrate conversions
were maintained at less than 10%.12 The potential for
inhibition of hADK activity was evaluated by monitor-
ing the formation of ribavirin monophosphate in the
presence of compounds 2–8. The initial ribavirin con-
centration was 0.1 lM, with individual compounds at
400 lM.

The specific and relative activities for phosphorylation
of 1–8 by hADK are shown in Table 1. Enzyme activity
was only detected with four of the ribavirin analogs (2,
3, 5, and 6). However, these analogs were less effective
substrates than 1. In addition, none of the ribavirin ana-
logs (2–8) inhibited the phosphorylation of ribavirin by
hADK (data not shown). Since a 4000-fold excess of
compound did not inhibit the phosphorylation of ribavi-
rin, these results indicated that the Km of the analogs
was much higher than the Km for ribavirin. Because
compound 2 had 18% of the activity of ribavirin but
did not inhibit the phosphorylation of ribavirin, these
results would suggest that 2 has a higher Vmax than
ribavirin.

Computational methods were used to characterize possi-
ble structural contributions to hADK activity within
this series. Geometries were fully optimized in the gas
phase at the B3LYP/6-31G** level of theory. In each
case, computation identified the syn glycoside confor-
mation of compounds 1–8 as the minimum energy con-
formers, in which N2 of the triazole base is oriented into
the ribofuranose ring. These results are consistent with
the reported conformational preference of 1 in solution
as determined by NMR and circular dichroism.32,33 The
validity of the calculated glycoside conformation of 2
was confirmed experimentally by observation of strong
NOE correlation between H5-H1 0 in the NOESY
spectrum.
able 1. hADK activity of 3-substituted 1-b-DD-ribofuranosyl-1,2,4-

riazoles

Compound Specific activity (nmol/mg h)a % activity 1

1 (ribavirin) 203 (±32) 100

2 36 (±9) 18

3 20 (±7) 10

4 <4 <2

5 19 (±2) 9

6 11 (±1) 5

7 <4 <2

8 <4 <2

Values are means of three experiments, standard deviation is given in

parentheses.
T

t
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Computationally derived molecular descriptors have
been shown to be useful for comparative evaluation of
bioisosteres.34 The electrostatic potential densities of
1–8 were mapped on the van der Waals surfaces in the
space filling models using SPARTAN’06. The molecular
electrostatic potential (MEP) mapped on the isodensity
surface of the molecule provides a visual indicator for
qualitative comparison of hydrogen bonding capacities,
with a spectrum ranging from red representing high elec-
tron density to blue (Table 2).

Additional selected computational descriptors for 1–8
are listed in Table 3. Hydrophobic interactions can
be approximated using complementary lipophilic
profiles, the water accessible hydrophobic surface area
of the molecule (CPK Area), and logP octanol/water
partition coefficients (log Pow). Comparison of long-
range electrostatic interactions of neutral molecules
can be approximated using the dipole moment/volume
(l/V). The descriptor for chemical hardness g = (LU-
MO � HOMO/2) provides an estimation of the
aromaticity that relates to the propensity for p-stack-
ing. The calculated g values for all of the compounds
are similar (0.077–0.113 eV) and represent comparable
p-stacking capacities across the series of substituted
triazole bases.
Table 2. Calculated molecular potential density mapsa

