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Abstract
RNA viruses exhibit increased mutation frequencies relative to other organisms. Recent work has
attempted to exploit this unique feature by increasing the viral mutation frequency beyond an
extinction threshold, an antiviral strategy known as lethal mutagenesis. A number of novel nucleoside
analogs have been designed around this premise. Herein, we review the quasispecies nature of RNA
viruses and survey the antiviral, biological and biochemical characteristics of mutagenic nucleoside
analogs, including clinically-used ribavirin. Biological implications of modulating viral replication
fidelity are discussed in the context of translating lethal mutagenesis into a clinically-useful antiviral
strategy.
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Although significant effort has been expended in developing effective clinical therapies for
viral infections, the number of approved antiviral drugs is quite limited. A comprehensive
review in 2004 identified only 37 drugs licensed for the treatment of viral infections, 19 of
which were for the treatment of HIV infection [1]. Recent approvals have expanded the list of
antivirals targeting HIV to 25 distinct chemical entities [201]. Other targets were limited to
HBV, HCV, herpesvirus and influenza virus [1]. Of the anti-viral compounds currently in
clinical use, only one, the nucleoside analog ribavirin, exhibits broad-spectrum antiviral
activity against both DNA- and RNA-based viruses [2]. The limited number of available
treatments as well as the emergence of new viral diseases has led to a need for novel antiviral
agents. Furthermore, RNA viruses have extraordinarily high mutation rates (discussed later)
that can often lead to the rapid emergence of virus strains resistant to clinically employed
antivirals.

Recently, a new antiviral strategy aimed at exploiting the elevated mutation rate of RNA viruses
has begun to be explored. ‘Lethal mutagenesis’ aims to increase the viral mutation rate beyond
a biologically-tolerable threshold, resulting in reduced viral fitness and, potentially, extinction.
Importantly, resistance to lethal mutagenesis can be generated through an increase in viral

© 2008 Future Medicine
†Author for correspondence, The Pennsylvania State University, Department of Biochemistry & Molecular Biology, 201 Althouse
Laboratory, University Park, PA 16802, USA, Tel.: +1 814 863 8705, Fax: +1 814 863 7024, cec9@psu.edu.
For reprint orders, please contact: reprints@futuremedicine.com

NIH Public Access
Author Manuscript
Future Virol. Author manuscript; available in PMC 2009 September 1.

Published in final edited form as:
Future Virol. 2008 November ; 3(6): 553–566. doi:10.2217/17460794.3.6.553.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



replication fidelity, an adaptation that has been shown to affect viral spread and pathogenesis,
and should result in virus populations that are less able to evolve resistance against classical
antivirals targeting viral enzymes and structural proteins [3,4]. Thus, lethal mutagenesis may
not only be effective in reducing viral load, but may also result in the selection of virus
populations with reduced pathogenicity and capacity for resistance. Herein we review progress
on development of lethal mutagenesis as a novel antiviral strategy, with an eye towards future
milestones that may allow for effective translation of this strategy into a clinical setting.

Biological basis of lethal mutagenesis
RNA viruses replicate with a high mutation frequency

RNA viruses display extraordinarily high mutation frequencies compared with DNA-based
organisms. The mutation rate for RNA viruses is generally accepted to be in the range of
10−5 mutations per incorporated nucleotide, compared with 10−8–10−11 per base pair for DNA-
based organisms [5]. This results in approximately one mutation per genome per replication
cycle for RNA viruses, and 0.1 mutations per genome per replication cycle for retroviruses.
The equivalent value for DNA-based microbes is 0.003 per genome per replication cycle, even
though the genome size is orders of magnitude larger [6]. Clearly, RNA viruses are subject to
extensive mutation during replication. This phenomenon is likely due to the absence of a
proofreading activity associated with most viral RNA-dependent RNA polymerases (RdRp),
the enzymes responsible for replication of RNA genomes [7], although recent work suggests
that coronaviruses may possess some proofreading activity [8] (which may be a requirement
for RNA viruses to have a genome longer than 10,000 nucleotides).

The extremely high mutation rate of RNA viruses leads to the generation of a quasispecies, an
extremely heterogeneous population that hovers around a most-fit ‘master sequence’ [5,9–
11]. Most individual genomes in the population will have a sequence differing from the
consensus sequence by one or more nucleotide changes. Studies on the chemical mutagenesis
of poliovirus (PV) and vesicular stomatitis virus demonstrated that there was an upper limit to
the increase in mutation frequency of RNA viruses [12]. Mutation frequencies at a single site
could only be increased 1.1–2.8-fold, even in the presence of a mutagen that was sufficient for
a 99% reduction in virus viability. Loeb and colleagues, utilizing the retrovirus HIV, also
demonstrated significant decreases in virus viability when the mutation frequency was
increased only modestly [13]. Serial passage of HIV in the presence of a mutagen that increased
the mutation rate only threefold was sufficient for extinction of the virus population.
Subsequently, Loeb and Mullins coined the term ‘lethal mutagenesis’ to describe an antiviral
strategy based on increasing the viral mutation rate to a level beyond which the population is
no longer genetically viable [14,15].

