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UNDERSTANDING VIRAL QASISPECIES, VIRAL ESCAPE, AND THE 

IMPLICATIONS FOR THE DESIGN OF NOVEL ANTIVIRAL STRATEGIES 

 

Jeffrey K Stone 

 

 

Abstract 

 

RNA viruses, for many reasons, have evolved to be highly mutable, and as such readily 

escape antiviral drugs and other compounds designed to limit viral infections. The 

quasispecies theory purports that this ability to escape is due (at least in part) to the fact 

that viral populations contain an interactive collection of unique viruses, each with 

slightly different genomic mutations which could potentially afford that virus resistance. 

Poliovirus, a plus-stranded RNA virus, has previously been shown to be sensitive to 

treatment with both the nucleoside analog ribavirin and to poliovirus specific siRNA.  We 

show in these studies, that poliovirus is capable of mutating to escape the antiviral affects 

of both of these compounds.  Interestingly, ribavirin-resistant escape mutants (G64S) 

were shown to have an RNA-dependent RNA polymerase (RdRp) with higher fidelity 

than that of wildtype virus. G64S virus populations were shown to have a narrow 

quasispecies and had limited neurovirulence in an infectious mouse model, thereby 

supporting the quasispecies theory and suggesting a link between mutation rate, 

population dynamics and pathogenesis. Further studies showed that poliovirus was able 

to effectively escape the affects of both siRNA and antisense morpholino oligomers 

(PPMO). Treatment with a pool of siRNA prevented poliovirus escape however, while 
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treatment with two PPMO was much more effective at reducing viral titers than treatment 

with one PPMO. Furthermore, treatment of poliovirus infected mice with a PPMO 

(EnteroX) targeting a region of the poliovirus genome shown to be conserved amongst all 

Enteroviruses and Rhinoviruses, decreased viral titers in infected tissues and  protected 

infected mice from paralysis and death. Taken together, these studies suggest that 

treatments which are designed to both disrupt quasispecies populations (mutagens), and 

target multiple specific regions within the virus, may be effective strategies for limiting 

RNA virus infections.
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CHAPTER 1.  Introduction 

 

 While this thesis may seem to be a hodge-podge of different projects, my goal is 

to be able to show the common theme that runs throughout, which is novel ways to 

control viral infection.  Specifically, two of the approaches used were to utilize either 

siRNA’s or PPMO’s to limit viral translation, and thereby control infection.  One 

limitation to this approach has been the common tendency for these viruses to mutate 

thereby escaping the limiting effects of these compounds.  The other approach utilized 

was to “hit” the virus with a sublethal dose of a mutagenic drug, such as ribavirin, in 

order to force the virus’s normally promiscuous polymerase to mutate to a higher fidelity 

form.  This works as an antiviral strategy because lytic viruses such as poliovirus require 

genomic heterogeneity in the viral population in order to be effectively infectious in vivo.  

The majority of my work has been with poliovirus, although most of the findings 

presented here can likely be carried over to other lytic and possibly non-lytic viruses as 

well.   

 The thesis is divided into four separate parts, spread over six different chapters.  

Part one is firstly a review of poliovirus replication and translation, presented here in 

chapter one, and secondly a review of quasispecies theory and lethal mutagenesis, 

presented in chapter two.  Part two is split into chapters three and four, and consists of 

our work showing how in the presence of sublethal doses of ribavirin, poliovirus mutates 

its RNA-dependent RNA polymerase (RDRP) to a form with higher fidelity, a form  

shown to be severely restricted in vivo.  Chapter three shows how the poliovirus escape 

mutant, coined G64S, avoids the antiviral effects of ribavirin by a general increase in the 
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fidelity or the viral polymerase.  Chapter four then goes on to show how this increase in 

fidelity and the subsequent decrease in heterogeneity in the viral quasispecies severely 

restricts the neurovirulence and infectiousness of this viral mutant in an in vivo mouse 

model.  Part three consists of chapter five.  Chapter five describes our work of utilizing 

siRNAs to limit viral infection, and also introduces a novel approach for controlling 

viruses with endogenous miRNAs that target sequence inserted within the viral genome.   

Finally, part four consists of chapter six, which describes how we utilized PPMO 

(modified DNA oligomers), to inhibit viral translation, thereby severely restricting viral 

infection both in cell culture and in vivo. 
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Poliovirus Infection: a review of replication and related events. 

 

Introduction: 

 Historically, aside from the presently newsworthy HIV and influenza, poliovirus 

is perhaps one of the best known of all viruses.  During the first half of the twentieth 

century poliovirus caused devastating epidemics of paralytic poliomyelitis, especially in 

developed nations.  So being, much effort was expended in isolating and investigating the 

virus, similar to what is seen with HIV today.  After many years of study poliovirus has 

become a model enterovirus of the family Picornaviridae.  Picornaviruses are small, 

icosahedral viruses, and comprise a number of human and veterinary pathogens that are 

associated with many clinically recognized diseases.  Poliovirus has only three serotypes 

(compared to the 100+ of rhinovirus), of which type 1 is the most pathogenic strain1.  In 

the mid 1950’s and early 1960’s the inactivated and live-attenuated poliovirus vaccines 

were introduced, respectively.  With the introduction of the poliovirus vaccines the 

incidence of poliomyelitis dropped precipitously and today only isolated cases of 

poliomyelitis occur in developed nations.  Even so, while the World Health Organization 

(WHO) spearheaded a poliovirus global eradication campaign decades ago, poliomyelitis 

is still endemic in some areas of the world, and the incidence of other enterovirus 

infections is on the rise.  To complicate matters further, it has even been seen that live-

attenuated strains can revert to a neurovirulent form, and that vaccine and wildtype 

strains (as well as other enteroviruses) can recombine both in vaccinated and 

unvaccinated individuals (ref. 2 and references therein).  The incidence of vaccine-
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derived paralytic poliomyelitis (VDPV) is approximately 1 in 750,000 vaccinees.  

Clearly, further study and greater efforts at controlling these pathogens are still needed. 

 

Poliovirus Transmission and Pathogenesis 

 Poliovirus is naturally transmitted exclusively in humans, although nonhuman 

primates and poliovirus receptor (PVR) transgenic mice are parenterally susceptible to 

infection.  The virus is passed via the fecal-oral route from one infected person to 

another.  The encapsidated virions pass safely through the highly acidic environment of 

the stomach into the small intestines where they are possibly taken up by either follicle-

associated epithelia (FAE), microfold (M) cells, or germinal centers of Peyer’s patches3.  

It is also possible that some viruses enter their host through similar cells in the lymphatic 

tonsils, as it has been shown that extensive tissue damage occurs similarly in lymphoid 

organs of both the small intestine (Peyer’s patches) and the oropharynx (tonsil)4,5.  

Poliovirus has been shown by electron microscopy to bind to and be taken up by M cells, 

suggesting a requirement that poliovirus entry requires proliferation in lymphatic tissues6.  

Further evidence that poliovirus is transmitted through lymphatic tissues is suggested by 

the fact that both dendritic cells (DCs) and macrophages (MØs) are highly susceptible to 

poliovirus infection7.   

The cellular receptor for all three poliovirus serotypes is CD155, a glycoprotein 

that is a member of the immuno-globulin superfamily of proteins8.  While expression of 

this receptor is necessary for infection, it is not the only host factor that determines 

poliovirus tropism as CD155 is expressed on the surface of many tissues which do not 

support poliovirus replication, such as the heart and liver9,10.  Recently, it has been shown 
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that the constitutive expression of interferon stimulated genes (ISGs) in those tissues that 

do not support poliovirus replication is one determinant of tissue tropism11.  Furthermore, 

although PVR transgenic mice are susceptible to parenteral infection, recapitulating the 

disease very closely, they are not susceptible to infection via the oral route, even when 

the receptor  is constitutively expressed10,12.  It would be interesting to determine whether 

there is either increased expression of ISGs in the mouse gut-associated lymphoid tissues 

(GALT), or whether mouse antigen presenting cells (APCs) such as DCs and MØs are 

susceptible to infection by poliovirus as is seen in humans. 

 From the primary sites of multiplication in the gut mucosa, poliovirus drains into 

cervical and mesenteric lymph nodes and then to the blood, causing a transient viremia5.  

In most individuals the virus then replicates in extraneural tissues such as brown fat, 

reticuloendothelial tissues, and muscle4,13,14.  The virus causes minor nonspecific 

symptoms such as fever and malaise and is shed in the feces.  In a small number of 

infected individuals however (~1-2%), the virus invades the central nervous system 

(CNS) and replicates in motor neurons within the spinal cord, brain stem, or motor 

cortex.  Viral replication and the subsequent death of motor neurons within the spinal 

cord cause the characteristic muscle paralysis, with the lower extremity being most often 

affected.  It is known that skeletal muscle injury is a predisposing factor of poliomyelitis, 

a phenomenon known as ‘provocation poliomyelitis’.  Although it has been shown that 

poliovirus travels along nerves to the spinal cord by fast retrograde axonal transport, the 

mechanism by which skeletal muscle injury stimulates this mechanism remains to be 

determined.  As well, how neurons die (cell lysis vs. apoptosis) and why single mutations 
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in the Sabin strains specifically attenuate neurovirulence, are questions that we do not yet 

have complete answers to. 

  

Viral RNA Structure 

 The poliovirus genome consists of a single-stranded RNA of 7,441 nucleotides 

(type 1).  The viral genomic RNA is a sense (+) strand that contains multiple secondary 

structures and acts as both messenger RNA and replicative template (Fig. 1).  The viral 

genome is divided into a highly conserved 742 nt 5΄ untranslated region (5΄UTR), a 

single open reading frame (ORF) encoding the viral polyprotein, and a 68 nt 3΄UTR 

flanked by a polyadenosine tract (poly(A)) of variable lengths (~A80).  Unlike most 

eukaryotic mRNAs, a small viral protein of 22 amino acids, VPg (3B), is covalently 

attached to the 5΄ end of the RNA in place of the common m7G cap15-17.  The VPg protein 

is linked to the 5΄-terminal uridylate by a phosphodiester bond between the hydroxyl 

group of the third protein residue, a tyrosine, and the 5΄-phosphate of the UMP18.  

Uridylylated VPg (VPgpUpU), is likely the only primer for the poliovirus RNA-

dependent RNA polymerase (RdRp), and is required for the synthesis of both (+) and (-) 

viral strands.  Free VPgpUpU can be detected in infected cells, and as well, all nascent 

poliovirus RNA species and virion packaged RNAs are 5΄-terminated with VPg (Ref. 19 

and references therein).  When released into the cytoplasm of cells, and before translation 

is initiated, VPg is removed from the 5΄ terminus of poliovirus RNA by a host 

enzyme20,21.  The template for VPgpUpU is either the poly(A) tail (VPg priming for (-) 

strand synthesis), or a conserved “AAAC” sequence at the end of a stem-loop within the 
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coding sequence of the 2C protein (oriI in Fig. 1), called the cis-acting replication 

element (CRE)22, which will be described in detail later. 

While the poliovirus genome encodes four major functions: (i) the generation of  

structural and nonstructural proteins, (ii) RNA replication, (iii) virion assembly, and (iv) 

progeny release from the cell 23, the focus of this review will be mainly on describing 

how the poliovirus genome successfully replicates itself within the host cell. 

 

Poliovirus Translation: Preparing for Replication 

 Normally, eukaryotic mRNAs possess a 5΄-terminal cap structure (m7GpppN) 

which serves as the recognition signal for the translation initiation factor eIF-4F and its 

cap-binding subunit eIF-4E.  Since poliovirus is uncapped, some other signal is needed to 

recruit the 40S ribosomal subunit and other required initiation factors in order to 

assemble the pre-initiation complex24.  Although the presence or absence of VPg does not 

affect the translational template activity of the viral RNA25, a required participant for 

poliovirus translation is the highly-structured 5΄ UTR cis-element, the IRES26.  The IRES 

is ~500 nucleotides in length (type 1 poliovirus) and is known to interact with canonical 

and non-canonical translation initiation factors directing ribosomes to an internal 

translation initiation site at nt 74327.  Surprisingly, IRES elements are not unique to 

viruses, as they are also found in a subset of cellular mRNAs28,29.  

Although the IRES is quite complex, it does not act alone in initiating translation of the 

polyprotein and is assisted by the 5΄ cloverleaf structure30-32, and the poly(A) tail33.  Viral 

proteins that aid in translation are the 2A protease which induces rapid and profound 

shutdown of host translation by cleaving the cellular protein eIF-4G (I & II), a key factor 
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in cap-dependent translation34,35.  Cellular proteins that assist in poliovirus translation 

include the polypyrimidine tract-binding protein (PTB), poly(rC)-binding protein-2 

(PCBP2), unr, nucleolin, and the auto-antigen La36-44.  Finally, after subversion of host 

cell translation by 2Apro, the virus is believed to preferentially bind to the C-terminal 

subunit of cleaved eIF-4G, thereby facilitating ribosomal small subunit recruitment and 

IRES-dependent translation of the viral polyprotein45. 

Since poliovirus has a single-ORF, it is imperative that the primary translation product, 

the polyprotein (~250 kDa), be properly processed into “mature” polypeptides (Fig. 2).  

This processing is achieved either by cis- or trans-activities of the viral proteases (2Apro, 

3Cpro, or 3CDpro), or by autocatalytic cleavage events.  Interestingly, this controlled step-

wise proteolysis gives rise to a variety of viral intermediates (precursor polypeptides), 

each of which has a unique functional capacity in the viral life cycle, thereby increasing 

the repertoire of an otherwise limited number of viral proteins. 

  

Functions of Viral Substrates  

 Altogether, poliovirus has 11 mature viral proteins (4 structural, 7 nonstructural) 

and at least 4 functional protein intermediates. 

P1 Proteins 

 The four poliovirus structural (capsid) proteins are VP2, VP4, VP3, and VP1.  

VP0 (the precursor to VP2 and VP4), VP3, and VP1 non-covalently bond to form 

protomers, which then assemble into pentamers, and six pentamers form an icosahedral 

particle (empty capsid).  After capsid assembly , capsid maturation proceeds when VP0 is 
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cleaved into VP2 and VP4, possibly by a RNA-dependent autocatalytic mechanism46, and 

viral RNA is encapsidated, likely by 3CDpro47, 2CATPase48, and VPg49.   

All of the other viral proteins are nonstructural proteins (or their intermediates), and are 

involved in (i) protein processing, (ii) host subversion, and/or (iii) viral replication (Table 

1 and below). 

P2 Proteins 

 P2 proteins are required for the rearrangement of membranes and the formation of 

vesicles within the host cell.  Vesicle formation allows for compartmentalization of viral 

complexes and leads to effective translation and replication of the poliovirus genome50.   

2A 

The 2A protein functions primarily as a protease, responsible for in cis primary cleavage 

of P1/P2, and in trans cleavage of 3CD.  2Apro limits host cell cap-dependent translation 

by cleaving the eIF4G proteins and poly(A)-binding protein (PABP) 35,51-56.  Although 

2Apro effectively cleaves these necessary host proteins, full inhibition of cellular 

translation requires poliovirus as well.  Poliovirus 2Apro has recently been shown to 

cleave DNA-dependent protein kinase (DNA-PK), a host protein serine/ threonine kinase 

that play a critical role in DNA double-strand break repair, as well as B- and T-cell 

antigen receptor rearrangement.  Cleavage of DNA-PK into 2 subunits that are known to 

be auto-antigens plays a role in the autoimmune diseases systemic lupus erythematosus 

(SLE) and scleroderma.  Inhibition of DNA-PK by 2Apro may lead to inhibition of the 

host immune response during poliovirus infection, with a secondary result possibly being 

an autoimmune response to the novel immunocryptic fragments57.  Poliovirus 2A has also 

been shown to play a role in the nuclear efflux of host proteins58 
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2B 

Expression of poliovirus 2B alters intracellular membrane permeability, dissociates the 

Golgi complex, and inhibits cellular exocytosis59-62.  As with poliovirus 2A, the activity 

of poliovirus 2B contributes to the formation of replication vesicles from intracellular 

membranous structures during viral infection.  2B/2B dimerization is required for viral 

replication63,64, and alterations in membrane permeability by 2B may also facilitate the 

release of mature virions, as is seen in coxsackievirus infection65. 

2C/2BC 

One interesting function of poliovirus 2C protein is in the uncoating of viral RNA66.  

More commonly, as with the other P2 proteins, the formation of viral replication vesicles 

has been linked to poliovirus 2C and its precursor 2BC67-74, and the N-terminal fragment 

of 2C has been shown to target chloramphenicol acetyltransferase (CAT) to cellular 

membranes75-77  Studying the 2C protein has been aided by the fact that guanidine HCL 

inhibits poliovirus replication (negative strand synthesis)78, and guanidine resistant viral 

mutants have been found to have single residue mutations in the 2C protein79-81.  2C is 

specifically required prior to negative strand synthesis78, and has been shown to have a 

cis-acting function required for initiation and a trans-acting function required for 

elongation (ref. 82 and references therein).  As well, 2C and 2BC interact with 3΄-terminal 

cloverleaf of the negative-strand RNA (in the double-stranded replicative form (RF)), 

through the sequence UGUUUU, and require an intact stem loop B within the negative-

strand RNA77,83,84.  Finally, it has also been shown that the 2C protein has a serine 

protease inhibitor (serpin) domain in the center of the protein that can inhibit the viral 

proteases 2A and 3C.  Inhibiting the viral proteases restricts precursor cleavage (3AB to 
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3A and 3B and 3CD to 3C and 3D) and it is has been suggested that this may aid in the 

initiation of RNA synthesis (due to the role that 3AB and 3CDpro play in the synthesis of 

negative-strand RNA85).               