Compound 1 2

Isosteric series

Compound 5 6

Homologated series

a Molecular electrostatic potentials were calculated at the B3LYP/6-31G** l

identical chromatic scales (red is more negative, greater electron density; blu

Irvine, CA.
The compounds evaluated fall within two general clas-
ses, isosteres possessing overall steric volume similar to
1 but altered functionality that affects H-bonding (2–
4), and homologated analogs possessing increased steric
profiles and altered hydrophobicity (5–8). The 3-nitro
derivative 2 was the most active synthetic analog. This
compound possesses a molecular electrostatic potential
map that is similar to 1 (ribavirin), the smallest volume,
highest lipophilicity and dipole moment/volume. The ni-
tro group is isostructural to the carboxamide but typi-
cally exhibits weaker intermolecular H-bond accepting
capabilities.35 Nitrated base analogs have been exten-
sively evaluated as potential universal bases where ni-
tro-arenes typically form strong p–p stacking
interactions through polarization of the (hetero) aryl
ring.36 The derivative b-ribofuranosyl-3-nitropyrrole
was reported to undergo phosphorylation equivalent
to ribavirin using hamster ADK.14 The ketone 3 is a
structural mimic of 1 where replacement of the amine
with methyl eliminates two H-bond donors. The activity
of N-methyl derivative 5 was comparable with that of 3,
N-methylribamidine 6 was 20-fold less active than 1,
while 4, 7, and 8 were ineffective substrates.

Manual docking of the calculated minimum energy con-
formation of ribavirin into the hADK substrate binding
3 4

7 8

evel and mapped on 0.002 au isodensity surface and are shown with

e is more positive, less electron density). Spartan’06, Wavefunction, Inc.



Table 3. Calculated molecular properties

Compound l, D CPK area A2 CPK volume A3 logP l/V, D/A3 g, eV

1 4.5 238.11 210.7 �2.17 0.021 0.109

2 6 232.13 201.7 �0.58 0.026 0.087

3 5 245.53 219 �1.01 0.023 0.099

4 11.9 222.68 204.2 na 0.058 0.089

5 4.2 260.12 231.1 �1.935 0.018 0.108

6 (�)8.6 267.02 236.5 �2.07 0.036 0.077

7 1.9 259.86 230.9 �1.04 0.008 0.108

8 6.1 260.66 231.2 �1.68 0.026 0.113
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site revealed the possibility of deeper penetration into
the lipophilic pocket to enable p-stacking of the triazole
with phenylalanine residue F170.37 In this position, the
carboxamide amine group of 1 mimics the critical N6-
amine of adenosine that undergoes H-bonding to bound
waters W416, and W415 associated with residues T173
and I39. The increased penetration of 1 into the sub-
strate binding pocket would position the 5 0-hydroxy
group further from the bound ATP that is responsible
for phosphorylation, resulting in reduced rates of phos-
phorylation relative to adenosine.

All of the 3-substituted 1,2,4-triazoles 2–8 were less effi-
cient hADK substrates than 1. Comparable p-stacking
capacities are expected across the series based on the
computed g-values. The nitro and methyl groups of 2
and 3 cannot interact as H-bond donors with W415
and W416, and the methyl of carboxamide 5 would ef-
fect these interactions, altering substrate orientation
and enzyme structure compared with adenosine, result-
ing in decreased activity.37,38

It is instructive to compare these results with other
structurally modified nucleoside derivatives that are sub-
strates for hADK (Fig. 1). The 7-deaza-purine, tuberci-
din, and related 7-carboxamido-purine derivative,
sangivamycin, exhibit favorable electrostatic and
p-stacking interactions and are excellent substrates for
ADK.11 In contrast, the 7-carbonitrile and 7-iodo ana-
logs, toyocomycin, and tubercidin, are potent ADK
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Figure 1. High affinity hADK substrates and inhibitors.
inhibitors due to displacement of W415 resulting in
stronger hydrophobic interactions with I39.

This study demonstrates that structural modifications
significantly affect the hADK activity of 3-substituted
1-.b-DD-ribofuranosyl-1,2,4-triazoles. The ribavirin deriv-
atives 4, 7, and 8 were ineffective substrates for hADK,
and these results may correlate with the reported lack of
antiviral activity against distinct viruses, although
metabolism by other enzymatic pathways is not ex-
cluded.30 The isosteric derivatives 2, 3 and N-methyl
homolog 5 were phosphorylated by hADK, and the
antiviral activity of these compounds is currently under
investigation. Consideration of computational descrip-
tors and structural interactions provides insight sub-
strate binding and activity into and provides direction
for additional structural optimization for the develop-
ment of antiviral nucleoside analogs with improved
selectivity and reduced side effects.
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