The mechanism of lethal mutagenesis is illustrated for a typical single-stranded, positive-sense
RNA virus in Figure 1, but can similarly be applied to RNA viruses with other replication
strategies, as well as retroviruses (although retroviral mutation must occur either through
incorporation of a mutagen into DNA by reverse transcriptase, or through incorporation into
viral RNA by cellular RNA polymerase II). Viral RNA is replicated following delivery of the
genome to the cytoplasm and production of necessary viral proteins, including the RdRp.
Replication is error-prone, resulting in the generation of approximately one mutation per
progeny genome (left panel). Treatment with a nucleoside mutagen (µ) allows for intracellular
accumulation of mono-, di- and triphosphorylated forms (µMP, µDP and µTP). The
triphosphory lated analog µTP functions as an ambiguous substrate for the RdRp, inducing
additional mutations into the progeny genomes. This results in more deleterious mutations per
genome and therefore a lower average fitness of the viral population.

Graci and Cameron Page 2

Future Virol. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Theory of lethal mutagenesis
Whereas the quasispecies theory has been invoked to explain the antiviral activity of mutagens,
the theoretical underpinnings of quasispecies theory, as it applies to the evolution of virus
populations, are still quite thin and subject to heated debate [16–19]. Recent interest in lethal
mutagenesis as an antiviral strategy has stimulated efforts to explain the scientific theory behind
lethal mutagenesis to virologists.

Bull, Sanjuan and Wilke have described the theory of lethal mutagenesis [20]. Population
genetics theory shows that the extinction threshold is dependent not just upon mutation rate
but also fecundity, the maximal number of progeny released and therefore a measure of viral
fitness (Figure 2) [20]. Experimental support for this concept was demonstrated in foot-and-
mouth disease virus, as low viral load or low fitness increased the frequency of viral extinction
[21]. Thus, lethal mutagenesis has both genetic and environmental components. Extinction
occurs when the mutation rate reduces average viral fitness below the point where the
population can replenish itself.

Importantly, Bull, Sanjuan and Wilke note that there is no distinct genetic signature of lethal
mutagenesis to differentiate it from mutagenesis that does not lead to lethality [20]. This has
led to difficulty in reconciling theoretical breakthroughs with empirical observations of virus
populations subjected to mutagenic agents, particularly since mutation rate and fecundity are
difficult parameters to accurately assess in vivo. Additionally, it has been proposed that
defective genomes may function through ‘lethal defection’ to drive viral populations to
extinction at lower mutation rates [22].

An important concept to arise from this look at RNA virus population genetics is the idea of
‘survival of the flattest’ [23–25]. Using ‘digital organisms’, Wilke et al. showed that high
fitness populations can be outcompeted by lower fitness populations at high mutation rates, if
the lower fitness population lies in a flatter region of the fitness landscape [24,26]. In other
words, a high but narrow fitness peak can be inferior to a lower but broader fitness plateau, as
mutations on the fitness plateau will only have a minimal effect on overall fitness of the
population owing to support from sequences of similar fitness connected on the fitness
landscape [23,24]. Survival of the flat-test should lead to the evolution of ‘mutational
robustness’ in populations subjected to high error rates [27]. Mutational robustness refers to
the ability of a population to minimize the effect of high mutation frequency by favoring
sequences that are more resistant to mutation [23,27].

Lethal mutagenesis as an antiviral strategy
Given that linear increases in mutation rate result in exponential reduction in viral fecundity
(Figure 2), even slight increases in mutagenesis may be sufficient to drive a viral population
into extinction. RNA viruses should be particularly sensitive to such a ‘genetic meltdown’
since their genomes are extraordinarily dense with information. Viral genomes encode for
proteins as well as RNA structural signals for translation and replication, and their small sizes
have resulted in numerous strategies for maximizing genetic information, including
transcriptional slippage [28] and programmed ribosomal frameshifting [29]. The number of
allowed mutations per replication cycle should therefore be relatively small. Hence, RNA
viruses likely exist at or near the extinction threshold and may be particularly susceptible to
minor increases in mutation frequency.

Crotty et al., using PV as a model, demonstrated experimentally that small changes in mutation
frequency can result in rapid reductions in viral fecundity [30]. Natural PV replication results
in approximately 1.5 mutations per genome based on sequence ana lysis of capsidcoding
regions. When PV was grown in the presence of a mutagen, a dramatic decline in specific
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infectivity of PV genomic RNA was seen when the mutation frequency exceeded two mutations
per genome. Furthermore, an approximate fourfold increase in mutation rate was sufficient to
cause a 20-fold reduction in specific infectivity. This observation provides additional support
for the notion that only a small increase in mutagenesis is necessary to allow for a potent
antiviral effect.

Subsequent work has demonstrated extinction of virus populations through the application of
chemical mutagens. FMDV was driven into extinction by the combination of a mutagen and
an antiviral inhibtor [31], and more recent work has shown that treatment with a mutagen alone
is sufficient for extinction [32,33]. The mutagenic nucleobase 5-fluorouracil causes an increase
in mutation frequency of the prototypic arenavirus lymphocytic choriomeningitis virus
(LCMV) and is able to drive the virus population into extinction [34].