P3 Proteins 

 The primary function of the P3 proteins is proteolytic processing and RNA 

replication, although as with the P2 proteins, the precursors and mature cleavage products 

often have different diverse properties. 

3A/3AB 

 The hydrophobic protein 3A and its precursor 3AB associate with intracellular 

membranes86-88 where they are essential in the formation of replication complexes and the 

stimulation of both 3D polymerase activity89 and 3CD proteolytic activity90.   3AB binds 

viral RNA91,92 and interacts with 3D (the RdRp) and/or 3CD93,94, and is therefore the 

most likely candidate for delivering (stabilizing) the RdRp to (at) replication complexes 

where further processing of 3AB (into 3A and VPg (3B)), and association with the 

poly(A)-tail,  leads to VPg (3B) uridylylation and the initiation of negative-strand RNA 

synthesis.  Interestingly, poliovirus protein 3AB is a competitive inhibitor of VPg 

uridylylation95.  Poliovirus 3AB, similar to the nucleocapsid (NC) protein of HIV96, is a 

nonspecific RNA binding protein that has been reported to interact with the primer and 

template, and may have to coat the entire template in order to stimulate RNA synthesis97.  

It is likely that protein 3AB is required for stabilizing weak interactions that occur during 

nucleotidyl-protein-primed initiation events in the viral RNA replication complex, since 

it has been shown that in the presence of a primer that does not form a stable hybrid with 

the template, 3AB increases the utilization of 3΄-hydroxyl termini as sites for chain 
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elongation by 3D, thereby stimulating RNA synthesis98. As well, it has been shown that 

3AB enhances the ability of 3Dpol to form a productive complex with the primer-

template, and that once formed, this complex is very stable resulting in highly processive 

synthesis99.  Finally, it has also been recently shown that 3AB displays both nucleic acid 

chaperone and helix-destabilizing activities, although how the chaperone activity of 3AB 

assists in poliovirus replication is not yet known100.   

 Protein 3A plays a further role in the inhibition of cellular protein secretion and 

intracellular membrane transport61,101,102, and has been shown to prevent the expression of  

major histocompatability complex (MHC) class I molecules on the surface of the cell103.  

Recently, it was found that 3A binds and inactivates LIS1, thereby causing deregulation 

of ER-to-Golgi vesicular transport, and explaining the previously observed resultant loss 

of cell sensitivity to TNF and interferon104, due to the limited cell-surface expression of 

specific receptors105.  These last two functions serve to inhibit cellular immune 

mechanisms that rely on the secretory pathway, and allow the virus enough time to 

complete translation, replication, packaging, and release of progeny virions.  NMR 

spectroscopy shows that the 3A protein dimerizes, has unstructured N- and C-termini, 

and has a patch of negatively charged surface residues located at the top of the dimmer 

structure that may allow for interaction with positively charged regions on found on 

proteins that bind 3A (3B, 3AB, 3Dpol)106. 

3B (VPg) 

 Poliovirus 3B (VPg) is covalently linked to the 5΄ end of both (+) and (-) strand 

RNA16,107,108.  Interestingly, although virion packaged RNA is 5΄ linked to VPg, it has 

been shown that VPg is not required for infectivity of RNA in transfection experi-
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ments109-112, and it is known that VPg is cleaved by a cellular enzyme upon entry into the 

cell20,21.  Even so, VPg is essential for poliovirus replication19,82,113,114, and free 

uridylylated VPg (VPgpUpU) molecules are believed to be the primers of both positive 

and negative strand RNA synthesis115,116.  VPgpU used for negative strand synthesis is 

templated by the Poly(A) tail, while VPgpU made on the cre(2C) structure is used for 

positive strand synthesis117.  Proper VPg function requires interaction with conserved 

elements both in the RNA (cre(2C))118-121 and the polymerase (3D)93,122, and a recent 

structure-based mechanism for VPg uridylylation has been described123,124. 

3C/3CD 

 3C/3CD acts as a viral and cellular protease and is also involved in viral RNA 

replication.  The 3C protein contains an RNA-binding motif125,126 that is critical for 

interaction with the (+) strand 5΄ cloverleaf127.  Poliovirus 3CD bound to stem-loop D of 

the cloverleaf, along with the host protein PCBP bound to stem-loop B of the cloverleaf, 

forms the biologically relevant complex required for poliovirus RNA translation/ 

replication44, and recent evidence shows that 3CDpro functions early in the initiation of 

replication when the replication complexes are first assembled, and that both the 3Cpro 

and 3Dpol domains are requisite for virus production47.  Poliovirus proteins 3AB and VPg 

(3B) have been shown to interact with 3CDpro and accelerate auto-processing to the 

subsequent 3Cpro and 3Dpol128.  This leads to the proteolysis of 2BC and inhibition of P1, 

and the subsequent initiation of replication.   

 As mentioned previously 3C functions as a protease (3Cpro) and together along 

with 2Apro and 3CDpro effectively shuts down host cell transcription and translation, 

subverting the cellular machinery for the production of viral products, preventing cellular 
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apoptosis, and limiting the cellular innate immune response.  It has been shown that 3Cpro 

cleaves and inactivates transcription factor IIIC (TFIIIC), a general RNA polymerase III 

(pol III) transcription factor, effectively inhibiting pol III-mediated transcription129,130.  

As with pol III transcription, poliovirus 3Cpro shuts down pol II-mediated transcription in 

the infected cell.  In this case the inactivation of TATA-binding protein (TBP) inhibits 

the formation of the TBP-TATA box complex preventing both TATA- and initiator-

mediated basal transcription131.  Poliovirus 3Cpro further inhibits pol II-mediated 

transcription by cleavage of the transcription factor cyclic-AMP responsive element 

(CRE)-binding protein (CREB)132, CREB/ATF, and the octamer binding transcription 

factor Oct-1.  Oct-1 is a transcriptional activator that normally binds to upstream 

regulatory elements and increases the level of transcription from target genes, most 

importantly in this case the small nuclear RNAs (snRNAs) U1 and U2.  U1 and U2 

snRNAs are nonpolyadenylated and involved in pre-mRNA splicing 133.  Finally, 

completing the inhibition of transcription of all three cellular polymerases (pol I, pol II, 

and pol III), poliovirus 3Cpro has also been shown to restrict pol I-mediated transcription, 

which is responsible for the transcription of ribosomal RNA (rRNA), by cleavage of the 

TATA-binding protein-associated factor 110 (TAF110) 134.  TAF110 is a subunit of the 

selectivity factor (SL-1) complex, one of two transcription factors, the other being 

upstream binding factor (UBF), required for accurate initiation from the rDNA promoter. 

 Poliovirus 3Cpro not only inhibits host cell transcription, but it is known to limit 

cellular translation as well52,56.  It has been shown that 3Cpro (along with 2Apro) cleaves 

Poly(A)-binding protein (PABP), removing the C-terminal domain that interacts with 
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translation factors, thereby preventing the mRNA from circularizing and effectively 

inhibiting translation56,135,136. 

 Finally, similar to what is seen with the cleavage of DNA-PK by 2Apro, 3Cpro has 

been shown to subvert innate immune mechanisms via cleavage of P65-RelA a subunit of 

NF-κB137.  NF-κB is a major regulator of the expression of antiviral immune molecules 

such as chemokines, cytokines, interferons, and MHC proteins that act in combination to 

suppress infectious pathogens138.  So being, the subversion of  NF-κB is another 

mechanism, along with suppression of host cap-dependent translation139, inhibition of 

transcription of cellular genes131, and abrogation of secretion of cytokines and 

presentation of their receptors on the cell surface104,105,140, that allows poliovirus to resist 

the host innate immune response, and may explain why poliovirus infection does not 

stimulate inflammation140. 

3D 

 The poliovirus 3D protein is the viral polymerase (RdRp), the core catalytic 

component responsible for the synthesis of both positive- and negative-strand RNAs.  

The RdRp is able to effectively elongate nascent strands on a RNA template, but is 

positively influenced by 3AB98, and 3D-3AB interactions may facilitate the localization 

of the polymerase to replication complexes.  It has been nearly three decades since the 

first report of RdRp activity in poliovirus infected cells15, and since that time numerous 

studies in many laboratories have provided biochemical, biological, and structural 

analysis of this key viral protein (reviewed in 141 and elsewhere). 

 Structurally, 3Dpol is very similar to other polymerases in that it can be compared 

to a cupped right hand with “fingers”, “palm”, and “thumb” subdomains.  In brief, the 
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different subdomains are involved in nucleic acid and nucleotide binding (template and 

nascent strand, as well as free nucleotides), catalysis, and an interface for 

oligomerization.  Catalysis (palm subdomain) is controlled by designated motifs 

responsible for (i) nucleotide binding, (ii) phosphoryl transfer, (iii) structural integrity of 

the palm, (iv) nucleic acid binding, and (v) binding of the triphosphate moiety (fingers 

subdomain) (ref. 141 and references therein).  Recently, it has also been shown that amino 

acids in the N-terminus (G64) of the polymerase, hydrogen bond with conserved residues 

in the catalytic core and are important for determining (at least in part), the fidelity of the 

RdRp of poliovirus thru a conformational change step preceding phosphoryl transfer.  It 

was shown that this conformational change step is based on the orientation of the 

triphosphate into a conformation suitable for catalysis and suggests a kinetic and 

structural model for RdRp fidelity142. 

 Although 3Dpol is the central component of the replication machinery, it must 

interact with other viral and/or cellular proteins in order to initiate poliovirus replication.  

It is clear that viral substrates such as 3AB and 3CDpro modulate various activities of 

3Dpol89,90,143 and that 3Dpol interacts with most of the P3-derived proteins with the 

exception of  3C94. 

 Other recent findings have shown that 3Dpol has strand-specific RNA synthesis 

determinants in the N-terminus of the protein which are necessary (either in 3Dpol itself or 

in the 3CD precursor) for the generation of nascent positive viral strands144, and also very 

interestingly, that VPg is predicted to bind to the back of the thumb region of 3Dpol, 

where it is uridylylated and then translocates to the front active site of a neighboring 
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back-to-front dimerized polymerase, where it then comes in contact with template 

allowing for further elongation to occur145.    

2BCP3 

 Interestingly, recent evidence has arisen that not only mature proteins and their 

immediate precursors, but minimally cleaved products (P2P3 and/or 2BCP3) also play a 

functional role in the initiation of poliovirus-negative strand RNA synthesis146. 

 

Transition from Translation to Replication 

 Studies with defective interfering particles (DI)114, and in trans complementation 

of replication-incompetent mutants147, suggested that poliovirus translation and 

replication are coupled.  If this is the case however, and the same RNA serves as a 

template for viral protein synthesis and genome replication, then the two processes must 

obviously be temporally controlled, since ribosomes travel in the 5΄ to 3΄ direction while 

the polymerase initiates replication (negative-strand) at the 3΄ end and moves along the 

RNA in a 3΄ to 5΄ direction.  Indeed, it has been found that the 5΄ UTR regulates both 

translation and replication31,148, and since RNA replication cannot occur while the 

ribosomes are actively translating43,149, that as polyprotein processing progresses, the 

increasing expression of bound 3CD to stem-loop D of the 5΄ cloverleaf of (+) strand 

RNA leads to inhibition and detachment of PCBP from the 5΄ cloverleaf30,31.  

Furthermore, it has been shown that circularization of the poliovirus genome by 

interaction of the 5΄ and 3΄ UTR RNPs is necessary for the initiation of (-) strand RNA 

synthesis150.  As well as 3CD, poliovirus 3Cpro may participate in the transition from 

translation to replication, as it has been suggested that the cleavage of PABP by 
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poliovirus 3Cpro may allow for clearance of initiating and recycling ribosomes from 

actively translating viral polysomes, thereby allowing RNA replication to begin30. 

 

Poliovirus Replication 

 It has long been accepted that poliovirus RNA replication proceeds in the 

following way:   

(+) strand RNA genome (input RNA)  →  translation  →  (-) strand RNA synthesis  

→  replicative form ((RF) – dsRNA)  →  (+) strand RNA synthesis  →  replicative 

intermediate ((RI) – (-) strand RNA w/multiple partially hybridized (+) strand RNAs)  →  

(+) strand RNA (nascent viral genomes that can be utilized for: (i) further translation, 

(ii) further replication, (iii) packaging into virions). 

Viral Proteins  

 It has been shown with multiple studies that all of the nonstructural proteins are 

involved in poliovirus RNA replication19,82, including the precursor polypeptides (ref. 151 

and Table 1).  Obviously, the P3 proteins are most directly involved in the process of 

RNA synthesis, although the formation of vesicles (and other activities) carried out by the 

P2 proteins, are essential for the formation of ribonucleoprotein complexes (RNPs) and 

the initiation and elongation of full-length nascent RNA molecules (reviewed in ref. 19).  

Cis-acting RNA Elements  

 The fact that purified 3Dpol can nonspecifically copy any RNA in vitro, led 

researchers to look for virus-specific signals that allowed for the specificity of replication 

that was known to occur in vivo.  Over the years studies elucidated what these signals 

were and they were subsequently labeled as the origin of replication elements: left (5΄ 
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cloverleaf and sites within the IRES), intermediate (cre(2C)), and right (3’UTR-poly(A)) 

or oriL, oriI, and oriR, respectively (fig. 1).  As seen in figure 1, each of these sites 

contains some form of RNA secondary structure, and occasionally as well, nucleotide 

sequence that is often conserved amongst the different picornaviruses. 

The 5’ UTR (oriL) 

 The main known replication element in the 5΄ UTR is the cloverleaf structure, 

which  is known to aid in formation of the RNP43,44,127, and is required for RNA 

replication127,148,152 by acting either in cis for (-) strand synthesis153, or in trans for (+) 

strand synthesis125.  As mentioned above, all nascently synthesized RNAs are primed by 

VPgpUpUOH which is cleaved from uncoated RNAs within the infected host by a cellular 

enzyme18,20,21.  The first two 5΄-terminal nt sequences, of course, are then “UU”, which is 

then immediately followed by the conserved sequence “AAAACA” that along with the 

second “U” of the “UU” duplet forms stem a of the 5΄ cloverleaf (fig.3).  Retention of the 

duplex structure of stem A has been found to be necessary for stabilizing viral RNA and 

synthesis of (-), but not (+), strand RNA.  In contrast, similar to what had been indirectly 

suggested previously154, conservation of the primary nt sequence at the 5΄ end of (+) 

strand RNA (equating to the 3΄ end of (-) strand RNA) was important for (+), but not (-), 

strand RNA synthesis.  This conserved sequence 3΄AAUUUUGU5΄ is likely the primary 

cis-acting element required for efficient VPgpUpU-primed (+) strand initiation155.  Stem 

A is also the binding site for the cellular RNA-binding proteins hnRNP C1/C2, which 

have been shown to bind P2, P3, 3CD, and 3Dpol, and play an important role in the 

synthesis of (+) strand RNA156. 
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 Stem-loop B immediately follows stem A and is involved in the binding of 

PCBP1/2, hnRNP proteins involved in stabilizing poliovirus RNA, the initiation of 

translation, and possibly genome circularization 30,31,43,44,127.  Protein 3AB also binds at 

stem-loop B, yet it is unclear at which stage of replication this binding occurs and what 

role this binding plays in the interaction of PCBP with stem-loop B91, although 

3AB/3CDpro/cloverleaf RNP has an essential role in RNA replication92,157. Stem-loop C 

has no known binding partners and will not be discussed here. 

 Stem-loop D is bound by the viral protein 3CD and this binding is absolutely 

essential for the synthesis of (-) strand RNA30,125,127,158.  3CD binds with viral protein 

3AB on stem-loop B of the cloverleaf, and PABP on the poly(A) tail, allowing for 

circularization of the genome and formation of the stable RNP complexes which lead to 

the initiation of (-) strand synthesis31,149,150. 

Cre(2C) (oriI) 

 The cre(2C) structure is interesting in that it is a secondary structure that is found 

within the coding region of the genome159,160.  It has been suggested that cre(2C) acts 

both as a recognition and binding site for 3CDpro prior to VPg uridylylation by 3Dpol, and 

as a specific template for the protein priming reaction22,118,160.  All known cre elements 

are short stem-loop structures with either an internal or terminal loop containing three 

unpaired A nucleotides159.  The VPg protein must be uridylylated in order to prime the 

initiation of replication113,161, and it has been demonstrated that cre is an efficient 

template for VPg uridylylation, and that a conserved 14 nt stem-loop with the sequence 

“GNNNAAANNNNNNA” is the conserved “core” sequence, with the central “AAA” 

sequence in the terminal loop being the known template nucleotides critical for this 
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function22,118,121.  It has also been shown that location of the cre within the genome is not 

vital for proper activity121,159, that either 3CD, 3Cpro, or 3Dpol bind to the conserved stem 

of cre120, and that VPgpUpU is synthesized by a “slide-back” mechanism162.  Finally, it 

has been shown that while the cre element is essential for (+) strand RNA synthesis, it is 

dispensable, and likely uninvolved in (-) strand RNA synthesis117,163,164. 

The 3΄ UTR (oriR) 

 The 3΄UTR is thought to contain a cis-acting element(s) responsible for the 

specific and efficient synthesis of (-) strand RNA, and many studies have shown the 

importance of this element in replication of poliovirus165-173.  As is seen with the 5΄UTR, 

the poliovirus 3΄UTR has a two-stem-loop (X/Y) structure that was proposed to form 

either a pseudoknot166 or a “kissing” loop interaction168,169,174, with the second proposed 

structure being more favored by mutant analyses. Mutations in the 3΄UTR produce 

replication deficient viruses170,172, although it has been shown that viruses missing the 

entire 3΄UTR were viable, even though they replicated with slower kinetics than 

wildtype173, although this mutant was later shown to have serious replication defects in 

neural cells and in vivo165, and with further study the authors concluded that an authentic 

3΄UTR is required for efficient replication.  It is interesting that such a conserved 

structure could be deleted and still allow for viral replication, and it has been suggested 

that a secondary structure may exist at the 3΄ end of the 3D genome that could have 

played a role in the replication of these mutant viruses175.   