The aforementioned experiments have suggested that the viral quasispecies might represent a
novel antiviral target to be exploited. While most current antiviral agents target viral proteins,
this approach instead targets the genetic information itself. While the viral polymerase is the
ultimate mediator of antiviral activity, lethal mutagenic nucleosides would ideally not affect
polymerase function as do traditional polymerase inhibitors or chain-terminating nucleosides.
Instead, the eventual goal would be development of a ‘stealth nucleoside’ [35] that would not
be discriminated against by the viral polymerase but would corrupt the viral genetic information
when incorporated into the RNA genome.

Nucleoside analogs as antiviral lethal mutagens
The antiviral activity of ribavirin

Ribavirin (1-β-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) is a synthetic purine analog first
reported in 1972 (Figure 3) [2]. The nucleoside has broad-spectrum antiviral activity and is
effective in cultured cells against a wide range of both RNA and DNA viruses. Clinically, it is
used in combination with IFN-α for treatment of HCV infection [36–38] and as a monotherapy
for treatment of Lassa fever virus [39,40], respiratory syncitial virus [41] and some herpesvirus
infec-tions [42]. It has also been used experimentally as a treatment for numerous other viruses,
most recently for SARS-associated coronavirus [43].

Ribavirin is clinically administered as the nucleoside and, upon entering the cell, is rapidly
converted to ribavirin monophosphate (RMP) by cellular adenosine kinase. Further phosphory
lation by cellular kinases leads to the accumulation of ribavirin triphosphate (RTP). RTP is the
primary form of ribavirin found in treated cells, although RMP is also present at levels 20–
100-fold lower than the triphosphate [44,45].

While ribavirin has exhibited antiviral activity against a wide range of DNA and RNA viruses
in the laboratory, its mechanism of action has remained elusive (reviewed in [46]). For 30
years, the antiviral activity of ribavirin was thought to be due to inhibition of cellular inosine
5′-monophosphate dehydrogenase (IMPDH) [47], although polymerase inhibition, immune
modulation and inhibition of 5′ capping of viral RNA have also been implicated as potential
mechanisms [46]. More recently, it has become apparent that ribavirin can induce transition
mutations in viral genomes via ambiguous base-pairing during or subsequent to incorporation
by the viral RdRp. Crotty and colleagues were able to demonstrate RTP incorporation by PV
3Dpol using an in vitro primer-extension assay [48]. RMP was incorporated at approximately
the same rate as an incorrect nucleotide opposite either cytidine or uridine, and a template
containing ribavirin was able to direct incorporation of both cytidine and uridine at
approximately the same efficiency. This promiscuous base-pairing capacity is presumably due
to rotation of the carboxamide moiety of the ribavirin pseudobase resulting in two distinct
hydrogen-bonding con- figurations (Figure 3).
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Evidence implicating lethal mutagenesis as the mechanism of action of ribavirin has
subsequently been extended to other virus species, including HCV [49–51], GB virus B [52],
FMDV [32], West Nile virus [53] and Hantaan virus [54,55]. However, the mechanism of
action of ribavirin in vivo is still hotly debated [56–59]. Thus, despite extensive efforts into
understanding the phenomenon of lethal mutagenesis in vitro, little is known of the potential
of lethal mutagenesis as a bona fide clinical antiviral strategy.

Modifications to ribavirin
The broad-spectrum activity of ribavirin is unparalleled among antiviral drugs. This has led to
considerable interest in the development of structural analogs which may exhibit increased
activity or greater selectivity with regard to host cell functions and metabolism. Viramidine
(Figure 4A) is an aminated prodrug that is rapidly converted to ribavirin upon absorption
[60,61]. Levovirin, the l-analog of ribavirin, is not phosphorylated in vitro and lacks mutagenic
and antiviral activity [59,62].

More recently, Moriyama et al. synthesized a number of ribavirin analogs containing
hydrophobic groups at the 4-position of a pyrazole ring of the nucleobase (modified from the
1,2,4-triazole of ribavirin) [63]. While two of these analogs (Figure 4B & C) demonstrated
incorporation rates similar to ribavirin when PV 3Dpol was employed (within threefold,
opposite either natural pyrimidine), antiviral activity was not observed. The basis for this result
is unclear, but may be due to inefficient intracellular phosphorylation or reduced mutagenicity
as a result of constrained rotation of the carboxamide moiety owing to steric hindrance from
the substitution at the adjacent 4-position.

Novel nucleoside analogs as lethal mutagens
A novel nucleoside analog could improve upon the antiviral activity of ribavirin in a number
of ways [64]. As ribavirin is incorporated very slowly by viral polymerases (at about the rate
of an incorrect nucleotide) [48], a nucleoside which has a more efficient rate of incorporation
may have greater antiviral effects. Additionally, a nucleoside with different templating
properties, for instance a nucleoside that can mimic either cytidine or uridine, could exploit
the lower cellular concentration of competing pyrimidines [65]. A pyrimidine analog might be
most effective if administered in combination with a purine analog such as ribavirin, allowing
for all possible genomic sites to be targeted. Novel nucleoside analogs may also possess other
desirable properties such as increased cellular phosphorylation, leading to a more rapid
accumulation in the target cell, or improved discrimination by cellular enzymes, providing
greater specificity for the antiviral response over off-target cellular effects. Finally, ribavirin
treatment causes significant clinical side effects owing to its pleiotropic biological properties
[66]. Development of a nucleoside analog that does not have such secondary activities might
eliminate the undesirable effects of clinical treatment.

Nucleosides that can induce mutagenesis through direct incorporation into nucleic acid can be
divided into two general categories depending on the properties of the attached nucleobase.
The first are those containing nucleobases with minimal hydrogen-bonding capacity that can
be incorporated opposite any of the naturally occurring nucleosides, a class of molecules known
as universal bases [67]. The second category includes nucleosides containing bases with
ambiguous hydrogen-bonding properties that allow favorable hydrogen-bonding interactions
with two or more of the natural nucleobases, such as ribavirin.

Universal nucleosides
A number of nonhydrogen-bonding nucleoside analogs have been developed, mostly as
deoxyribonucleosides [67]. In general, these have hydrophobic, aromatic bases that are stable
in nucleic acid duplexes due primarily to base-stacking interactions. Because this interaction
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is not dependent upon hydrogen bonding, these bases show little discrimination in ‘pairing’
opposite any of the naturally occurring nucleobases. This type of nucleoside analog has shown
utility for use in degenerate primers and probes [67,68]. Unfortunately, these analogs have
generally been poor substrates for enzymes.

One such universal ribonucleoside, 1-ribofuranosyl- 3-nitropyrrole nucleoside (3-NPN; Figure
5A), was synthesized and investigated as a lethal mutagen against PV [69]. The deoxyribo-
nucleoside containing this base is known to hybridize to all four bases when in a DNA duplex
[70]. However, 3-NPN did not exhibit any significant antiviral effect against PV [69]. Primer-
extension assays using PV 3Dpol and the triphosphorylated form of 3-NPN demonstrated that
this nucleoside did in fact possess mutagenic properties, being incorporated as an analog of
either adenosine or uridine. However, it did not exhibit true ‘universal’ characteristics, as it
was not incorporated opposite all four natural bases. More significantly, 3-NPN was
incorporated approximately 100-fold slower than ribavirin in vitro. Therefore, 3-NPN will be
incorporated much less than once per genome during replication, making this compound an
ineffective antiviral mutagen.

To overcome the shortcomings of 3-NPN, a second-generation analog with an increased
aromatic system and enhanced π-stacking interactions was designed, 5-nitroindole nucleoside
(5-NINDN; Figure 5) [71]. A deoxyribonucleoside containing the 5-nitroindole base was
shown to have increased duplex stability relative to 3-nitropyrrole and was an efficient
universal substrate for DNA polymerases, although it demonstrated chain-terminating
properties [72,73]. The triphosphate of 5-NINDN was indeed found to be templated
approximately equally well by all four natural bases when acting as a substrate for the PV RdRp
[71]. While incorporated ten-fold more rapidly than the 3-NPN triphosphate, 5-NINDN
triphosphate was still tenfold slower than ribavirin for PV RdRp incorporation [70]. However,
chain termination was not observed with the ribonucleoside (as opposed to the results observed
with the deoxyribonucleoside), and the nucleotide, while incorporated too slowly to be an
effective mutagen, proved to be an inhibitor of the PV polymerase, with a Ki on the order of
30 µM [71,74].

The results obtained with 3-NPN and 5-NINDN suggest that nonhydrogen-bonding analogs
may not be effective as lethal mutagens. Hydrogen-bonding interactions may be essential in
stabilizing the nucleoside triphosphate substrate in the active site of the polymerase in order
to allow incorporation into nucleic acid on a bio-logically relevant timescale. However, the
particular structures of the 3-NPN and 5-NINDN nucleobases may have unique properties that
prevent effective incorporation relative to other potential universal bases. Furthermore, the
particular polymerase tested (PV 3Dpol) may be less efficient in utilizing nonhydrogen-
bonding bases than polymerases from other viruses. Therefore, while the potential of
nonhydrogen-bonding universal bases to function as lethal mutagens cannot be ruled out, the
currently available data suggest that ‘universal’ nucleosides may be poor choices as mediators
of viral mutagenesis.

Ambiguously hydrogen-bonding nucleosides
The second major class of mutagenic bases includes those that exhibit ambiguous hydrogen-
bonding properties. In this case, hydrogen-bonding interactions are present but unique patterns
of hydrogen bond donors and acceptors are displayed depending on the configuration of the
molecule. Hydrogen-bonding patterns can vary based on factors such as rotation, ionization or
tautomerization of the base moiety. Ribavirin is an example of this class of molecule, as rotation
of the exocyclic carboxamide allows the nucleoside to mimic either of the naturally occuring
purines (Figure 3) [48]. Similarly, 5-fluorouridine (Figure 6A) can substitute for either of the
naturally occur-ring pyrimidines [75]. Furthermore, the mutagenic activity of 5-hydroxy-2′-
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deoxycytidine (Figure 6B) against HIV is likely due to increased prevalence of the imino
tautomer, which allows effective base pairing with adenosine as well as guanosine [76].