 Finally, the poly(A) tail is at the very 3΄-terminus of the poliovirus genome and it 

has been shown that the length of the poly(A) tail significantly effects viral replication 

and is an important determinant of infectivity176-178.  The poly(A) tail also plays a role in 
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the formation of circular RNP complexes leading to a RNA- protein- protein-RNA bridge 

between PCBP and 3CD at the 5΄ cloverleaf and PABP1 at the poly(A) tail.   Shortening 

the poly(A) tail to less than 8 nucleotides severely inhibits (-) strand RNA synthesis, most 

likely due to inefficient binding of PABP150.  It has also been suggested that the poly(A) 

tail is the template for VPg uridylylation in the priming of (-) strand synthesis179.  

Recently it was shown that a minimum length of poly(A)20 is required for PABP binding, 

VPg uridylylation, and efficient (-) strand RNA synthesis180.  

Cellular Proteins   

 As mentioned previously, PCBP, PABP1, and hnRNP are the known cellular 

proteins involved in the replication of poliovirus.  Other, as of yet unidentified proteins 

are known to bind to the cis-replicating RNA elements, including the (-) strand 

cloverleaf152, the 3΄UTR181, and the cre element22.  

Minus-Strand RNA Synthesis 

 Poliovirus replication occurs at the center of rosette-like structures in 

membranous vesicles in the cytoplasm of the host cell182.  Most likely the 5΄ cloverleaf 

plays the role of virus specific replication promoter in the synthesis of nascent RNA, 

where the reaction is initiated by PCBP and 3CD binding to stem-loops B and D, 

respectively30,43,125, PABP1 binding to the poly(A), and then circularization of the 

genome and association of the 5΄ and 3΄ RNPs150(fig. 4).  It is known that the viral 

polymerase is primer dependent and that VPg serves as the primer for RdRP183.  VPg 

likely arises from a P3-derived polypeptide such as 3ABC or 3BCD184, and a functional 

VPg primer is uridylylated179, although it has been suggested that 3AB could be the 

precursor at the initiation site as well91,94,184.  While it was previously suggested that VPg 
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priming then occurred on the poly(A) tail107,179, it was subsequently found that VPg 

uridylylation was stimulated on full-length poliovirus RNA, but not poly(A) RNA, by 

purified 3CDpro, and that deletion of the 3΄UTR-poly(A) tail did not preclude these 

transcripts from serving as templates for priming118.  With this and the recognition of the 

cre(2C) element as an efficient template for VPg priming22,160, it was subsequently 

suggested that (-) strand VPg priming occurs on the cre118,154.  More recent evidence 

however, again suggests that poly(A) and not cre2C) is the template  for (-) strand RNA 

synthesis117,155,163,164.  Dimerized 3CD bound to the cloverleaf30,44,125,127 and the 3΄UTR91 

may cleave both 3AB and 3CD, releasing VPg and 3Dpol at the site of initiation along the 

poly(A) tail. 

 Both the RNA-binding185 and uridylylating activity of 3Dpol118,179 are known to be 

enhanced by oligomerization.  Elongation of the nascent (-) strand likely involves a 

structural change of the enzyme, as the affinity of the polymerase is high during priming 

and low during elongation, and this structural change could involve oligomer 

dissociation185,186.  It is likely that after elongation is completed and the RF is formed, 

3Dpol disrupts the protein-RNA interactions to prevent repeated initiation of (-) strand 

RNA synthesis117. 

Positive-Strand RNA Synthesis 

 In poliovirus infected cells the overall ratio of plus to minus strands is about 50:1, 

suggesting that each minus strand serves as the template for the synthesis of many plus 

strands147.  Interestingly, (-) RNA strands are only found in RF and RI within the cell, 

and it is generally accepted that the RF is a true intermediate in the replication 

process82,114.  As it has been found that VPgpUpUOH is the primer for (+) strand RNA 
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synthesis117,163,164, the next step towards initiation of positive-strand RNA synthesis is 

likely to be cre-templated VPg uridylylation.  The cre may form RNP complexes with the 

5΄UTR through 3CD-3CD interactions91,187, and possibly leading to cleavage of 3AB and 

3CD at the site of VPg uridylylation (fig. 4).  Further evidence shows that this 5΄UTR-

RNP-cre(2C) binding and cleavage occur repeatedly117.  

 Elongating 3Dpol likely disrupts template secondary structure, including the cre, 

thereby terminating VPg uridylylation.  Elongation also likely requires unwinding of the 

dsRNA RF, although how this occurs is unknown.  It is likely that a cellular helicase or 

protein may assist in unwinding the RF as RF is infectious only in nucleated cells182.  The 

cellular hnRNP C1/C2 and/or PCBP proteins are likely candidates.  It has been found that 

VPgpUpUOH remains bound to membrane replication complexes and has been suggested 

that each VPgpUpUOH may also remain complexed to 3Dpol.  These VPgpUpUOH -3Dpol 

molecules would then prime (+) strand RNA synthesis via the complementarity of 

VPgpUpUOH with the conserved 3΄-terminal adenosine nucleotides of (-) strand RNA 

templates117,155.  To date nothing is known about the steps involved in (+) strand 

elongation. 

 

Perspectives 

 Each step in the virus life cycle may be a signal that mediates the onset of the next 

step.  It has been shown that poliovirus genomic RNA must be translated in order for it to 

be replicated147.  As there is a tight membrane association of RNA replication 

functions188, it is possible that an important cis signal for (-) strand RNA synthesis may 

be the proximal translation of viral nonstructural proteins.  As well, (+) strand RNA 
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synthesis may require the completion of a (-) strand intermediate (RF) as a cis signal for 

replication.  Finally, it has been shown that RNA replication and packaging of virions is 

coupled48,189,190. 
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Figure Legends 

 

Fig. 1.  The poliovirus genome: A) schema of the 5΄ and 3΄ untranslated regions, the 

coding region, and the tripartite cis-acting origin of replication elements (oriL, oriI, and 

oriR).  B) The 5΄UTR consists of six structural domains (I-VI), and includes the 

cloverleaf, internal ribosome entry site (IRES) and the ribosome scanning region. 

(Adapted from Fig. 1 in191). 

 

Fig. 2.  Poliovirus translation: A) Poliovirus genome. B) Poliovirus structural (P1) and 

nonstructural (P2 & P3) proteins and their intermediates. (Figure from C. Polacek) 

 

Table 1.  A table of the viral proteins and their functions. 

 

Fig. 3.  A) The PV1 5΄ cloverleaf (oriL) of (+) strand RNA, with cellular and viral 

binding partners, showing the diversity of functions of this structure: (i) PCBP binds to 

stem-loop B and is necessary viral translation, (ii) 3CD binds stem-loop D and is 

involved in initiation of (-) strand replication, while (iii) hnRNP binds to the conserved 

“UUUGU” seq. in the 5΄ cloverleaf of (+) strand RNA, stabilizing this RNA.  B.) The PV 

(-) strand cloverleaf binds hnRNP at the conserved 3΄ “UUUGU” seq. and is required for 

(-) strand RNA stability and (+) strand RNA initiation. (Adapted from Fig. 1 in43). 
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Fig. 4.  Poliovirus Replication:  A) Genome circularization and (-) RNA strand synthesis 

initiation.  B) VPg uridylylation and (-) RNA strand elongation.  C)  Initiation of (+) 

RNA strand synthesis by VPgpUpUOH.  (Adapted from fig. 6150, fig. 2191 and fig. 7117).  
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Figure 2 
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Table 1 
 

   Protein  Properties/Functions             References       

VP1-VP4 Virion particle assembly/entry into cells            192 
     2A  Host protein synthesis shutoff/nuclear efflux           57,58,193 
  Viral protease (cleaves P1/P2 & 3CD)            194 
2Apro/2AB  Regulates RNA stability, translation, & replication      50  
     2B  Alteration of membrane permeability            59 
  Inhibition of cellular exocytosis             60-62 
  RNA amplification/virion maturation            63-65,195 
  Dissociation/rearrangement of ER/Golgi            71 
   2C/2BC Formation of vesicles/cell cytotoxicity            60,67-71,74 
  NTPase/inhibits viral proteases             85,196,197 
  Sensitivity to guanidine HCL             78-81,197 
  RNA replication complex formation/(-) strand synth.    67,68,70,72,73,75-77,82-84,198,199 
    Viral RNA binding/uncoating/encapsidation           48,66,68,198      
     3A  Required for RNA replication/membrane assoc.           87,88,92,93,106,200 
  Substrate for glycosylation             86 
  Inhibition of MHC class I/TNF expression &             61,101-105,201  
  intracellular membrane transport (anti-apoptotic) 
  Interacts with 3AB and dimerizes            94 
3B (VPg) Requisite Primer for RNA synthesis            82,113,115-117 
  Covalent linkage to 5΄ end of + and – strands           16,107,108 
  Substrate for uridylylation             179 
  Interacts with and weakly stimulates 3Dpol           94,97,123,124,128    
  activity & 3CDpro autoprocessing             
    3AB  Membrane association of replication complexes           88,92 
  Interacts with/stimulates 3CD autocleavage & 3Dpol     89,90,93,94,97-100,123,124,128,143 
  Inhibits VPg uridylylation              95   
   Binds RNA, 5΄ cloverleaf, 3΄ UTR            91,92,97 
  Oligomerizes               94 
     3C  Viral protein processing              194 
  Host protein cleavage/transcription inhibition           56,129-137,202-206 
  Binds 5΄ cloverleaf & RNA (RNA replication)           91,125-127 
    3CD  Processes viral/cellular proteins             152,194 
  Controls translation/RNA binding & replication            22,47,82,117,125,127,152,157,207 
  Stimulation of VPg uridylylation            117 
  Binds 5΄ cloverleaf (w/3AB & PCBP2), cre(2C),           30,91,157 
   3΄UTR (w/3AB), and hnRNP C1            44,156 
     3D  VPg uridylylation              118,145,179 
  RNA polymerase (RNA replication)            82 
  RNA binding – elongates RNA chains            144,185,208,209 
  Unwinds dsRNA during polymerization            210 
  Terminal adenyltransferase activity            211 
  Switches templates (recombination)            212 
  Interacts w/3CDpro, 3B, 3AB, Sam68            94,213 
  Oligomerizes               185,186,214,215 
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Figure 3 
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Figure 4 
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CHAPTER 2.  Ribavirin and lethal mutagenesis of poliovirus: 

molecular  mechanisms, resistance and biological implications 

 

Abstract 

 Positive strand RNA virus populations are a collection of similar but genetically 

different viruses. They exist as viral quasispecies due to the high mutation rates of the 

low fidelity viral RNA-dependent RNA polymerase (RdRp). It is thought that this 

genomic heterogeneity is advantageous to the population, allowing for adaptation to 

rapidly changing environments that present varying types and degrees of selective 

pressure. However, one consequence of this extensive diversity is the susceptibility to 

mutagens that further increase sequence variation. Since RNA viruses live at the edge of 

maximal variability, an increase in the mutation rate is likely to force the virus beyond 

the tolerable mutation frequency into ‘error catastrophe’. One such mutagen, ribavirin, is 

an antiviral nucleoside analog that is mutagenic to several RNA viruses.  Ribavirin is 

incorporated into the viral genome causing lethal mutagenesis and a subsequent decrease 

in the specific infectivity. Even so, passaging poliovirus in the presence of low to 

intermediate concentrations of the drug leads to the emergence of a viral population 

resistant to the effects of ribavirin. These viruses have a point mutation in the RdRp that 

increases the overall polymerase fidelity. Interestingly, as predicted by the quasispecies 

theory, ribavirin resistant viruses are less adaptable, as they are more susceptible to other 

non-mutagenic antiviral drugs and are highly attenuated in vivo. Here, we review the 

mechanism of action of ribavirin on poliovirus and other RNA viruses, the possibility 
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for escape via increased fidelity of the viral polymerase, the consequences of this 

response on viral population dynamics, and the biological implications for the therapeutic 

use of mutagenic antiviral agents. 
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1. Poliovirus exists on the edge of error catastrophe: the safety of living dangerously 

 Poliovirus, the prototype picornavirus, is a non-enveloped virus with a single 

stranded RNA genome of positive polarity.  The virion is composed of an icosahedral 

protein shell composed of four capsid proteins VP1, VP2, VP3 and VP4 encompassing 

the RNA genome. The genome of approximately 7.5 kb contains a single ORF encoding 

a polyprotein that is cleaved into the individual viral proteins required for virus 

replication and assembly. Poliovirus has a characteristically rapid multiplication cycle 

lasting approximately 8 h.  During the time that lapses between infection and release of 

progeny by cell lysis, the poliovirus replication cycle produces high yields of viral 

proteins and genomes, ensuring the synthesis of up to 100,000 virions per cell and wide 

dissemination to neighboring cells and new hosts1. The compact nature of the viral 

genome facilitates rapid exponential growth of progeny virions. More importantly, 

however, it is likely that the viral RdRp has compromised some degree of accuracy 

(proofreading requires a time delay before nucleotide bond formation), in order to 

increase the speed of replication. Indeed, the fast processing rates of RNA polymerases 

are in part due to a lack of proofreading functions that are characteristic of DNA 

polymerases2-4. Even so, poliovirus gains other advantages by having a polymerase that 

favors speed over selection of the correct nucleotide. One such advantage is the high 

adaptability of lytic RNA viruses, which are known to have the highest mutation rates of 

any organism5,6. The polymerases of riboviruses are known to be prone to error (10−3 to 

10−5 mutations per copied nucleotide), and their mutation rates are several orders of 

magnitude greater than those of DNA viruses and higher organisms7-9. The error prone 

nature of the RdRp, along with other mechanisms such as recombination, are the driving 
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force behind the rapid evolution of RNA viruses into a quasispecies8,10-14. The 

quasispecies then are a population of genetically related viruses closely distributed 

around a master sequence9,15-20. This population is a flexible and diverse group of 

individuals with varying degrees of replicative capacity and fitness21,22. For any given 

environment, the quasispecies hypothetically consist of a collection of genomes with 

many, or most, of the possible viable mutations represented. Many of these mutations are 

lost during multiple replication cycles, as they encode genomes of very low ‘fitness’ 

(relative capacity to produce infectious progeny) that cannot compete with more fit 

genomes during replication. However, within each round of replication, new mutations 

continue to spontaneously emerge or re-emerge at a frequency directly determined by the 

error rate of the viral RNA polymerase. Since the poliovirus replication cycle is rapid and 

ends in cell lysis, a sudden change in environment would leave poliovirus with only a few 

hours to escape a new ‘stress’ and adapt to new growth conditions. A narrow 

quasispecies composed of only a few genomic variants would have little chance of 

bearing, or quickly acquiring, a mutation enabling growth under a radically changed 

environmental condition, and could result in the extinction of this ‘rigid’ population. It is 

therefore advantageous for the viral population to have mutants already present, which 

would enable growth under changing environmental conditions23. Such mutants could in 

turn quickly out-compete other viruses present in the quasispecies and come to dominate 

the population.  A fine balance, then, is required between genomic rigidity and plasticity, 

since there is a limit to the maximum possible variability of viral genetic information, 

beyond which the genetic identity is lost and the population is no longer viable8,16,24.  The 

point at which a lethal accumulation of errors occurs has been termed the threshold of 
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error catastrophe16,25. Since RNA genomes have higher mutation rates than DNA 

genomes, it has been proposed that RNA viruses exist close to the threshold of error 

catastrophe (see Fig. 1A)8,11,21. Near this threshold, the virus population may accept 

relatively large losses as long as enough members of the quasispecies population remain 

viable (Fig. 1A, white part of curve). In order to maintain its position at the edge of the 

error threshold, poliovirus is likely to have acquired a polymerase of less than optimal 

fidelity, tolerating incorporation of incorrect nucleotides in order to favor the generation 

of a broader quasispecies. On the other hand, having an unfaithful polymerase places the 

virus in a precarious position. Indeed, viral extinction, as a result of an increase in 

genomic mutations induced by RNA mutagens, indicates that RNA viruses exist near the 

threshold of error catastrophe26-33.   

2. Ribavirin induces lethal mutagenesis of poliovirus 

 Ribavirin has a broad-spectrum antiviral activity against both RNA and DNA 

viruses. A number of viruses in different taxonomic viral families are susceptible to 

ribavirin (summarized in Table 1). Yet, the mechanisms by which ribavirin inhibits these 

different viruses has been difficult to elucidate, as this drug has pleiotropic effects. The 

inhibition of cellular inosine monophosphate dehydrogenase (IMPDH) and subsequent 

decrease of intracellular GTP levels can reduce viral protein translation and RNA 

replication, and also interfere with RNA capping efficiency34-39.  Furthermore, ribavirin 

has been shown to directly affect RNA replication, by inhibiting the RNA polymerases of 

hantaan virus, HCV, HIV, influenza virus and VSV31,33,38,40-43. Ribavirin also has 

immunomodulatory properties, including enhancement of antiviral type 1 cytokines35,44-

48, and up-regulation of antiviral gene expression via the interferon-stimulated response 
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element49. In more recent studies (Table 1, highlighted in gray), ribavirin has been shown 

to act on RNA viruses by causing lethal mutagenesis. It has been shown that ribavirin 

targets the genome directly by acting as a nucleoside analog, being incorporated as a 

substrate into the RNA molecule by the polymerase and causing transition 

mutations26,28,31,42,50. In the poliovirus model, incorporation of ribavirin 5’-triphosphate 

(RTP) resulted in an accumulation of transition mutations that caused poliovirus to 

undergo error catastrophe via lethal mutagenesis. Mutagenesis was thus proposed to be 

the principal antiviral mechanism of ribavirin on RNA viruses, at least in tissue 

culture26,31,51,52. Direct incorporation of ribavirin triphosphate into the poliovirus genome 

was demonstrated by using an in vitro system capable of measuring the kinetics and 

biochemical properties of the 3D polymerase27,53,54. It was found that ribavirin was 

templated by cytidine or uridine and incorporated in the place of GMP or AMP. The rate 

of incorporation and binding affinity of the enzyme for RTP was similar to the 

incorporation kinetics of incorrect nucleotides54. Importantly, it was shown that RMP 

incorporation into the nascent RNA was not a chain terminator and that once 

incorporated, could readily form base pairs with incoming pyrimidines, promoting 

transitions of A to G or G to A27.  The mutagenizing effect of ribavirin on RNA genomes 

was confirmed in tissue culture. Analysis of poliovirus RNA synthesis in infected cells 

treated with ribavirin indicated that viral RNA was produced at levels similar to untreated 

controls and could not account for the dramatic decrease in virus infectivity28. Instead, 

this antiviral effect was hypothesized to result from misincorporation of RMP, which 

would lead to an increase in the mutation frequency of viral proteins. This point was first 

demonstrated by quantifying the emergence of guanidine resistant mutants in a ribavirin 
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treated population. In poliovirus, a single C to U mutation (C4605U) in the 2C-coding 

region confers resistance to guanidine. During negative strand synthesis, incorporation of 

RTP in the place of GTP at this position would result in the resistant mutation. Indeed, 

increasing concentrations of ribavirin resulted in increasing numbers of resistant mutants. 

These findings were then shown conclusively with actual sequence data of individual 

genomes, indicating a significant increase in mutation frequency for poliovirus grown in 

ribavirin treated cells (Table 2)28.  Interestingly, it was shown that even a slight increase 

in mutation frequency drastically reduced the percentage of infectious RNA genomes and 

was enough to cause lethal mutagenesis.  For example, treatment of cells with 400 μM 

ribavirin increased mutation frequency four-fold, yet reduced infectivity by 95% (Table 

2, Fig. 2). This observation not only demonstrated that ribavirin’s antiviral effect is 

through lethal mutagenesis of poliovirus, but also directly confirmed that RNA viruses 

exist close to the threshold of error catastrophe (Fig. 1A). 

Given that ribavirin inhibits poliovirus through lethal mutagenesis, there are two potential 

mechanisms to ribavirin resistance. One possibility for escape is to acquire changes 

within the polymerase such that it would no longer be capable of incorporating ribavirin 

as a base analog.  A second possibility would be the acquisition of a more selective 

(higher fidelity) polymerase that would distance the quasispecies population from the 

error threshold by limiting the incorporation of any incorrect nucleotide. If this second 

situation were the case, either a higher concentration of drug or a more potent RNA 

mutagen would be required to achieve viral inhibition by lethal mutagenesis. 

3. A high fidelity polymerase confers resistance to lethal mutagenesis 
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 Indeed, passage of poliovirus in ribavirin treated cells resulted in the acquisition 

of a RdRp mutant with a glycine to serine mutation at position 64 (G64S) of the 

polymerase55,56. Interestingly, examination of the known crystal-derived structure57 of the 

poliovirus RdRp revealed that this mutation was not found within any of the known 

functional domains but was situated within the small region spanning the finger and 

thumb domains. The replacement of a glycine for the bulkier serine suggested that 

additional hydrogen bonding might occur, potentially resulting in a tighter polymerase/ 

template interaction. Alternatively, the highly conserved glycine 64 may act indirectly, 

through hydrogen bonding with neighboring residues, to alter the position of  the active 

residue aspartic acid 238 (Olve Peersen, personal communication). Aspartic acid 238 is 

the requisite active residue that comes in contact with the 2’ OH of incoming nucleotides 

and mutation of aspartic acid 238 to alanine abolishes polymerase activity and viral 

viability58.  The G64S mutant replicated at the same rate and yielded similar titers in the 

presence of high concentrations of ribavirin as compared to wild type virus grown in the 

absence of drug. Furthermore, the G64S mutant grew to higher titers than wild type 

poliovirus in the presence of two other confirmed RNA mutagens, 5-aza-cytidine and 5-

fluorouracil55. These results strongly suggest that the G64S mutation results in a 

polymerase of higher fidelity, rather than one that simply no longer incorporates ribavirin 

as a nucleoside analog. If this were the case, a population of G64S mutants would be 

expected to have a lower mutation frequency than a wild type population. Furthermore, 

this mutant population would evolve less rapidly than a wild type population and would 

therefore comprise a quasispecies with a tighter spectrum of variants, likely existing 

farther from the threshold of error catastrophe (Fig. 1B). 
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The quasispecies theory would also predict that the G64S population would be less 

efficient than wild type at escaping a new external pressure. In order to characterize the 

G64S quasispecies, stocks of both wildtype and G64S virus were generated from in vitro 

transcribed RNA. The stocks were then passaged five times at an MOI of 1 to allow the 

poliovirus polymerase (wild type or G64S) to introduce mutations over time and thereby 

expand the quasispecies population. These populations were then tested in the presence 

of two antiviral compounds. First, infected cells were treated with increasing 

concentrations of WIN compound, to which mutations in the capsid coding region confer 

resistance. Indeed, the G64S population was more sensitive to WIN compound, as the 

proportion of WIN-resistant escape mutants was lower than that in wildtype. In a second 

experiment, three of the five serial passages were quantified for the presence of mutants 

resistant to guanidine. While the number of guanidine resistant mutants rose over each 

passage for wild type poliovirus, the number of mutants escaping guanidine in the G64S 

population did not change significantly. The lack of emerging resistant mutants in the 

G64S population suggested a slower rate of evolution for the poliovirus with a high 

fidelity RdRp and was strong evidence that this population exists as a tighter 

quasispecies. Sequencing of individual genomes is currently underway to provide more 

direct evidence in support of these observations. Interestingly, although G64S virus grew 

with similar kinetics and to similar titers as wildtype virus (> 108 pfu/ml), the wildtype 

virus outcompeted G64S mutant even at a ratio of 10:1 mutant-to-wildtype55. 

Biochemical analysis indicated that although the nucleotide binding activity of the G64S 

polymerase was comparable to wild type, there was a three-fold reduction in the maximal 

rate of nucleotide incorporation59. This slight reduction, which may not be evident when 
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measuring RNA production of mutant and wild type virus separately, is a potential 

disadvantage when both genomes are replicated in competition. Possibly, a slightly faster 

replication rate dictates a much greater fitness than does one of more strict fidelity, at 

least in the absence of ribavirin. Furthermore, the higher fidelity mutant seemed to be 

attenuated in vivo. In poliovirus receptor transgenic mice, the G64S variant had both an 

increased LD50 and an altered tissue distribution55. These observations could reflect both 

a decrease in the replication rate, as well as an inability to adapt to differing tissues and 

the selective pressure of the immune system. The change in tissue tropism may reflect a 

viral evolutionary process, in which variants present in the quasispecies may be selected 

to allow the virus to infect specific tissues and cell types. In conclusion, these 

observations strongly support the quasispecies theory and the importance of an adaptable 

and heterogeneous population for enhanced viral fitness.  

4. Ribavirin and RNA mutagens as antivirals: biological implications for diverse 

virus families 

 As highlighted above, ribavirin is a potent antiviral that exerts its effects through 

lethal mutagenesis. The poliovirus model is an excellent system for these studies, as the 

effects of RNA mutagens can be readily measured and compared in tissue culture or in 

animal models. Furthermore, established biochemical approaches permit analysis of 

parameters useful in determining ideal RNA mutagens. Ribavirin analogs can be 

developed and quickly tested in such a system, in order to identify which compounds are 

less toxic and more efficacious as mutagens. The question remains whether what has 

been described for ribavirin treatment of poliovirus holds true for most other viruses with 

respect to lethal mutagenesis and error catastrophe. By applying a biochemical system 

 56



similar to that used in the poliovirus studies, it has been shown that ribavirin also serves 

as a substrate for the Hepatitis C virus RNA polymerase, although even at high ribavirin 

concentrations the frequency of incorporation resulted in only one mutation per 

genome42. An increase in mutation frequency was also demonstrated in HCV 

replicons26,39, while a recent study demonstrated that RNA templates containing ribavirin 

were hampered in replication and may have stalled the replication process33. These 

findings suggest that in the case of Hepatitis C virus, ribavirin might exert an antiviral 

effect through both mutagenesis and the inhibition or impairment of replication of an 

RNA genome containing ribavirin as a base. As highlighted in Table 1, recent work has 

confirmed that ribavirin increases mutation rates in both FMDV50 and Hantaan virus31. 

These results provide additional support to the hypothesis that lethal mutagenesis is the 

principal mechanism by which ribavirin acts on RNA viruses. It should be noted, 

however, that the hierarchy of antiviral mechanisms might differ depending on the virus 

studied, given the vast differences in replication strategies and multiplication cycles. One 

recent study of note found that although the mutagen 5-fluorouracil did indeed extinguish 

LCMV populations by way of lethal mutagenesis, ribavirin treatment resulted in only 

minimal mutagenesis and was most likely not responsible for the overall antiviral 

effect60. Further research with other viruses listed in Table 1 would help establish the 

relative importance of lethal mutagenesis as the major antiviral effect of ribavirin. Once 

ribavirin’s mechanism of action has been more extensively elucidated in other viruses, it 

may become possible to predict which of the RNA viruses would be good targets for this 

antiviral approach. In this context, it may be possible to identify factors that determine 

viral sensitivity to ribavirin. 
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One obvious requirement is defining actual polymerase fidelities for the various RNA 

viruses. It will be interesting to see whether viruses of intrinsically low polymerase 

fidelities make better targets for lethal mutagenesis and to what extent high-fidelity 

viruses can be mutagenized. Currently, it is difficult to determine true RdRp error rates. 

An estimate of the error rate can be inferred from measurements of mutation frequency, 

either by scoring the spontaneous occurrence of a mutant phenotype within a cloned 

population or by directly sequencing individual genomes. In quantifying emerging 

mutant phenotypes, one must be cautious as even the most accommodating growth 

conditions may favor the emergence of certain mutants that could skew the perceived 

mutation rate (and correlated error rate), from the true error rate. In sequencing individual 

genomes, the error rate is likely to be underestimated as only replication/translation 

competent RNAs can accumulate to sufficient quantities to be amplified by RT-PCR. 

Furthermore, in both cases one must take into account that measured error frequencies 

may vary depending on the region of the genome investigated, as coding regions, 

secondary RNA structures, and binding sites may influence genomic mutability. The 

result is an estimated error rate that varies between studies. For poliovirus, for example, 

error rates have been measured between 3×10−4 and 2×10−6. Nevertheless, the measured 

mutation frequencies remain far greater than those of DNA genomes, which range from 

10−8 to 10−11 61. Despite the relative uncertainty of these aforementioned estimates, they 

will be useful in determining where each viral population exists with respect to the 

threshold of error catastrophe. This characterization would not only help determine 

whether lethal mutagenesis could be used as an antiviral strategy for the virus in question, 

but would also expand our understanding of the strategies viruses have evolved to 
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increase mutation frequency and maintain genetic integrity. From studies on other 

viruses, we will gain a deeper understanding of the mechanisms of nucleoside selection 

by RNA polymerases. The likely emergence of high-fidelity mutants in other virus 

families treated with ribavirin should produce mechanistic evidence that the evolution of 

RNA viruses has favored the retention of an increased mutation frequency. Lethal 

mutagenesis as an antiviral approach also merits closer attention at the clinical level as a 

treatment for RNA virus infections. Ribavirin is already used in the treatment of Hepatitis 

C, RSV and Lassa fever viral infections62-66, and has been proposed for the treatment of 

SARS67. It is important to determine whether lethal mutagenesis is as effective when the 

mutagen is administered at physiological concentrations63,68. Furthermore, a closer 

examination of the emergence of resistant mutants is warranted. 

Based on the recent identification of ribavirin resistant viruses, what is the likelihood of 

resistance to lethal mutagenic agents? It is interesting to note that treatment of poliovirus 

with ribavirin at high concentrations resulted in total extinction of the population by the 

third passage with no generation of drug resistant viruses56. However, by gradually 

increasing concentrations of ribavirin, a ribavirin-resistant population was achieved 

within nine passages. This study suggests that at higher concentrations, viral escape is not 

possible. However, it is important to note that these passages were initiated from a virus 

clone. In our hands, ribavirin resistant mutants dominated the population after only five 

passages in high concentrations of ribavirin (400 and 600μM)55. The quick emergence of 

resistant viruses in this case could be explained by several factors. First, passages in the 

presence of ribavirin were started from a wild type viral stock that had already undergone 

several serial passages in the absence of drug. This stock more naturally resembles a 
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‘healthy’ quasispecies and may have already had the ribavirin resistant mutation present 

within the population at low frequency. This population may thus more closely resemble 

the quasispecies likely to be found in an established physiological infection, suggesting 

that ribavirin resistance would be likely to occur in the clinical setting. Indeed, one recent 

study shows the emergence of a ribavirin resistant mutant in five individuals undergoing 

ribavirin monotherapy for HCV infection. In all cases, the mutation consisted of a single 

amino acid change from Phe to Tyr at position 415 of the viral polymerase69. Finally, 

although the isolation of mutagen resistant viruses indicates that lethal mutagenesis on its 

own is not a fail proof antiviral strategy; the fact that resistance is conferred by a higher 

fidelity polymerase with a lower mutation rate uncovers a novel therapeutic approach. 

Mutants that escape the effects of mutagenic agents (ribavirin), and thus have higher 

fidelity polymerases, are likely to be more susceptible to other conventional antiviral 

drugs, as these viruses would be less capable of mutating and escaping conventional 

drugs. Combination therapy composed of lethal mutagenesis and other antivirals could 

thus have indirect synergistic effects70-72. 
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Figure Legends 
 
 
Fig. 1.  A)  Model of a viral quasispecies at the threshold of error catastrophe: The 

majority of viruses in the wild type poliovirus population, having fewer mutations, are 

viable. Some viruses, bearing a greater number of mutations, are non-viable and can be 

considered at the threshold of error catastrophe. A small increase in mutation frequency is 

predicted to push the virus population into error catastrophe (mutagenized population), 

where the number of errors per viral genome is sufficiently high to lethally mutate the 

majority of the virus population. White indicates live virus, gray indicates non-viable 

virus.  B)  A high fidelity polymerase results in a narrower quasispecies situated farther 

from the threshold of error catastrophe: Compared to the wild type poliovirus population 

shown above, the G64S mutant population, bearing a high fidelity polymerase, is 

predicted to contain fewer mutations/genome (positioned farther from error threshold) 

and have less sequence variability (narrower quasispecies). Treatment of such a 

population with an RNA mutagen is expected to result in a smaller increase of mutation 

frequency. The mutagenized population accumulates fewer mutations than would wild 

type, remains a tighter quasispecies and, whilst approaching the error threshold, does not 

cross it. Adapted from Crotty et al. (2001). 

 

Table 1.  Lists those viruses which have been shown to be affected by the antiviral 

activity of ribavirin in vitro. 

 

Table 2.  Lists the mutation frequency in ribavirin-treated poliovirus populations. 

 65



Fig. 2.  Relationship between mutation frequency and viral infectivity: The specific 

infectivity of normal poliovirus RNA is set to 100%. The graph shows that poliovirus 

exists at the edge of error catastrophe, as there is a rapid decline in RNA genome 

infectivity at levels of mutagenesis only slightly higher than normal. The LD50 (50% loss 

of specific infectivity) is defined as the mutation frequency at which 50% of the viral 

genomes are lethally mutagenized (indicated by a dashed line). Wild type poliovirus 

genomes average ∼1.5 mutations/genome. Genomes from cells treated with 400μM 

ribavirin contain ∼6.9 mutations/genome and result in >95% loss of infectivity. Reprinted 

with permission from Crotty et al., (2001). 
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Chapter 3.  Remote Site Control of an Active Site Fidelity Checkpoint in 

a Viral RNA-dependent RNA Polymerase 
 

Abstract 

 The kinetic, thermodynamic, and structural basis for fidelity of nucleic acid 

polymerases remains controversial. An understanding of viral RNA-dependent RNA 

polymerase (RdRp) fidelity has become a topic of considerable interest as a result of 

recent experiments that show that a 2-fold increase in fidelity attenuates viral patho-

genesis and a 2-fold decrease in fidelity reduces viral fitness. Here we show that a 

conformational change step preceding phosphoryl transfer is a key fidelity checkpoint for 

the poliovirus RdRp (3Dpol). We provide evidence that this conformational change step is 

orientation of the triphosphate into a conformation suitable for catalysis, suggesting a 

kinetic and structural model for RdRp fidelity that can be extrapolated to other classes of 

nucleic acid polymerases. Finally, we show that a site remote from the catalytic center 

can control this checkpoint, which occurs at the active site. Importantly, similar 

connections between a remote site and the active site exist in a wide variety of viral 

RdRps. The capacity for sites remote from the catalytic center to alter fidelity suggests 

new possibilities for targeting the viral RdRp for antiviral drug development.  
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Introduction 

 During each cycle of nucleotide incorporation, nucleic acid polymerases are 

presented with the challenge of having to select a nucleotide with the correct sugar 

configuration and the correct base. Fidelity of nucleotide selection is essential for 

maintenance of the information content and accurate expression of the genome. 