To further investigate the antiviral properties exhibited by 5-hydroxy-2′-deoxycytidine, Harki
et al. synthesized a series of 5-substituted cytidine ribonucleoside analogs and evaluated them
for antiviral activity against the RNA viruses PV and coxsackievirus B3(CVB3) [77]. One
analog in particular, 5-nitrocytidine (Figure 6C), exhibited potent antiviral activity, but through
a polymerase inhibition mechanism rather than mutagenesis [77], as incorporation of this
nucleo-tide was nearly 2000-fold slower than cytidine 5′-triphosphate (CTP).

Researchers at Koronis Pharmaceuticals (Redmond, WA, USA) described a novel mutagenic
deoxynucleoside analog, 5-aza-5,6- dihydro-2′-deoxycytidine (KP-1212; Figure 7), which
demonstrates potent antiviral activity against HIV in vitro [78,79]. The related ribonucleoside,
5-aza-5,6-dihydrocytidine, has been clinically investigated in oncology [80], although no
evaluation of its antiviral activity has been published. KP-1212 was shown to inhibit HIV with
an EC50 of 10 nM and therapeutic index of 100,000 [78]. Tautomerization of the nucleobase
between the imino and amino form presumably allows base pairing with either of the natural
purines (Figure 7), and this compound increased the mutation frequency of proviral HIV-1
DNA 50–100% with no evidence of evolution of resistance or genotoxicity to the host.
KP-1461, a prodrug of KP-1212, is currently in Phase IIa clinical trials as a monotherapy for
the treatment of HIV-1 infection in treatment-experienced patients harboring virus with
significant resistance to standard antiretrovirals [81]. This trial has been suspended by Koronis
to investigate a discrepancy in preclinical in vitro data and to examine Phase IIa clinical results
[202]. Suspension was not requested by the US FDA and was not due to safety concerns or
observation of drug-related adverse events [202].

6β-(D-ribofuranosyl)-3,4-dihydro-8H-pyrimido[ 4,5-c][1,2]oxazin-7-one (rP; Figure 8A) is a
bicyclic pyrimidine analog which can mimic either cytidine or uridine through tautomerization
of the nucleobase. This com-pound was shown to induce transition mutations in Escherichia
coli [82] and in an in vitro retroviral replication model [83]. PV genomes synthesized in
vitro to contain rP demonstrated substantial reductions in viral fitness, and the nucleotide was
an efficient and promiscuous substrate of PV 3Dpol [84]. In spite of these properties, rP did
not demonstrate antiviral activity against PV in cell culture, owing to insufficient
phosphorylation by cellular kinases [84]. While a prodrug approach may ultimately prove
fruitful, this highlights the complexity of designing nucleoside analogs that can induce
mutagenesis and, at the same time, maintain activity as substrates for critical cellular enzymes,
such as nucleoside and nucleotide kinases required for conversion to the nucleoside triphoshate.

Tautomerization as a strategy for ambiguous basepairing was further advanced with the
synthesis of a variety of N-6-modified purine nucleotide analogs [85–87]. The most potent of
these analogs, designated JA28 and JA30 (Figure 8B & C, respectively), increased the mutation
frequency of PV 35- to 65-fold over a single passage, resulting in 100–1000-fold reductions
in viral titer [88]. Similar results were obtained for the picornavirus CVB3. Significantly, these
nucleosides were phosphorylated intracellularly, yet did not appear to be substrates for cellular
ribonucleotide reductase [88], suggesting that their potential for host genotoxicity may be
minimal [89].

Considerations in the design & development of next-generation lethal mutagens
Clearly, one limiting factor for the pharmaceutical exploitation of the lethal mutagenesis
phenomenon is the high levels of endogenous nucleosides in normally-functioning cells. All
four natural ribonucleosides are found at intracellular concentrations ranging from hundreds
of micromolar to low millimolar [65]. Targeting retroviruses with deoxynucleoside analogs
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can overcome this issue to some degree, as dNTPs are found at much lower concentrations –
approximately 40 µM or lower [65].

Another primary concern is the induction of genomic mutation into the host cell (or even into
other cells of the body not infected with the target virus). Deoxyribonucleoside analogs clearly
have potential for genotoxicity, but ribonucleotides may also be incorporated into cellular DNA
if they are converted to the deoxyribonucleotide by cellular ribonucleotide reductase [89]. As
the substrate specificity of ribonucleotide reductase is not well-defined, designing analogs
resistant to conversion is difficult. Some selectivity to host cell mutation should be achievable
owing to the enhanced proofreading activity possessed by cellular replication machinery that
is absent in viral replicases [7].

Examination of the nucleoside pools in mammalian cells also provides some direction for the
development of antiviral nucleosides. Intracellular pyrimidine concentrations are generally
much lower than purine concentrations. Traut compiled approximately 600 published values
for nucleoside and nucleotide concentrations [65]. Average concentrations of ATP and GTP
in human cells are thought to be approximately 2000 and 300 µM, respectively. Concentrations
for the pyrimidines uridine 5′-triphosphate (UTP) and CTP are approximately 250 and 100
µM, respectively. The disparity is due primarily to the extremely high intracellular
concentration of ATP, indicative of its essential role as an energy source for myriad cellular
processes. Development of pyrimidine analogs thus ensures that intracellular competitors are
at a minimum, potentially requiring lower drug concentrations to be effective. Additionally,
the purines are intimately involved in essential cellular chemistry beyond DNA and RNA
synthesis, being necessary for such diverse processes as metabolic processes, signaling and
translation. Thus, focusing on mutagenic pyrimidine analogs may result in fewer adverse
cellular effects.