Importantly, some level of incorrect incorporation must exist to provide a mechanism for 

all organisms to survive challenges imposed by nature. Elucidation of the mechanisms 

employed by polymerases to maintain the appropriate balance between correct and 

incorrect nucleotide incorporation has been a primary goal of polymerase enzymology 

and structural biology. The single nucleotide-addition cycle of polymerases is likely 

conserved, consisting of at least five kinetically observable steps: 1) nucleotide binding; 

2) a conformational change; 3) phosphodiester bond formation; 4) a second 

conformational change, perhaps translocation; and 5) pyrophosphate release1-7. 

Theoretically, any of these steps could be employed as fidelity checkpoints. Empirically, 

the first three steps appear to be the primary steps governing fidelity of nucleotide 

addition1-7. However, there is considerable debate regarding the capacity of the first 

conformational change step to act as a fidelity checkpoint8,9. Further complicating matters 

is the absence of a clear structural explanation for the conformational change observed 

kinetically. Structural explanations range from inter- and intra-domain rearrangements10-

12 to triphosphate reorientation1,7,13-17.  

 Studies of viral DNA-dependent DNA and RNA polymerases have been essential 

to developing the current state-of-the-art for polymerase structure, function, and 

mechanism. However, until recently, very little structural and mechanistic information 
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existed for the viral RNA-dependent RNA polymerase (RdRp)7,17-22. Fidelity of RNA 

virus polymerases has become a topic of increased clinical importance, because the 

capacity for RNA virus populations to escape neutralization by the immune system and to 

develop resistance to antiviral agents is a direct consequence of errors introduced by the 

polymerase during genome replication. Even more intriguing, however, are the recent 

realizations that very subtle increases in RdRp fidelity can attenuate viral pathogenesis 2 

and very subtle decreases in polymerase fidelity can force the virus into error catastrophe 

(lethal mutagenesis)23. The RdRp from poliovirus (PV), 3Dpol, has emerged as an 

important model system for understanding the structure, function, and mechanism of this 

class of polymerases7,17-22,24. However, given the structural and mechanistic similarities 

of 3Dpol to DNA polymerases, RNA polymerases, and reverse transcriptases7,21,22, it is 

likely that the structural and mechanistic basis for 3Dpol fidelity will be relevant to all 

classes of nucleic acid polymerases. Although it is often suggested that the RdRp has a 

high error rate, the RdRp error rate is actually equivalent to replicative DNA polymerases 

in the absence of the proofreading exonuclease7. In this report, we describe a PV mutant 

(G64S PV) that is less sensitive to an antiviral nucleoside yet more sensitive to other 

classes of antiviral compounds due to a mutation in 3Dpol-coding sequence that restricts 

genomic diversity. We show that this polymerase derivative, G64S 3Dpol, has a higher 

fidelity than the wild-type enzyme owing to a change in the equilibrium constant for the 

conformational change step preceding the chemical step. Although position 64 is remote 

from the active site, the backbone of this residue is connected via hydrogen bonding to 

the conserved structural motif A that functions, in part, to hold the triphosphate of the 

incoming nucleotide in a conformation appropriate for catalysis. Importantly, similar 
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connections between remote sites and motif A exist in polymerases from a wide variety 

of RNA viruses. Together, these data provide genetic evidence for a role of the first 

conformational change step in polymerase fidelity, provide a link between the 

conformational change and the orientation of the triphosphate of the incoming nucleotide, 

and define sites remote from the polymerase active site as targets for development of 

antiviral agents capable of functioning by modulating nucleotide incorporation fidelity. 

The conclusions of this study regarding fidelity mechanisms employed by the RdRp are 

germane to all classes of nucleic acid polymerases. 
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Materials and Methods 

 

 Materials—[γ-32P]ATP (>7000 Ci/mmol) was from ICN; [α-32P]UTP was from 

New England Nuclear; nucleoside 5΄-triphosphates (all nucleotides were ultrapure 

solutions) and adenosine 5΄-O-(1-thiotriphosphate) were from Amersham Biosciences; 

dT15 was from Integrated DNA Technologies, Inc.; poly(rA) was from Sigma; RNA 

oligonucleotides were from Dharmacon Research, Inc. (Boulder, CO); T4 polynucleotide 

kinase was from New England Biolabs, Inc.; All other reagents were of the highest grade 

available from Sigma or Fisher. 

 Cells, Viruses, and Plasmids—HeLa S3 cells (ATCC CCL 2.2) were grown in 

tissue culture flasks in Dulbecco’s modified Eagle’s medium-nutrient mixture F-12 

(Ham’s, 1:1, CellGro), supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 

100 units of penicillin and streptomycin per milliliter, and 10% newborn calf serum 

(Invitrogen). Wild-type (WT) poliovirus type 1 Mahoney was used throughout this study. 

Plasmid prib(+)XpA (hereupon referred to as pXpA) contains the cDNA of poliovirus 

preceded by the hammerhead ribozyme and the T7 RNA polymerase promoter permitting 

the generation of infectious synthetic RNAs.  

 Construction of Recombinant G64S PV Clone—The codon encoding Gly-64 of 

the poliovirus RdRp was changed to Ser in the cDNA of WT poliovirus type 1 Mahoney 

in the plasmid pXpA. Specifically, nucleotides 6746–6748 (GGT) were mutagenized to 

TCA using appropriate primers (available upon request) and the QuikChange 

Mutagenesis XLII kit (Stratagene). Positive clones were identified and confirmed by 
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sequencing. The resulting plasmid pG64S permits the transcription of infectious full-

length genomes, expressing the mutant G64S polymerase. 

 In Vitro Transcription and RNA Transfection—Poliovirus transcripts 

corresponding to full-length genomic RNA (pXpA or pG64S) were obtained using a T7 

Megascript transcription kit (Ambion) after linearization of cDNA plasmids. The 

integrity of the resulting RNAs was confirmed by gel electrophoresis. Transfection of 

HeLa S3 cells with these synthetic RNAs was performed with an Electro Cell 

Manipulator600 (BTX) following the manufacturer’s directions. 

 Effect of Ribavirin on Virus Titer—HeLa S3 cells were infected at a multiplicity 

of infection of 0.1 with either passage 3 WT poliovirus (P3) or passage 3 G64S virus in 

the presence of 0–1000 μM ribavirin. Upon total cell lysis (cytopathic effect), virus was 

recovered and titered by plaque assay. 

 WIN Compound Escape Mutants Assay—WIN 51711 (disoxaril) compound and 

the assay protocol were obtained as a kind gift from Dan Pevear, ViroPharma, Inc. 

Survival curves were established by plating serial 10-fold dilutions of 106 plaque-

forming units/ml virus stocks on duplicate HeLa S3 cell monolayers in 6-well plates. 

After a 1-h adsorption period the inoculum was removed and 3 ml of overlay medium 

was added containing 1.0% agarose and different concentrations of disoxaril (10 μM, 1 

μM, 0.1 μM, 0.01 μM, or no drug). Percent inhibition was plotted as a function of virus 

titer obtained at each concentration of WIN compound over control titer obtained with 

mock treatment. 

 RNA Isolation, cDNA Synthesis, and Sequencing—Eighteen viral isolates 

belonging to each of the WT and G64S populations were obtained by plaque isolation. 
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The viral isolates were then replicated on fresh HeLa cell monolayers (in 24-well plates) 

for 6 h, and viral RNA was extracted and purified by TRIzol extraction. RT-PCR was 

performed on the RNA using the Thermoscript kit (Invitrogen) and Pfu ultrafidelity 

polymerase (Stratagene). The RT reaction was performed using the oligo-dT primer. Two 

PCR products were obtained for each viral isolate, a product spanning the 5΄-untranslated 

region and capsid coding region (nt 300–3300) and a product spanning 3CD and the 

3΄-untranslated region (nt 5800–7441). Primers for the 5΄-product were 5΄-

CAGAGTGTAGCTTAGGC-3΄ (forward) and 5΄-GGTGGACGCGGGCACC- 3΄ 

(reverse). Primers for the 3΄-product were 5΄-CAGGGATATCTAAATCTC- 3΄ (forward) 

and 5΄-CTCCGAATTAAAGAAAAATTTACCC- 3΄ (reverse). The 36 PCR fragments 

from each population, representing 18 different viral clones of either WT or G64S, were 

purified using a Qiagen PCR purification kit and sequenced. 

 Virus Competition Experiment—HeLa cells were plated in 10-cm2 dishes and 

infected at an multiplicity of infection of 10 with a virus mixture composed of passage 0 

WT and G64S viruses at a ratio of 1:10. After adsorption, input virus was removed, and 

infection was allowed to proceed to cell lysis. Virus from the supernatants of infected 

cells was harvested by three freeze-thaw cycles and used to re-infect fresh HeLa 

monolayers (passages 1–3). At each passage, viral RNA was extracted by treatment with 

TRIzol-HCl for reverse transcription-PCR. Reverse transcription-PCR was performed as 

above, using the same primers that amplified the 3΄-product. Direct sequencing of the 

PCR product was performed to determine the proportion of progeny virus belonging to 

the WT or G64S populations. 
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 Construction of G64S Expression Vector—The G64S expression vector was 

constructed by introducing the G64S-encoding mutation into the WT 3Dpol coding 

sequence by using overlap extension PCR with the appropriate primers (available upon 

request) and subcloning into the pET26-Ub-3D expression plasmid essentially as 

described previously25. Mutations were confirmed by DNA sequencing (Nucleic Acid 

Facility, Pennsylvania State University). 

 Expression and Purification of 3Dpol—Expression and purification of 3Dpol WT 

and G64S were performed as described previously25. 

 Purification, 5΄-32P Labeling, and Annealing of sym/sub—RNA oligonucleotides 

were purified, labeled, and annealed as described previously18. 

 Poly(rU) Polymerase Specific Activity Assay—Reactions contained 50 mM 

HEPES, pH 7.5, 10 mM 2-mercaptoethanol, 5 mM MgCl2, 0.05 μM 3Dpol, 500 μM UTP, 

0.2 μCi/μl [α-32P]UTP, 1.88 μM dT15, and poly(rA) (93.4 μM AMP). Reactions were 

initiated by 3Dpol and incubated at 30 °C for 5 min at which time the reactions were 

quenched by addition of EDTA to a final concentration of 50 mM. Products were 

analyzed by DE81 filter binding as previously described (27). 

 sym/sub Assays—Reactions contained 50 mM HEPES, pH 7.5, 10 mM 2-

mercaptoethanol, 5 mM MgCl2 or 5 mM MnCl2, 500 μM NTP, sym/sub, and 3Dpol. 

Reactions were either quenched by addition of EDTA to a final concentration of 0.3 M or 

by addition of HCl to a final concentration of 1 M. Immediately after addition of HCl, the 

solution was neutralized by addition 1 M KOH and 300 mM Tris (final concentration). 

Specific concentrations of primer/template and 3Dpol, along with any deviations from the 

above, are indicated in the appropriate figure legend. 3Dpol was diluted immediately prior 
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to use in 50 mM HEPES, pH 7.5, 10 mM 2-mercaptoethanol, and 20% glycerol. The 

volume of enzyme added to any reaction was always less than or equal to one-tenth the 

total volume. All reactions were performed at 30 °C. 

 Rapid Chemical Quenched Flow Experiments—Rapid mixing/quenching 

experiments were performed by using a Model RQF-3 chemical-quench-flow apparatus 

(KinTek Corp., Austin, TX). Experiments were performed at 30 °C by using a circulating 

water bath. 3Dpol-sym/sub complexes were assembled by mixing 3Dpol and sym/sub for 3 

min at room temperature and then rapidly mixed with the nucleotide substrate. After 

mixing, reactant concentrations were reduced by 50%. Reactions were either quenched 

by addition of EDTA to a final concentration of 0.3 M or by addition of HCl to a final 

concentration of 1 M followed by immediate neutralization. 

 Determination of the Kinetic Parameters (kpol and Kd,app) for 3Dpolcatalyzed 

Nucleotide Incorporation—3Dpol (2 μM) was incubated with sym/sub (1 μM duplex) and 

rapidly mixed with varying concentrations of nucleotide substrate (1/5 x Kd,app to 5 x 

Kd,app). At various times after mixing, reactions were either quenched by addition of 

EDTA or HCl. Time courses at fixed nucleotide concentration were fit to Equation 1, 

[Product] = A*e-kobs*t + C     (Eq. 1) 

where A is the amplitude of the burst, kobs is the observed first-order rate constant 

describing the burst, t is the time, and C is a constant. The observed rate constants were 

plotted as a function of nucleotide concentration, and the data were fit to Equation 2, 

  (Eq. 2) 

 

 

 79



where kpol is the maximal observed rate constant for nucleotide incorporation and Kd,app is 

the apparent dissociation constant. Data were fit by non-linear regression using the 

program KaleidaGraph (Synergy Software, Reading, PA). 

 Kinetic Simulation—Kinetic simulations were performed by using KinTekSim 

Version 2.03 (KinTek Corp., Austin, TX). Schemes employed are provided as figures. 

All rate constants were determined experimentally, except where noted. The agreement 

between the experimental data and kinetic simulations was determined by visual 

inspection. 
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Results 

 

G64S PV Population Has Reduced Genomic Diversity 

 The genomic diversity of RNA virus populations permits rapid adaptation of the 

population to environmental stresses. Maximal adaptability requires maximal genomic 

diversity. However, the consequence of maximal genomic diversity is susceptibility to 

extinction under conditions in which a subtle increase in mutation frequency occurs. This 

mutation-induced extinction has been termed lethal mutagenesis, a promising broad 

spectrum antiviral strategy26-31. Studies with PV have shown that the mechanism of 

action of ribavirin, a clinically useful antiviral nucleoside, is lethal mutagenesis23. The 

PV RdRp can incorporate ribavirin triphosphate ambiguously into the genome, forcing 

the virus population into error catastrophe23. One mechanism of resistance to nucleoside-

based mutagens is enhanced RdRp fidelity. Isolation of such a mutant would provide 

significant insight not only into the importance of genomic diversity for viral infectivity 

and pathogenesis but also into mechanisms of fidelity employed by polymerases. Serial 

passage of PV in the presence of ribavirin yields a mutant with reduced sensitivity to 

ribavirin32. This mutant contains a single nucleotide substitution in 3Dpol-coding sequence 

that converts Gly-64 to Ser. A recombinant G64S PV was constructed to preclude genetic 

reversion. As shown in Fig. 1A, in the absence of ribavirin, this virus grows to titers 

equivalent to WT PV, suggesting that this mutation does not alter the fitness of the virus 

in tissue culture. As the concentration of ribavirin is increased, G64S PV exhibits reduced 

sensitivity to the drug (Fig. 1A).  
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 PV and other entero- and rhinoviruses in the Picornavirus family are sensitive to a 

class of inhibitors, commonly called WIN compounds, that inhibit virus uncoating by 

binding to the mature virus capsid and preventing conformational changes required for 

uncoating9,33,34. Resistance to some of these compounds, for example WIN 51711 

(disoxaril), rapidly emerges owing to the existence of drug-resistant variants in the virus 

population9,34. WT PV resists challenge by WIN 51711 over a wide concentration range 

(Fig. 1B), likely reflecting drug-resistant mutants in the population. If G64S PV encodes 

a polymerase with enhanced fidelity, then fewer drug resistant variants should be present 

in this population, conferring enhanced sensitivity of G64S PV to WIN 51711. As shown 

in Fig. 1B, G64S PV is more sensitive to WIN 51711. To confirm that the diversity of the 

G64S PV population was reduced relative to WT PV, we sequenced 36,000 nt of capsid 

coding sequence. The G64S PV population contains 4-fold fewer mutations per genome 

than the WT PV population (Fig. 1C). These results are consistent with enhanced fidelity 

of G64S 3Dpol mediating the reduced sensitivity of G64S PV to ribavirin. 

Biochemical Defects Associated with G64S 3Dpol 

 We expressed and purified G64S 3Dpol and compared its basic biochemical 

properties to WT 3Dpol25. At temperatures greater than 4 °C, WT 3Dpol has a finite 

lifetime in solution in the absence of nucleotide and nucleic acid (Fig. 2A)18. The 

observed rate constant for inactivation of G64S 3Dpol at 30 °C in the presence of 500 μM 

ATP is 9-fold faster than WT 3Dpol (Fig.2A). The faster rate of inactivation of G64S 3Dpol 

leads to a 15-fold reduction in the specific activity of this derivative relative to WT 

enzyme as determined by using a poly(rU) polymerase activity assay (Fig. 2B). Product 

formed by using this assay reflects template-switching activity of the few complexes that 
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assemble productively on this primer-template substrate35. An increase in the rate 

constant for inactivation will cause a proportional reduction in complexes competent for 

primer extension on these large primer-template substrates18. We have developed a 

synthetic primer-template substrate for evaluation of the kinetics and mechanism of 

3Dpol-catalyzed nucleotide incorporation18. This substrate, referred to as sym/sub-U (Fig. 

2C), is a 10-nt self-complimentary RNA that forms a 6-bp duplex and two 4-nt 5΄-

overhangs capable of templating correct incorporation of each of the four ribonucleotides. 

The “U” designation identifies the first templating base of the substrate. Products can be 

resolved from substrate by electrophoresis through denaturing polyacrylamide gels, 

detected by phosphorimaging, and quantitated (Fig. 2C). Assembly of 3Dpol onto 

sym/sub-U is slow, and the yield of assembled complex is modulated by thermal 

inactivation18. The rate constant for assembly of G64S 3Dpol onto sym/sub-U is 3-fold 

faster than WT 3Dpol; however, the yield of assembled complexes is 2.5-fold lower than 

WT 3Dpol (Fig. 2D). These biochemical defects were not predicted by the bio-logical 

data, which showed that G64S PV was capable of growing to titers equivalent to WT PV 

(Fig. 1A).  

G64S PV Exhibits Reduced Fitness Relative to WT PV 

 The observation that G64S 3Dpol was not as robust as WT 3Dpol in vitro suggested 

the possibility that fitness defects associated with G64S PV had been overlooked by 

evaluating this virus in isolation. Therefore, we created a mixed viral population 

consisting of WT PV and G64S PV at a ratio of 1:10. The mixed population was used to 

infect HeLa cells and serially passaged. The ratio of each virus present at each stage of 

the experiment was determined by sequencing. After the first passage, G64S PV 
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represented <20% of the virus population (Fig. 3). After the second passage, G64S PV 

was barely detectable (Fig. 3). The capacity of WT PV to out-compete G64S PV so 

efficiently shows that G64S PV has a substantially reduced fitness relative to WT PV.  

G64S 3Dpol Exhibits Enhanced Fidelity of Nucleotide Incorporation 

 To determine whether the incorporation fidelity of G64S 3Dpol is greater than WT 

3Dpol, elongation complexes must be evaluated. Although the yield of assembled G64S-

3Dpol-sym/sub-U complexes is reduced by 2.5-fold relative to WT 3Dpol (Fig. 2D), this 

value could be increased to within 80% of the value measured for WT 3Dpol by increasing 

the concentration of sym/sub-U employed (y-intercept in Fig. 4A). The rate-limiting step 

for single nucleotide incorporation under steady-state conditions is dissociation of 

polymerase from sym/sub-U product complex18. WT 3Dpol dissociates faster from the end 

of template (use of all four NTPs) than from internal positions (use of ATP only) (Fig. 

4A). G64S 3Dpol was competent for single and multiple cycles of nucleotide 

incorporation, and the corresponding steady-state rate constants for this enzyme were 

equivalent to WT 3Dpol (Fig. 4A). Because the steady-state analysis does not measure 

dissociation directly and provides information on the 3Dpol-sym/sub-UA product complex 

rather than the 3Dpol-sym/sub-U substrate complex, we performed the experiment shown 

in Fig. 4B. G64S or WT 3Dpol was mixed with labeled sym/sub-U for 90 s to permit 

complexes to form. Excess unlabeled sym/sub-U was added as a trap for free and 

dissociating enzyme. ATP was added at various times after addition of trap, and the 

reaction was quenched 30 s later. The amount of complex remaining was determined by 

determination of the amount of 11-mer product formed. The rate constant for association 

was determined by fitting the plot of the percentage of complex remaining as a function 

 84



of time to a single exponential decay. The rate constants for dissociation are equivalent. 

Consistent with previous results, the stability of the 3Dpol-sym/sub-U substrate complex 

was 4-fold less stable than the 3Dpol-sym/sub-UA product complex18. We evaluated the 

ATP concentration dependence of AMP incorporation into sym/sub-U for the G64S and 

WT enzymes. The results of this analysis are shown in Table I. The apparent dissociation 

constant (Kd,app) for ATP is the same for both enzymes. In contrast, there is a reduction of  

3-fold in the maximal observed rate constant for nucleotide incorporation (kpol) measured 

for the G64S enzyme relative to WT 3Dpol. 

Importantly, the overall efficiency of RMP incorporation into sym/sub-U by G64S 3Dpol 

is reduced by 5-fold relative to WT 3Dpol (Table I). Again, this difference is due to a 

reduction in the observed rate constant for RMP incorporation without any significant 

change in the value for the apparent dissociation constant for RTP. Similarly, the overall 

efficiency of GMP incorporation into sym/sub-U by G64S 3Dpol is reduced by 4-fold. 

We conclude that G64S 3Dpol has an increase in fidelity relative to WT 3Dpol when 

nucleotides lacking canonical base pairing capacity are employed. 

 To rule out rate-limiting steps after incorporation of ribavirin as an additional 

contributor to the decreased sensitivity of G64S PV to ribavirin, we evaluated the kinetics 

of incorporation of UMP after RMP incorporation by G64S 3Dpol and compared these 

data to those obtained for WT 3Dpol (Fig. 5). UMP incorporation into sym/sub-U is 

undetectable in the absence of ribavirin, but the kinetics of UMP incorporation are 

identical to the kinetics of RMP incorporation when both RTP and UTP are present in the 

reaction, suggesting that translocation does not become a rate-limiting step after RMP 

incorporation by G64S or WT 3Dpol. The final mechanism explored to explain the 
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decreased sensitivity of G64S PV to ribavirin was that G64S 3Dpol exhibited biased 

incorporation opposite RMP in a template relative to WT 3Dpol. To test this possibility, 

we employed sym/sub-UR, which contains RMP as the second templating nucleotide 

(Fig. 6A). Elongation complexes were assembled by mixing 3Dpol, sym/sub-UR, and ATP 

for 3 min to yield an 11-mer product complex. Next, CTP or UTP was added for 

incorporation opposite RMP, and GTP was also present in this mixture to evaluate 

elongation of a C:R or U:R base pair (Fig. 6B). When CTP and GTP are employed, a 14-

mer product should accumulate; when UTP and GTP are employed, a 13-mer product 

should accumulate. The expected products accumulate in reactions catalyzed by either 

WT 3Dpol (Fig. 6C) or G64S 3Dpol (Fig. 6D). Relative to WT 3Dpol, G64S 3Dpol shows a 

2-fold decrease in the observed rate of CMP (Fig. 6, compare E to F) and UMP (Fig. 6, 

compare G to H) incorporation opposite RMP as well as a 2-fold decrease in the observed 

rate of GMP incorporation after the C:R or U:R base pair (Fig. 6, G and H). We conclude 

that biased incorporation of CMP or UMP opposite RMP in the template does not 

contribute to the increased tolerance of ribavirin by G64S PV. 

G64S 3Dpol Exhibits a Decrease in the Equilibrium Constant for the Conformational 

Change Step Preceding Phosphoryl Transfer 

 The kinetics of AMP incorporation into sym/sub-U follows the five-step kinetic 

mechanism shown in Fig. 7A7. ATP binds to the 3Dpol-sym/sub-U complex, followed by 

an isomerization step to form the catalytically competent complex. Catalysis occurs 

followed by a second isomerization step and pyrophosphate release. The observed 

reduction in the kpol values for G64S 3Dpol could therefore be a reflection of changes in 

either step 2 or step 3. In the presence of Mg2+, both steps 2 and 3 are partially rate-
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limiting for nucleotide incorporation for WT 3Dpol (Fig. 7A); however, in Mn2+ step 3 is 

rate-limiting7,17. We evaluated the kinetics of AMP incorporation into sym/sub-U in the 

presence of Mn2+ (Fig. 7B). The values for the rate constant for AMP incorporation for 

both enzymes are now within 30% of each other (Fig. 7B). This observation points to step 

2 as the primary determinant for the decrease in the kpol value for G64S in the presence of 

Mg2+. To obtain additional support for the conclusion that step 2 is affected in the G64S 

derivative, we performed two additional experiments. First, we evaluated the 

phosphorothioate effect; that is, the efficiency of AMPαS incorporation into sym/sub-U 

relative to AMP incorporation into sym/sub-U. If the conformational change is more rate-

limiting for the G64S enzyme, then the value of kobs,ATP/kobs,ATPαS (Eobs) should decrease 

for this enzyme relative to WT 3Dpol7. In the presence of Mg2+, the phosphorothioate 

effect for G64S was 3.2 ± 0.2, whereas that for WT was 4.2 ± 0.4. In the presence of 

Mn2+, the values for the phosphorothioate effect were equivalent (Table II). The elevated 

value of the phosphorothioate effect in the presence of Mn2+ is consistent with chemistry 

as the rate-limiting step for nucleotide incorporation17. 

 The second experiment performed exploited the observation that reactions 

performed in the presence of Mn2+ yield information on the concentration of the 

isomerized ternary complex and product complex when quenched by using EDTA and 

yield information only on the product complex when quenched by using HCl17. These 

data yield results similar to isotopetrapping experiments and can yield values for the 

equilibrium constant across the conformational change step preceding phosphoryl 

transfer (Kconf) and the rate constant for phosphoryl transfer (kchem) by using computer 

simulation to fit the data to the mechanism shown in Fig. 7C. As shown in Fig. 7D, the 
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amplitude of the first phase of reactions quenched by using EDTA is greater for WT 

3Dpol than for G64S 3Dpol, suggesting a decrease in the value of Kconf for the G64S 

enzyme. By simulating the data shown in Fig. 7D to the mechanism shown in Fig. 7C, we 

obtain a value of 1 for Kconf (Table II) for G64S 3Dpol. This value is 3-fold lower than 

obtained for WT 3Dpol (Table II)17. Taken together, our kinetic analysis of correct 

nucleotide incorporation catalyzed by the G64S 3Dpol suggests that the 3-fold reduction 

in the observed rate constant for nucleotide incorporation for this derivative relative to 

WT 3Dpol is caused by a 3-fold reduction in the equilibrium constant across the 

conformational change step preceding phosphoryl transfer. 
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Discussion 

 

 PV exists as a quasispecies with each viral genome containing 1–2 transition 

mutations introduced by the viral RdRp, 3Dpol, during genome replication as a result of 

the intrinsic error rate of the polymerase26. The quasispecies nature of poliovirus and 

RNA viruses in general, likely prevents viral extinction when the viral population is 

challenged by antiviral mechanisms of the host. A consequence of the existence as a 

quasispecies is the enhanced sensitivity of the viral population to accumulation of 

additional mutations26-29,31,36. Therefore, agents that increase the mutation frequency of 

the virus should be effective antivirals. This prediction was not only confirmed but also 

given clinical significance by studies of ribavirin that showed that the mechanism of 

action of this antiviral is lethal mutagenesis23. Ribavirin triphosphate (RTP) is a substrate 

for 3Dpol, and RMP is incorporated opposite both cytidine and uridine in RNA 

templates23. In our initial report describing the mutagenic activity of ribavirin, we 

suggested that resistance to lethal mutagens would require a more faithful polymerase, 

which would not likely emerge given the importance of a viral quasispecies for virus 

survival23. Nevertheless, we endeavored to isolate such a mutant because of the insight 

this mutant could provide on the biological and biochemical consequences of enhanced 

RdRp fidelity and the kinetic and structural basis for polymerase fidelity. We isolated a 

PV mutant with a single missense mutation in 3Dpol-coding sequence that changed Gly-

64 to Ser. G64S PV was also isolated and reported earlier by Pfeiffer and Kirkegaard32. 

That study demonstrated reduced sensitivity of G64S PV to ribavirin and other antiviral 
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nucleosides in tissue culture as well as a decrease in guanidine-resistant variants in the 

G64S virus population. G64S PV is, indeed, less sensitive to ribavirin (Fig. 1A). 

However, this virus population is more sensitive to inhibitors of uncoating (Fig. 1B). The 

enhanced sensitivity of G64S PV to drugs that target the capsid is likely a reflection of 

the enhanced fidelity of G64S 3Dpol and the corresponding reduction of drug-resistant 

variants in the population. This conclusion is supported by direct sequencing of capsid-

coding sequence, which reveals a 4-fold reduction in mutation frequency (Fig. 1C). We 

have gone on to show that this reduced genomic diversity of G64S PV leads to fitness 

decreases, restricted tissue tropism, and attenuated pathogenesis by using a mouse model 

for PV infection30. Our initial biochemical experiments revealed enhanced thermal 

inactivation of 3Dpol in vitro (Fig. 2A) that leads to reduced poly(rU) polymerase activity 

(Fig. 2B) and a reduced yield of stable elongation complexes on a synthetic primer-

template substrate (Fig. 2C). Such substantial defects in the biochemical properties of 

G64S 3Dpol were unexpected, because G64S PV grows to essentially the same titers as 

WT PV in the absence of selection (Fig. 1A). It is possible that the temperature sensitivity 

of the mature G64S 3Dpol is not present in the context of the precursor used to establish 

genome-replication complexes in cells. However, these biochemical differences 

prompted a direct evaluation of the fitness of G64S PV relative to WT PV by performing 

a competition experiment in tissue culture. Surprisingly, WT PV out-competed G64S PV 

after the first passage under conditions in which the ratio of WT PV to G64S PV was 

1:10 (Fig. 3). Emergence of drug resistance to an antiviral therapy is a major obstacle in 

the clinic. Therefore, the finding that PV can develop resistance to ribavirin suggested 

that lethal mutagenesis may not be as effective as suggested by previous studies23,26-28. 
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However, the finding that two different groups isolated the same ribavirin-resistant 

mutant suggests that very few solutions exist to the problem of resistance to ribavirin and, 

perhaps, other lethal mutagens. Indeed, as indicated by the discussion above, G64S PV is 

one, not-so-good solution. This lethal mutagen-resistant virus is less fit and more 

sensitive to other drugs than WT PV, suggesting that application of lethal mutagens in 

combination with other drugs should prevent rapid development of resistance in a clinical 

setting. We conclude that lethal mutagenesis remains a promising antiviral strategy with 

limited potential for development of resistance. Once assembled, G64S 3Dpol-

primer/template complexes are as stable as complexes formed with WT 3Dpol (Fig. 4). 

Defects to assembly can be overcome by increasing the concentration of primer-template 

substrate employed (Fig. 4A). Assembled complexes support fast rates of nucleotide 

incorporation (Table I) and are competent for multiple cycles of nucleotide addition 

(Figs. 4A and 5). Nucleotide binding by G64S 3Dpol is equivalent to wild-type 3Dpol 

(Table I). Therefore, the only significant defect to the elongation complex is a 3-fold 

reduction in the observed rate constant (kpol) for nucleotide incorporation (Table I). 

Two steps in the kinetic mechanism dictate the observed rate constant for nucleotide 

incorporation when Mg2+ is employed as the divalent cation cofactor: a conformational 

change step preceding phosphoryl transfer (referred to as step 2) and phosphoryl transfer 

(referred to as step 3)7. Because phosphoryl transfer is the sole rate-limiting step when 

Mn2+ is employed as the divalent cation cofactor17, the observation that the observed rate 

constant for G64S 3Dpol-catalyzed nucleotide incorporation in Mn2+ was 70% of the value 

obtained for wildtype 3Dpol in Mn2+ (Fig. 7D) suggested that step 2 was affected most by 

the G64S substitution. More thorough evaluation of this step showed that the value for 
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the equilibrium constant across the conformational change step (Kconf) for G64S 3Dpol is, 

indeed, reduced by 3-fold relative to WT 3Dpol (Table II and Fig. 7D). The destabilization 

of the catalytically competent ternary complex appeared to be exacerbated by employing 

nucleotide substrates incapable of forming a canonical base pairing geometry, for 

example R:U and G:U base pairs, based upon the reductions in the observed rate 

constants for RTP and GTP utilization (Table I). The reduction in the observed rate 

constant for RMP incorporation into sym/sub-U is clearly related to Kconf for G64S 3Dpol, 

because this defect could not be rescued by using Mn2+ as the divalent cation cofactor 

(data not shown). There is an ongoing debate regarding the importance of step 2 for 

polymerase fidelity8,9. The ability to show that an amino acid substitution in 3D9 that 

increases polymerase fidelity causes a change in the value for Kconf provides an 

indisputable link between step 2 and fidelity. In addition to the controversy surrounding 

step 2 and fidelity, there has been some debate regarding the molecular basis of step 

215,16. Crystal structures of polymerase ternary complexes have been used to argue that 

step 2 reflects interdomain rearrangements that convert the catalytic site from an “open” 

to a “closed” conformation in response to nucleotide binding10-12. More recently, 

additional rearrangements have been observed in DNA and RNA polymerase structures 

after formation of the “closed” conformation that permit the triphosphate moiety of the 

incoming nucleotide to achieve a catalytically competent conformation16,37,38. For the 

RdRp, we have argued that step 2 reflects reorientation of the triphosphate into a 

catalytically competent conformation7, a process that would occur after formation of the 

closed complex. This interpretation creates an inextricable link between step 2 and the 

observed rate constant for phosphoryl transfer. Destabilization of the active conformation 
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of the triphosphate would reduce the frequency of molecules in an optimal position for 

attack by the 3΄-OH of the primer terminus. The active conformation of the triphosphate 

of all polymerases relies on interactions between the phosphate and two divalent cations, 

in most cases magnesium ions. The divalent cations are also coordinated by carboxylates 

originating from aspartic acid residues conserved in all polymerases. An established 

model of this interaction for 3Dpol is shown in Fig. 8A19,20. Structural motif A consists of 

residues 233–241. Asp-233 is a ligand to the metal, Asp-238 interacts with the ribose of 

the incoming nucleotide and the backbone in between these residues participates in 

hydrogen bonding interactions that stabilize the active conformation of the triphosphate. 