One potential complication in developing mutagenic nucleoside analogs is the variety of targets
with which a broad-spectrum antiviral must interact. Although all RdRps are predicted to have
a conserved ‘right hand’ structure, consisting of palm, thumb and finger domains, the precise
substrate specificity of polymerases from different virus families may vary. It is important to
note that, for retroviruses, the target enzyme in the application of ribonucleoside analogs is the
host RNA polymerase II. Because a host enzyme is the target, this approach should greatly
hinder the development of retroviruses resistant to this class of compounds.

A lofty goal is the development of mutagenic nucleosides that can act as substrates for virus-
encoded polymerases but not as substrates for cellular polymerases. This will prove
challenging, as the specific structure–function relationships defining substrate specificities for
these enzymes are still largely a mystery. Recent work with 2′-modified nucleoside analogs
may provide a first step in this direction [90]. These analogs appear to be incorporated by the
HCV RdRp and appear to act as chain terminators. Further experimentation demonstrated that
2′-modified nucleoside analogs were inhibitors of the HCV RdRp both in vitro and in vivo
[91]. In this case, a mutation conferring resistance was discovered in the RdRp and resistance
was directed towards the specific 2′-modification. Importantly, it appears as if these nucleoside
analogs are not incorporated by cellular DNA-dependent DNA polymerases or DNA-
dependent RNA polymerases [90,91]. This resulted in minimal cellular toxicity at
concentrations effective for virus inhibition, and intracellular phosphorylation did not appear
to be rate limiting. These promising experiments indicate that modifications to the pentose ring
of the nucleoside may allow antiviral activity to be retained while reducing cytotoxicity to the
host cell, although differences in substrate selection by various polymerases may render such
modifications viral specific. It is important to note, however, that at this time the ability of the
mitochondrial transcription machinery to be impacted by these analogs has not been addressed.
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Biological implications of lethal mutagenesis & modulation of viral mutation
rate
Development of resistance to lethal mutagens

It has often been assumed that application of a mutagen would be unlikely to increase the
frequency at which resistant virus variants would arise due to the fact that RNA virus error
rates are already extremely high (approximately one mutation per genome per replication
cycle). Bull, Sanjuan and Wilke make note that the relevant parameters are difficult to measure
and that the ultimate result of increasing mutation frequency cannot be definitively known until
more accurate measurements are available [20]. RNA viruses may actually replicate at a
suboptimal error rate [20]. Thus, it may be possible that exposure of a virus population to a
drug which increases the mutation rate during replication may allow that population to access
a peak on the fitness landscape that was unattainable without treatment. This may allow for
resistance to the mutagen itself, or to a drug targeting another viral process that is co-
administered with the mutagen. There have been reports of increased robustness in viral and
subviral pathogens after exposure to a mutagen [92,93], although others have reported no
selection of robustness with LCMV in cell culture [94].

Clinical treatment with a lethal mutagen may be unlikely to generate resistant variants, as the
high error rate of RNA viruses is necessary for viability and pathogenesis in the host, and a
likely mechanism for resistance is the selection of a higher-fidelity polymerase that would
restrict quasispecies diversity, countering exogenous increases in mutation rate. Not
surprisingly, a ribavirin-resistant variant of PV was identified (PV-G64S) [95,96], whereby
resistance is mediated through an increase in polymerase fidelity of approximately threefold.
Importantly, although two separate research groups were able to isolate a ribavirin-resistant
PV variant, both isolates had exactly the same mutation. This suggests that there may be a very
limited number of resistance mechanisms to counter continued exposure to a mutagen.
Interestingly, this mutation occurs at a location of the enzyme remote from the catalytic site.

Subsequent work with this resistant variant demonstrated that it had restricted tropism and
lessened pathogenesis in a mammalian host [3,4]. This suggests that the error rate is tightly
regulated by virus populations to maintain an optimal level of quasispecies diversity. Thus,
even if a lethal mutagen were unable to completely extinguish a virus population, changing
the error frequency slightly may be sufficient to at least prevent disease or virus spread.
Furthermore, application of a mutagen in combination with traditional viral inhibitors may
allow for extinction of a virus population under conditions where either treatment alone is
insufficient, and may inhibit the evolution of resistance [31].