Therefore, perturbations of motif A should alter the equilibrium position of the 

triphosphate. Based on the discussion above, a change in the equilibrium position of the 

triphosphate should be manifested as a change in Kconf  for step 2. Gly-64 is located in the 

fingers domain (Fig. 8B). At first glance, it would appear that this residue is remote from 

the catalytic center. However, upon inspection of the structure for 3Dpol22, it becomes 

clear that a direct link exists between position 64 and motif A. The backbone of Gly-64 is 

hydrogen bonded to the amino terminus, which, in turn, is hydrogen bonded to the 

backbone of residues Ala-239 and Leu-241 of motif A (Fig. 8C). In order for the 

backbone of Gly-64 to achieve interactions with the amino terminus, this residue has to 

assume a conformation that is disallowed in the Ramachandran plot22. Therefore, Ser at 

this position would preclude an optimal interaction between the position-64 backbone 

and the amino terminus with negative consequences on the position of motif A and 

stabilization of the triphosphate. We conclude that the conformational change preceding 

chemistry is orientation (k+conf) and stabilization (k-conf) of the triphosphate in the active 

 93



conformation and serves as the first fidelity checkpoint in the kinetic mechanism for 

RdRp-catalyzed nucleotide incorporation. The use of triphosphate reorientation and 

stabilization of the isomerized triphosphate as a fidelity checkpoint can also be 

extrapolated to DNA-dependent DNA and RNA polymerases. Structural data available 

for DNA polymerase I from Bacillus 

stearothermophilus (BF) (Fig. 9A) and the RNA polymerase from bacteriophage T7 (T7 

Rp) (Fig. 9B) show similar rearrangements of the triphosphate during a nucleotide 

addition cycle16,37,38. In both cases, there is an initial interaction of the triphosphate with 

helix O that collapses into the active conformation. The active conformation is 

characterized by an interaction of the triphosphate with a divalent cation, which, in turn, 

is interacting with a conserved aspartic acid. This aspartic acid is equivalent to Asp-233 

in 3Dpol (Asp-653 in BF and Asp-537 in T7 Rp). Binding of a nucleotide with an 

incorrect base or sugar configuration would prevent maximal stabilization of the 

isomerized triphosphate, causing a reduced efficiency of incorporation and shifting the 

overall equilibrium of the reaction in the direction of nucleotide release to provide an 

opportunity for binding of another nucleotide. Mutational analysis of residues in helix O 

has established a role for this helix in DNA polymerase fidelity; however, precise kinetic 

and structural explanations are lacking39-41. Tyr-639 is located at the end of helix O in T7 

Rp and modulates sugar specificity, again without a clear molecular explanation42. We 

suggest that mutations in helix O change the equilibrium position of the triphosphate, 

leading to decreases in the efficiency of correct nucleotide incorporation without 

substantial changes for incorrect nucleotides, the combination of which accounts for the 

observed reduction in fidelity. The connection between the fingers and motif A observed 
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in PV 3Dpol is not only conserved in other picornavirus polymerases, for example human 

rhinovirus (Fig. 10A), but also in other supergroup I polymerases, for example Norwalk 

virus (Fig. 10B), and supergroup II polymerases, for example hepatitis C virus (Fig. 10C). 

We conclude that control of fidelity by sites remote from the catalytic center as 

demonstrated here for PV 3Dpol is a conserved feature in all RdRps. Although the 

picornavirus polymerases employ the amino terminus for interactions with motif A, an 

arginine serves this purpose in the other enzymes (Fig. 10). In all cases, the region of the 

fingers in contact with motif A is solvent-accessible. Small molecules that interact with 

this surface could cause changes in polymerase activity that range from increased or 

decreased fidelity to complete inactivation. Any of these outcomes should lead to a 

significant antiviral effect. The capacity of small molecules to target remote sites of a 

polymerase and interfere with incorporation at the active site has been shown recently by 

the design of a new class of inhibitors effective against Escherichia coli RNA 

polymerase43.  
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Figure Legends 

 

Fig. 1. Biological analysis of G64S PV: A) The G64S substitution confers resistance to 

ribavirin. Titer of surviving virus (plaque-forming units/ml) at 20 h post-infection for WT 

PV (●) and G64S PV (○) in the presence of increasing concentrations of ribavirin. B) The 

G64S PV population contains a reduced number of drug-resistant variants. Percentage of 

inhibition for WT PV (■) and G64S PV (□) in the presence of increasing concentrations 

of WIN 51711 (disoxaril). Error bars indicate variance between two separate 

experiments. C) The G64S virus population exhibits a reduced mutation frequency. The 

total number of mutations observed per 36,000 nucleotides sequenced and the calculated 

average number of mutations per genome are shown. The mutation frequencies of the 

virus populations were found to be statistically different (p < 0.04799) by Mann-Whitney 

U test. 

 

Fig. 2. G64S 3Dpol has a faster inactivation rate that leads to reduced activity on 

homopolymeric substrates and reduced assembly on a heteropolymeric primer-template 

substrate: A) inactivation of 3Dpol. Percentage of active WT 3Dpol (●) and G64S 3Dpol 

(○) remaining plotted as a function of time. The solid lines represent the fit of the data to 

a single exponential with a kinact(obs) of 5.6 ± 0.7 × 10-3 s-1 for WT 3Dpol and 5.1 ± 0.2 × 

10-2 s-1 for G64S 3Dpol. 3Dpol (2 μM) was incubated in 1X reaction buffer with ATP (500 

μM) at 30 °C, and at the indicated times the reaction was initiated by addition of sym/sub 

(0.5 μM duplex) and allowed to proceed for an additional 90 s at which point the reaction 

was quenched by addition of EDTA. B) Specific activity (picomoles/min/μg) for WT 
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3Dpol and G64S 3Dpol on oligo(dT)-primed poly(rA). Reactions were performed as 

described under “Experimental Procedures.” C) primer/template (sym/sub-U) employed. 

Substrate (10-mer) can be resolved from product(s) by denaturing PAGE and visualized 

by phosphorimaging. D) WT 3Dpol and G64S 3Dpol assemble on and utilize sym/sub-U. 

Kinetics of assembly on and utilization of sym/sub-U by WT 3Dpol (●) and G64S 3Dpol 

(○). Product (11-mer) formed in panel C plotted as a function of time. The solid lines 

represent the fit of the data to a single exponential with an observed rate constant of 

0.017 ± 0.001 s-1 and an amplitude of 0.27 ± 0.01 μM for WT 3Dpol and an observed rate 

constant of 0.050 ± 0.007 s-1 and an amplitude of 0.11 ± 0.01 μM for G64S 3Dpol. 

Reactions contained 3Dpol (1 μM), sym/sub (0.5 μM duplex), and ATP (500 μM). 

Reactions were initiated by 3Dpol. 

 

Fig. 3. WT PV out-competes G64S PV. Percentage of WT PV (■) and G64S PV (□) 

remaining after 0–3 serial passages. The initial virus mixture contained a ratio of WT 

PV:G64S PV of 1:10. 

 

Fig. 4. Assembled G64S 3Dpol-sym/sub complexes are stable and competent for 

nucleotide incorporation: A) steady-state incorporation of single (○) and multiple (●) 

nucleotides by WT 3Dpol and G64S 3Dpol. The solid lines represent the fit of the data to a 

line. The y-intercept is 0.88 ± 0.02 μM for AMP incorporation and 0.86 ± 0.06 μM for 

NMP incorporation by WT 3Dpol; the corresponding values for kcat (slope/y-intercept) are 

1.4 ± 0.1 × 10-4 s-1 for AMP incorporation and 1.2 ± 0.1 × 10-3 s-1 for NMP incorporation 

by WT 3Dpol. The y-intercept is 0.68 ± 0.01 μM for AMP incorporation and 0.74 ± 0.04 
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μM for NMP incorporation by G64S 3Dpol; the corresponding values for kcat (slope/y-

intercept) are 1.3 ± 0.1 × 10-4 s-1 for AMP incorporation and 7.7 ± 0.4 × 10-4 s-1 for NMP 

incorporation by G64S 3Dpol. Reactions contained sym/sub (10 μM duplex), 3Dpol (1 

μM), and either ATP (500 μM) or ATP, CTP, GTP, and UTP (500 μM each). Reactions 

were initiated by addition of 3Dpol and quenched at the indicated times by EDTA. B) 

Stability of G64S 3Dpol-sym/sub complexes. Experimental design and kinetics of dissoc-

iation of 3Dpol-sym/sub complexes for WT 3Dpol (●) and G64S 3Dpol (○). The percentage 

of complex remaining competent for nucleotide incorporation is plotted as a function of 

time. The solid lines represent the fit of the data to a single exponential with a kdiss(obs) of 

5.0 ± 0.6 × 10-4 s-1 for WT 3Dpol and 7.0 ± 0.8 × 10-4 s-1 for G64S 3Dpol. 3Dpol (1 μM) was 

incubated with sym/sub (0.5 μM duplex) for 90 s at which point trap, unlabeled sym/sub 

(100 μM duplex), was added to the reaction. At fixed times after the addition of trap, 

ATP (500 μM) was added, and the reaction allowed to proceed for 30 s and then 

quenched by addition of EDTA. 

 

Table 1.  Lists the incorporation/dissociation constants for G64S and WT PV. 

 

Fig. 5. G64S 3Dpol is not blocked for elongation after incorporation of ribavirin:  

A) primer/template (sym/sub-U) employed. B) Experimental design. 3Dpol (2 μM) was 

mixed with sym/sub (1 μM duplex) for 3 min to assemble 3Dpol-sym/sub complexes after 

which RTP (1 mM) or RTP (1 mM) and UTP (10 μM) was added to the reaction. At 

fixed times after the addition of nucleotide the reaction was quenched by addition of 

EDTA. C) Denaturing PAGE of the 32P-labeled products from WT 3Dpol-catalyzed RMP 
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incorporation into sym/sub-U. D) Denaturing PAGE of the 32P-labeled products from 

G64S 3Dpol-catalyzed RMP incorporation into sym/sub-U. 

 

Fig. 6. G64S 3Dpol does not exhibit biased incorporation opposite ribavirin in the 

template: A) Primer/template (sym/sub-UR) sequences. B) Experimental design. 3Dpol (2 

μM) was mixed with sym/sub (1 μM duplex) and ATP (5 μM) for 3 min to assemble 

3Dpol-sym/ sub product complexes after which CTP (1 mM) and GTP (500 μM) or UTP 

(1 mM) and GTP (500 μM) was added to the reaction. At fixed times after the addition of 

nucleotide the reaction was quenched by addition of EDTA. C) Denaturing PAGE of the 

32P-labeled products from WT 3Dpol-catalyzed nucleotide incorporation into sym/sub-

UR. D) Denaturing PAGE of the 32P-labeled products from G64S 3Dpol-catalyzed 

nucleotide incorporation into sym/sub-UR. E) Kinetics of formation and disappearance of 

12-mer (5 s-1), 13-mer (12 s-1), and 14-mer (50 s-1) by WT with CTP and GTP. F) 

Kinetics of formation and disappearance of 12-mer (2.5 s-1), 13-mer (5 s-1), and 14-mer 

(50 s-1) by G64S with CTP and GTP. G) Kinetics of formation and disappearance of 12-

mer (1 s-1) and 13-mer (10 s-1) by WT with UTP and GTP. H) Kinetics of formation and 

disappearance of 12-mer (0.5 s-1) and 13-mer (5 s-1) by G64S with UTP and GTP. 

 

Fig. 7. The conformational change step preceding phosphoryl transfer is a fidelity 

checkpoint: A) Complete kinetic mechanism for WT 3Dpol-catalyzed nucleotide 

incorporation in the presence of Mg2+. ERn (3Dpol-sym/sub elongation complex); NTP 

(nucleotide); ERnNTP (ternary complex); *ERnNTP (activated ternary complex); 

*ERn+1PPi (activated product complex); ERn+1PPi (product complex); ERn+1 (translocated 
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3Dpol-sym/sub product complex); PPi (pyrophosphate). B) AMP incorporation into 

sym/sub-U by WT 3Dpol (●) and G64S 3Dpol (○) in the presence of Mn2+. The solid lines 

represent the fit of the data to a single exponential with a kobs of 27 ± 2 s-1 for WT 3Dpol 

and 19 ± 1 s-1 for G64S 3Dpol. 3Dpol (2 μM) was incubated with sym/sub (1 μM duplex) 

and rapidly mixed with ATP (1 mM) as described under “Experimental Procedures.” C) 

Partial kinetic mechanism employed for simulation of the data shown below in panel D. 

D) Accumulation of the activated ternary complex prior to phosphoryl transfer. Kinetics 

of AMP incorporation by WT 3Dpol and G64S 3Dpol in the presence of Mn2+ quenched by 

using either EDTA (●) or HCl (○). The solid line represents the simulation of the data to 

the mechanism shown in panel C with values for Kconf and kchem shown in Table II. 

EDTA-quench data reflects *ERnNTP and *ERn+1PPi; HCl-quench data reflects 

*ERn+1PPi only. 3Dpol (2 μM) was incubated with sym/sub (1 μM duplex) and rapidly 

mixed with ATP (1 mM) as described under “Experimental Procedures.” 

 

Table 2. Lists both the conformational change step preceding and the rate constant for 

phosphoryl transfer, as well as the observed phosphorothioate effect. 

 

Fig. 8. A link between the fingers subdomain and conserved structural motif A of the 

palm subdomain of PV 3Dpol: A) Motif A functions, in part, to orient the triphosphate of 

the incoming nucleotide for catalysis. Model for interaction of 3Dpol with bound 

nucleotide19,20. ATP and metal ions required for catalysis are labeled. In this model, the 

side chains for Asp-233 and Asp-238 have been rotated to permit interactions with ATP. 

B) Gly-64 is located in the fingers subdomain. Complete structure for PV 3Dpol22. The 
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conserved structural motifs in the palm subdomain are colored as follows: motif A, red; 

motif B, green; motif C, yellow; motif D, blue; and motif E, purple. Van der Waal’s 

projection of Gly-64 (orange). C) Gly-64 backbone orients the amino terminus, and the 

amino terminus interacts with motif A. The amino terminus of 3Dpol is in blue, Gly-64 is 

in orange, motif A is in red, motif C is in yellow, and hydrogen bonds are shown as 

dashed lines. Misalignment of position 64 will cause defects to the orientation of the 

triphosphate as well as the efficiency of phosphoryl transfer owing to misalignment of 

motif A. 

 

Fig. 9. Triphosphate reorientation as a fidelity checkpoint in all polymerases. 

A) Bacillus stearothermophilus DNA polymerase I fragment. The panel on the left was 

derived from 1L3U16. We inserted a dCTP molecule to maintain interaction between the 

triphosphate and the basic amino acids of the O helix. The panel on the right was derived 

from 1LV516. B) T7 RNA polymerase. The panel on the left was derived from 1S0V37. 

The panel on the right was derived from 1S7638. In both polymerases, two conformations 

of the incoming nucleotide can be observed. Complexes on the right are poised for 

catalysis. We propose that these two complexes represent ERnNTP and *ERnNTP 

observed as the first fidelity checkpoint in the kinetic mechanism for PV 3Dpol (Fig. 7A), 

suggesting that this checkpoint is conserved in all classes of nucleic acid polymerases 

with a canonical, palm-based active site. 

 

 104



Fig. 10. A link between the fingers subdomain and the catalytic site for all RNA-

dependent RNA polymerases. Conserved interactions between the fingers and motif A in 

supergroups I and II RdRps. A) Human rhinovirus type 14 (HRV 14) polymerase44.  

B) Norwalk virus (NV) polymerase45. C) Hepatitis C virus (HCV) polymerase46. Labeling 

is the same as for PV 3Dpol shown in Fig. 8C. In the RdRps for NV and HCV, the 

connection to the fingers is made directly by an Arg side chain instead of indirectly by 

the amino terminus. Perturbations in the conformation of the region of the fingers domain 

shown should be transmitted to the active site via perturbation in the conformation of 

motif A. 
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Chapter 4. Quasispecies diversity determines pathogenesis through 

cooperative interactions in a viral population 

 

Abstract 

 An RNA virus population does not consist of a single genotype; rather, it is an 

ensemble of related sequences, termed quasispecies1-4. Quasispecies arise from rapid 

genomic evolution powered by the high mutation rate of RNA viral replication5-8. 

Although a high mutation rate is dangerous for a virus because it results in nonviable 

individuals, it has been hypothesized that high mutation rates create a ‘cloud’ of 

potentially beneficial mutations at the population level, which afford the viral 

quasispecies a greater probability to evolve and adapt to new environments and 

challenges during infection4,9-11. Mathematical models predict that viral quasispecies are 

not simply a collection of diverse mutants but a group of interactive variants, which 

together contribute to the characteristics of the population4,12. According to this view, 

viral populations, rather than individual variants, are the target of evolutionary 

selection4,12. Here we test this hypothesis by examining the consequences of limiting 

genomic diversity on viral populations. We find that poliovirus carrying a high-fidelity 

polymerase replicates at wild-type levels but generates less genomic diversity and is 

unable to adapt to adverse growth conditions. In infected animals, the reduced viral 

diversity leads to loss of neurotropism and an attenuated pathogenic phenotype. Notably, 

using chemical mutagenesis to expand quasispecies diversity of the high-fidelity virus 

before infection restores neurotropism and pathogenesis. Analysis of viruses isolated 

from brain provides direct evidence for complementation between members in the 

quasispecies, indicating that selection indeed occurs at the population level rather than on 
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individual variants. Our study provides direct evidence for a fundamental prediction of 

the quasispecies theory and establishes a link between mutation rate, population 

dynamics and pathogenesis. 
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Introduction and Results 

 An RNA virus population does not consist of a single genotype, but instead is an 

ensemble of related genotypes, named a quasispecies1-3. Quasispecies arise from rapid 

genomic evolution apparently powered by the high mutation frequency of RNA viral 

replication8,13-15. Although a high mutation rate results in a number of nonviable 

individuals, it is proposed that at the population level, viral quasispecies have both an 

enhanced ability to survive a specific set of conditions and the capacity for very rapid 

evolution in new or changing environments. Consequently, a moderate increase in 

mutation rate can lead to the extinction of an RNA virus population by causing a “genetic 

meltdown” (Fig. 7a)15-17. Indeed, RNA viruses appear unusually sensitive to 

mutagens16,18-21. Resistance to lethal mutagens requires enhanced fidelity of the viral 

polymerase (Table 1).  A more faithful polymerase effectively reduces diversity of the 

virus quasispecies and may diminish capacity to evade either antiviral mechanisms of the 

host or antiviral drugs. 