However, the recent discovery of a ribavirin-resistant FMDV polymerase variant [97] indicates
another potential mechanism for resistance to lethal mutagens beyond a global increase in
polymerase fidelity. The M296I polymerase incorporates RMP less efficiently than the wild-
type polymerase, although quasispecies diversity was not restricted [97]. Biochemical
evaluation of the polymerase revealed that this polymerase has lower fidelity (by 2.5-fold) than
the wild-type, but with a specific discrimination against ribavirin utilization [ARIAS A ET AL., SUBMITTED

MANUSCRIPT (2008)]. Thus, FMDV can attain resistance by decreasing the efficiency of ribavirin
incorporation, although this results in a trade-off of fidelity for normal nucleotide incorporation
(specifically, a higher frequency of GMP misincorporation). Interestingly, this is not the first
mutator phenotype identified for an RNA virus [98], but it does demonstrate that multiple
mechanisms exist to confer resistance to lethal mutagens, and further underscores the
importance of a tightly-controlled mutation rate in RNA virus populations.
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Alternative approaches to exploiting viral quasispecies
The work described above indicates that changes in virus fidelity can affect not only virus
fitness, but pathogenesis and tropism. Modulating fidelity only a few fold in either direction
should be sufficient for significant biological effect, whether that be a descent into extinction
catastrophe or quasispecies restriction resulting in attenuation.

The discovery of a ribavirin-resistance mutation remote from the active site of PV 3Dpol
suggests that mutations in the polymerase active site are not the sole mechanism to modulate
fidelity [96]. Changes in overall enzyme conformational dynamics may perturb the active site
enough to affect nucleotide incorporation kinetics and thus fidelity. Targeting viral
polymerases with small molecule drugs could possibly affect the conformational dynamics
required for fidelity of viral replication, thus creating an antiviral effect. However, the
interactions necessary to elicit such an effect are unknown, complicating design of such a drug.
Furthermore, high-throughput screening approaches to identify small molecules that modulate
small changes in fidelity are technically challenging. An additional limitation is that this might
require completely distinct molecules to target each individual virus polymerase owing to
differences in enzyme structure and activity. Thus, the broad applicability of such a drug may
be severely limited.

More interesting is the potential application of high-fidelity viral variants as attenuated vaccine
strains. Investigation of the ribavirin resistant G64S PV variant indicates that it demonstrates
reduced tissue tropism and pathogenicity [4], and can confer protective immunity to wild-type
PV infection in a mouse model [3]. This may provide a broadly applicable strategy for the
engineering of live-attenuated vaccines for RNA viruses.

Identifying viruses with increased sensitivity to lethal mutagens
While RNA viruses in general experience heavy fitness loss when exposed to mutagens, the
tolerance of RNA viruses to mutagens may vary between viruses, even those that are closely
related. We have demonstrated that CVB3 is more sensitive to ribavirin treatment than the
closely related picornavirus PV [99]. Surprisingly, this was not due to increased frequency of
ribavirin incorporation, as CVB3 3Dpol utilized ribavirin less efficiently than PV 3Dpol in an
in vitro primer extension assay [GRACI JD ET AL., MANUSCRIPT IN PREPARATION]. Instead, CVB3 appears to be
constrained by a lower extinction threshold, as an equivalent number of mutations caused a
more deleterious fitness effect on the CVB3 genome than the PV genome [GRACI JD ET AL., MANUSCRIPT

IN PREPARATION (2008)]. This indicates that some viruses may be more susceptible to a lethal
mutagenesis-based antiviral approach owing to differences in mutational robustness, possibly
due to constraints in the primary protein coding sequence or RNA structural elements which
limit the tolerance to mutation.

A measure of the tolerance of an organism to genetic change is the ratio of nonsynonymous to
synonymous mutations (dN/dS) [100,101]. Nonsynonymous mutations indicate changes to the
codon and its particular amino acid, whereas synonymous mutations indicate a change in the
primary nucleotide sequence but with no change in protein coding function, owing to the
degeneracy of the genetic code. Thus, the dN/dS ratio can be considered a measure of selective
pressure. Viruses exhibiting low dN/dS ratios may therefore display increased sensitivity to
lethal mutagenesis, as their genomes are more conserved and therefore may demonstrate
reduced mutational robustness. Viruses replicating under heightened selective pressure may
therefore be opportune targets for mutagenesis-based antiviral approaches.

Future perspective
Despite extensive investigation of antiviral lethal mutagens in vitro, attempts to exploit this
theory for clinical use are just beginning. Although ribavirin has been shown to be a potent
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mutagen of RNA viruses in vitro, information regarding the clinical importance of this
mechanism of action during clinical ribavirin therapy is limited and controversial. In this
regard, clinical trials of new antiviral mutagens, such as KP-1212 and KP-1461, will provide
critical insight for translating in vitro observations to therapeutic use, as well as providing new
avenues for drug development. While a number of nucleoside analogs, particularly those
exhibiting ambiguous base pairing properties, have shown sufficient mutagenicity to be potent
antivirals in vitro, pharmacological and toxicological liabilities remain. Thus, research leading
to improved selectivity and pharmacological properties is required. Understanding the
substrate specificity of host cell kinases and ribonucleotide reductases is still in its infancy, but
is a field which can have profound implications on the design of future antiviral nucleosides.
Further research in this area is likely to provide novel directions for improving the selectivity,
pharmacokinetics and pharmacodynamics of nucleoside analogs.

Furthermore, few attempts at studying the implications of lethal mutagenesis in a clinical
setting have been undertaken. Emergence of viral resistance, host cell genotoxicity, effects on
cellular metabolic processes, and other undesirable off-target interactions will complicate the
translation of lethal mutagenesis to the clinic. Clearly, there will be a number of high regulatory
hurdles to clear before a highly-mutagenic nucleoside analog can be approved for use in
patients. In this regard, the pioneering efforts of Koronis Pharmaceuticals to move KP-1212
and other stealth nucleosides into the clinic will be informative and worth watching in the
coming years.

The subject that will likely see the most rapid advances is that of viral resistance to mutagens.
It had often been assumed that the primary mechanism of resistance to lethal mutagens would
be an overall increase in polymerase fidelity, and this proved true in the case of PV. However,
the FMDV ribavirin resistance mutation identified by Sierra et al. demonstrates that other
resistance mechanisms are possible, such as polymerase discrimination against specific
nucleotides [97]. Investigation of PV and FMDV ribavirin-resistant viruses indicate that viral
mutation rate is tightly controlled and likely to be evolutionarily optimized. Thus, further
understanding of the interplay between viral fitness and polymerase fidelity will likely have
important implications on further development of antiviral drugs, as well as on the generation
of effective vaccines.

Executive summary

RNA viruses exist as a quasispecies
• Natural RNA virus replication results in the generation of approximately one

mutation per genome.

• High mutation frequency results in the generation of a viral quasispecies with
extensive genetic diversity.

• The extinction threshold for a viral population is dependent upon both mutation
rate and fecundity.

• Viruses may evolve increased mutational robustness to counter the negative effects
of high error rate.

• An antiviral strategy based on increasing the viral mutation rate (lethal
mutagenesis) may allow for effective viral inhibition, with n minimal potential for
the generation of resistance.
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Nucleoside analogs can induce lethal mutagenesis in virus populations
• The antiviral nucleoside ribavirin decreases virus viability in vitro by increasing

the viral mutation frequency, although the clinical importance of mutagenesis is
still unresolved.

• Chemical modificiations to ribavirin have failed to produce more potent mutagens
as yet.

• ‘Universal’, nonhydrogen-bonding nucleosides have shown limited capacity to act
as viral mutagens in vitro.

• Many promiscuous nucleoside analogs have shown potent induction of viral
mutation in vitro with favorable biochemical properties, although only one,
KP-1212, has been advanced clinically as a lethal mutagen.

• Design of more potent antiviral lethal mutagens will require optimization of
structural characteristics influencing interactions with the viral polymerase, as well
as with host cell metabolic enzymes.

The mutation frequency of RNA viruses is tightly regulated
• Poliovirus can generate resistance to ribavirin by evolving a higher-fidelity

polymerase.

• A foot-and-mouth disease virus variant displays resistance to ribavirin treatment
through specific discrimination against ribavirin while maintaining quasispecies
diversity through reducing polymerase fidelity.

• Closely-related viruses may differ significantly in their susceptibility to lethal
mutagenesis owing to variations in the tolerable error threshold.
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Figure 1. Lethal mutagenesis as an antiviral strategy against RNA viruses
Treatment with a nucleoside mutagen (µ) increases the number of mutations per genome,
decreasing the fitness of the progeny viral population. µMP, µDP and µTP represent mono-,
di- and triphosphorylated forms of the nucleoside, respectively. RdRp: RNA-dependent RNA
polymerase.
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Figure 2. The extinction threshold is dependent upon mutation rate and fecundity
The dotted line represents the threshold between population extinction (above) and population
survival (below). The log-linear relationship indicates that large increases in fecundity are
required to overcome small changes in mutation rate.
Adapted from [20]
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Figure 3. Ribavirin can act as an ambiguous purine analog
Rotation of the exocyclic carboxamide allows for base pairing with either uridine (top) or
cytidine (bottom).
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Figure 4. Analogs of ribavirin
(A) Viramidine is an aminated prodrug that is rapidly converted to ribavirin intracellularly.
(B) Iodo- and (C) propynyl-substituted ribavirin analogs demonstrate efficient incorporation
by poliovirus 3Dpol compared with ribavirin [63].
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Figure 5. Ribonucleoside analogs with ‘universal’ nucleobases
3-nitropyrrole nucleoside (A: 3-NPN) and 5-nitroindole nucleoside (B: 5-NINDN) have
promiscuous templating properties, although low efficiency of polymerase incorporation
prevents their use as lethal mutagens [69,71].
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Figure 6. Pyrimidine analogs with mutagenic nucleobases
(A) 5-fluorouridine and (B) 5-hydroxy-2′-deoxycytidine have been shown to act as mutagenic
nucleoside analogs. Substitution of a nitro moiety at the 5-position of cytidine (C) results in a
nucleotide polymerase inhibitor [77].

Graci and Cameron Page 23

Future Virol. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. KP-1212 is a mutagenic deoxyribonucleoside analog with antiretroviral activity
Tautomerization of the nucleobase allows for alternative base pairing with either guanosine
(top) or adenosine (bottom).
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Figure 8. Tautomerization of nucleobase analogs allows for ambiguous base pairing
(A) Nucleoside P can base pair with either adenosine (top) or guanosine (bottom) through its
two tautomers. (B) JA28 and (C) JA30 are N-6-substituted purine analogs that are efficiently
and ambiguously incorporated during poliovirus and CVB3 replication [88].
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