 To examine the biological role of viral quasispecies, we searched for viruses 

carrying a polymerase with enhanced fidelity, which should decrease genomic diversity 

and restrict quasispecies complexity. To this end, we isolated poliovirus resistant to 

ribavirin (Fig. 4), a mutagen that increases mutation frequency of poliovirus replication 

above the tolerable error threshold and drives the virus into viral extinction22,23. The 

ribavirin-resistant mutant replicated efficiently in the presence of ribavirin, producing 

over 300-fold more virus than wild type (Fig. 5a). The ribavirin-resistant phenotype is 

determined by a single point mutation, Gly 64 to Ser (G64S), in the finger domain of the 

viral polymerase24. Notably, the same mutation was independently isolated in another 
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screen for ribavirin-resistant polioviruses25, suggesting that there are limited mechanistic 

avenues for overcoming the mutagenic effects of ribavirin. On the basis of genetic 

evidence, it was proposed that ribavirin resistance relies on a ‘super-accurate’, high-

fidelity polymerase25. A lower error rate would reduce the risk of exceeding the tolerable 

error threshold in response to the mutagen22,23. To examine this possibility, we used 

direct sequencing of viral isolates within the population to determine whether G64S viral 

populations generate fewer variants relative to the original genome. Indeed, G64S mutant 

populations had six-fold fewer mutations than wild-type populations (~0.3 mutations per 

genome for G64S compared to ~1.9 mutations per genome in wild type) (Table 1), 

indicating that G64S viral populations are genetically more homogenous. We also 

assessed population diversity by determining the proportion of a genetic marker present 

in wild-type and G64S populations. Poliovirus RNA replication is strongly inhibited by 

the presence of 2mM guanidine hydrochloride (GdnHCl); however, mutations that confer 

resistance to GdnHCl (guar) have been identified26,27. In good agreement with our 

sequencing data and with previous observations25, wild-type virus stocks had about 3–4-

fold more guar viruses than the restricted G64S quasispecies (Table 1). Biochemical 

studies directly confirmed that the G64S RNA polymerase has increased fidelity relative 

to wild type28. Although Gly 64 is remote from the catalytic centre, this residue 

participates in a network of hydrogen bonds24 that influences the conformation of Asp 

238, a residue that is critical for nucleotide selection28,29.  

The identification of G64S as a mutation that restricts genome diversity in viral 

populations allowed us to critically examine the quasispecies hypothesis. Given that Gly 

64 is highly conserved (see http://www.virology.wisc.edu/acp/Aligns/aligns/entero.p123), 
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we first examined whether increased fidelity was achieved at the expense of viral 

replication rate. One-step growth experiments in the absence of ribavirin indicate that 

wildtype and G64S mutant viruses replicated at very similar rates and levels (Fig. 5b, p 

values >0.5). Also, northern blot analysis of genomic RNA synthesis indicated that in the 

absence of ribavirin, G64S appeared to have an even slight advantage in RNA replication 

kinetics, as G64S RNA was detected as early as 5 hours post-infection. By 6 hours post-

infection, however, wildtype produced 1.5-fold more RNA than G64S (Fig. 5c, upper 

panel). In the presence of 400 µM ribavirin, RNA production for wildtype and G64S 

virus was comparable (Fig. 5c, lower panel). It is important to note that although RNA 

synthesis is slightly lower for G64S virus, final titers are as high as wildtype, suggesting 

that a greater proportion of RNA genomes made by G64S are infectious and free of lethal 

mutation. The effect of the G64S high fidelity allele on both RNA replication and protein 

expression was further examined using poliovirus replicons, which carry a luciferase 

reporter gene. Wildtype (PLuc-WT) or mutant (PLuc-G64S) replicon RNA was 

transfected into HeLa cells (treated with ribavirin or untreated), and RNA replication and 

translation monitored by luciferase activity at several times post-transfection. In each 

condition, all replicons replicated with identical efficiency (Fig. 5d).  These observations 

are consistent with the hypothesis that ribavirin is not a direct inhibitor of RNA 

replication. Rather, it is a mutagen whose inhibitory effects are manifested only after 

several rounds of replication, once detrimental mutations have accumulated. We thus 

conclude that the G64S mutation confers higher fidelity without significant reduction of 

the overall RNA replication efficiency. 
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 Greater sequence heterogeneity, a characteristic of viruses replicating close to the 

tolerable error threshold, generates diverse quasispecies, thereby providing a reservoir of 

mutations that enable virus adaptation to changing environments encountered during 

infection4,11. To test this postulate, we compared the adaptability of wild-type and G64S-

restricted quasispecies to an experimental environmental stress and treated both viruses 

separately in the presence of the poliovirus inhibitor GdnHCl. As expected, the wild-type 

population adapted at significantly faster rates than G64S to the new environment 

(compare the replication rates, mwt and mG64S, during the initial 48hr post-infection, Fig. 

3c).  

We also examined the evolutionary progression of wild-type and G64S-restricted 

quasispecies by determining the spontaneous accumulation of guar mutants in populations 

grown under no selective pressure. To this end, pure, molecular clone derived, viral 

stocks of G64S and wildtype were analyzed over several passages for the presence of 

spontaneously generated guar viruses. Because molecular clone derived viral stocks of 

both wildtype and G64S are genetically homogenous, they contain a relatively low 

number of guar viruses (Fig. 6a, ~20 guar viruses per 106 PFU). However, after two 

passages in HeLa cells, the number of guar viruses in wildtype populations rose to 

~60/106 PFU (Fig. 6a, P2 and P3). In contrast, the number of guar viruses in G64S 

populations fluctuated between 20 and 30 guar viruses / 106 PFU throughout the 3 

passages. Thus, the higher fidelity polymerase G64S is restricted in its ability to build a 

reservoir of potentially beneficial mutations (Fig. 6a).  

Furthermore, the increase in polymerase fidelity decreases viral fitness, as defined by the 

inability of G64S to effectively compete with wild-type virus under adverse growth 
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conditions (Fig. 6b). If two viral populations are competing for the same ecological niche, 

the population with a higher fitness index will outnumber those of lower fitness and take 

over the niche. To evaluate the relative fitness of the G64S population we employed a 

competition assay, in which mixtures of wildtype virus and G64S mutant (at 1:1, 1:10, 

and 1:100 ratios) were used to infect HeLa cells at an MOI of 10 to ensure co-infection 

and intracellular competition. After one passage in the presence or absence of selective 

pressure, the resulting viral population was isolated and examined by sequencing to 

determine the proportion of wildtype to G64S.  When mixed together at a wildtype:G64S 

ratio of 1 to 10, viruses were nearly equally represented in the progeny after one round of 

replication (Fig. 6b, no drug), Thus, although wildtype and G64S replicate at similar 

levels when cultured individually (Fig. 6b), there is a reduction in  fitness in the G64S 

virus, when competed against WT. We next compared the fitness of these viruses in the 

presence of increased selective pressure. Adverse growth conditions were created by 

addition of pharmacological agents, such as GdnHCl or brefeldin A (BFA), that change 

the cellular environment and affect different steps in the viral cycle 26,30,31. The lower 

fitness of G64S observed in the absence of drug was greatly exacerbated in these altered 

conditions. Strikingly, even when starting with a 100-fold excess of G64S over wildtype, 

only wildtype virus was recovered in the progeny under both experimental conditions 

(Fig. 6b, 2 mM GdnHCl and 2 µg/ml BFA, and not shown). These experiments indicate 

that diversity of a quasispecies is essential for adapting and surviving new selective 

pressures in changing environments.  

Taken together, these experiments support the idea that the diversity of a quasi-species is 

essential for adapting to and surviving new selective pressures in changing environments. 
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 The major challenges to viral survival occur during its interactions with the host. 

During infection, viruses struggle with host-to-host transmission, host defense 

mechanisms, diverse cellular environments in different tissues, and anatomical 

restrictions such as the blood–brain barrier. The outcome of these multiple selective 

pressures determines tissue tropism and ultimately, the pathogenic outcome of an 

infection. To evaluate whether restricting population diversity affects the biological 

course of a viral infection, G64S was inoculated in susceptible mice by intramuscular 

injection, which allows poliovirus to quickly access the central nervous system (CNS) by 

axonal retrograde transport32. 

G64S virus presented a highly attenuated phenotype, in which onset of paralysis was 

delayed and observed only at very high viral doses (Fig. 1a). The 50% lethal dose (LD50) 

for G64S was more than 300-fold higher than for wild type (Fig. 1c). Furthermore, 

intravenous inoculation indicated that the high-fidelity G64S virus shows restricted tissue 

tropism. Although both wild-type and G64S virus were readily isolated over several days 

from the spleen, kidney, muscle and small intestine, G64S virus was unable to establish 

infection and replicate effectively in the spinal cord and brain (Fig. 2a), despite these 

being principal sites of wild-type poliovirus replication. The attenuated phenotype 

observed for G64S could stem from the restricted nature of its quasispecies diversity or 

could be the consequence of a specific RNA replication defect caused by the G64S 

mutation in vivo. To distinguish between these possibilities, we created an artificially 

expanded quasispecies that retains the G64S mutation in the polymerase (Fig. 7). 

Treatment of viral stocks with chemical mutagens (ribavirin and 5-fluorouracil) (Figure 

7b) increased the number of mutations in the G64S genome (G64SeQS, mutagenized 
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population, expanded quasispecies) to wild-type levels(see graphic Figure 7c), as 

determined by direct sequencing and by the number of guar viruses present in the 

population (Table 1). Of more than 25 independent clones sequenced, all viruses in the 

G64SeQS population conserved the G64S substitution (not shown). The more diverse 

G64SeQS viral population showed a significant increase in neuropathogenesis, and the 

LD50 of the mutagenized population was very similar to wild type (Fig. 1b, c). 

Furthermore, the tissue distribution of G64SeQS was indistinguishable from that observed 

for wild type (Fig. 2b). Sequencing of 24 isolates obtained directly from brain tissues of 

mice infected with G64SeQS confirmed that the G64S substitution was still present in all 

instances. We thus conclude that the G64S mutation does not in itself preclude replication 

in neuronal tissues. We next considered whether the artificial expansion of G64SeQS 

enhanced pathogenicity by generating specific neurotropic mutations. In the simplest 

model, viruses carrying these advantageous mutations could selectively enter and 

replicate in the CNS. Accordingly, we re-isolated G64SeQS from brains of infected mice 

and analyzed them by direct sequencing. Strikingly, the sequence of the viral RNA from 

brain was indistinguishable from the original inoculated G64SeQS genome, as well as 

from the genomes of wildtype (apart from the 64 position) or G64S viruses (not shown). 

Because direct sequencing of the viral RNA population only reveals the predominant 

consensus sequences of the quasispecies, we also sequenced 72 independently cloned 

viruses isolated from infected brains. Again, no recurring mutations were detected, 

suggesting that a discrete set of mutations was not selected in the neurotropic virus 

population. As the inability to detect a specific set of mutations by direct sequencing 

could indicate that a very large set of mutations within the G64SeQS virus is neurotropic, 
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we next used a functional assay to analyze the viral populations isolated from infected 

brains. If infection of the mouse brain is caused by selection of a neurovirulent set of 

G64S variants, isolation of this population and subsequent re-inoculation should result in 

neuropathogenesis. Accordingly, we intravenously re-inoculated virus populations 

obtained from brains of animals infected with wild-type, G64S or G64SeQS viruses. 

Strikingly, although wild type virus remained neurotropic, G64SeQS isolated from brain 

(G64SeQS-b) was no longer able to infect the CNS (Fig. 3a). This result does not support 

the idea that a set of neurotropic mutations determines the pathogenic characteristics of 

G64SeQS. Notably, the G64SeQS-b and G64Sb populations had 2–3-fold fewer mutations 

than wild typeb and the original artificially expanded quasispecies G64SeQS (Table 1), 

indicating that G64SeQS-b lost diversity during in vivo replication.  

Furthermore, the wild typeb, G64Sb and G64SeQS-b that were re-isolated from brain tissues 

of infected animals, were amplified once in HeLa cells and re-inoculated by 

intramuscular injection. We observed no significant change in the LD50 for wildtype or 

G64SeQS (Fig. 8b and 8c). In contrast, the LD50 for G64S was reduced almost 10-fold 

(Fig. 8a and 8c). Following intramuscular injection poliovirus quickly reaches the CNS 

by axonal retrograde transport 32. Indeed, we have previously shown that intramuscular 

injection is equivalent to intracerebral inoculation 33, presumably due to the high level of 

innervation found in muscles. Thus, the LD50  calculated after intracerebral or 

intramuscular injection are equivalent. We thus conclude that, when directly injected in 

the central nervous system, G64SeQS-b and G64Sb viruses isolated from brain have either 

increased or maintained their ability for neuronal growth, while they were unable to 

infect the CNS after systemic intravenous inoculation (Fig. 8a). 
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Our results are not consistent with the model that expanding the quasispecies repertoire 

of G64SeQS enhances pathogenesis by generating a defined set of neurotropic mutations. 

Instead, they suggest a more complex model whereby a generalized increase in sequence 

diversity determines pathogenesis. In contrast to classic genetic concepts which suggest 

that evolution occurs through the selection of individual viruses, the quasispecies theory 

proposes, on the basis of theoretical considerations, that evolution occurs through 

selection of interdependent viral subpopulations4,9,10. This alternative model could 

explain our results. The interplay between different variants within the quasispecies could 

facilitate entry and replication of the virus population in the CNS. To test this model, we 

examined the ability of a non-neurotropic virus population carrying an identifier barcode 

(G64SSac) to infect the CNS, either by itself or upon co-infection with either of two 

neurotropic populations: wild-type virus or the expanded G64SeQS. 

 In order to identify non-pathogenic, restricted quasispecies, from the artificially 

expanded (G64SeQS) a SacI site was introduced at position 1906 of the viral genome. This 

new construct was named G64SSac, and carries the G64S allele that restricts genome 

diversity, as well as the neutral SacI restriction site that can be used to identify its RNA 

(Fig. 3b and Fig. S9). To determine the sensitivity of the assay, viral RNA was isolated 

from infected cells and used as template for reverse transcriptase and PCR amplification. 

The amplicons were then digested with SacI and analyzed on agarose gel electrophoresis 

(Fig 9). PCR amplicons derived from wildtype or G64SeQS cannot be digested with SacI. 

In contrast, amplicons derived from G64SSac can be digested and produce two fragments 

of around 1400 base-pairs.  
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After intravenous inoculation, viruses were isolated from the brain and analyzed by 

polymerase chain reaction with reverse transcription (RT–PCR) and SacI digestion. As 

expected, although wild-type or G64SeQS viruses alone were readily isolated from brain, 

G64SSac was unable to infect either brain (Fig. 3c, upper panel and Fig. 9b) or spinal cord 

(not shown). In contrast, G64SSac virus was isolated from the brain tissue of every 

infected mouse if co-inoculated with either wild-type or G64SeQS virus (Fig. 3c, lower 

panel). To establish the proportion of non-pathogenic G64SSac present in each population, 

10 independent plaques were isolated from brain homogenates of each mouse co-infected 

with G64SSac and either wildtype or G64SeQS viruses, and analyzed by RT-PCR and 

digestion with SacI. This analysis indicated that approximately 50% of the viruses 

replicating in the brain are G64SSac (Table 2). These data indicate that there is a positive 

interaction between different variants within the population, with some variants allowing 

others to enter the brain—as anticipated by the quasispecies theory.  

 Our study shows that increasing the fidelity of poliovirus replication has a marked 

effect on viral adaptation and pathogenicity. These findings, alongside previous 

observations that an increase in error rate above the tolerable error threshold leads to viral 

extinction20,34,35, suggest that the viral mutation rate is finely tuned and has probably been 

optimized during evolution of the virus. Survival of a given viral population depends on 

the balance between replication fidelity, which ensures the transmission of its genetic 

makeup, and genomic flexibility, which allows build up of a reservoir of individual 

variants within the population that facilitates adaptation to changing environmental 

conditions. Although having too many mutations in a genome can drive a viral population 

to extinction22,23, too few mutations can cause extinction by rendering the virus unable to 
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survive changes in the environment or ‘bottlenecks’, such as replication in different 

tissues or transmission from individual to individual. We find that diversity of the 

quasispecies per se, rather than selection of individual adaptive mutations, correlates with 

enhanced pathogenesis. Our observation of cooperative interactions between different 

variants within the quasispecies provides a rationale for the role of quasispecies diversity 

in pathogenesis. For example, certain variants within the population might facilitate the 

colonization of the gut, another set of mutants might serve as immunological decoys that 

trick the immune system, and yet another subpopulation might facilitate crossing the 

blood–brain barrier. Hence, although G64SeQS-b virus re-isolated from brain was highly 

pathogenic when injected directly into the CNS (Fig. 8), it was unable to infect the CNS 

after intravenous inoculation (Fig. 3a). Maintaining the complexity of the viral 

quasispecies enables the virus population to spread systemically, perhaps through the 

complementing functions of different subpopulations, to successfully access the central 

nervous system. Taken together, our data support a central concept in quasispecies 

theory, namely that successful colonization of an ecosystem (in this instance, an infected 

mouse) occurs by cooperation of different virus variants that occupy distinct regions of 

the population sequence distribution12. It is tempting to speculate that this type of positive 

cooperation also occurs during co-infection of a given host with different viruses, which 

could have profound consequences for the pathogenic outcome of an infection. 
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Methods 

 

Cells, viruses and plasmids. HeLa cells (ATCC CCL 2.2) were grown in tissue culture 

flasks in Dulbecco's modified Eagle medium-nutrient mixture F-12 (Ham) (1:1) 

(CellGro), supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml of 

penicillin and streptomycin, and 10% newborn calf serum (GibcoBRL). Wildtype 

poliovirus type 1 Mahoney was used throughout this study. Plasmid prib(+)XpA contains 

the cDNA of poliovirus preceded by the hammerhead ribozyme and the T7 RNA 

polymerase promoter permitting the generation of infectious synthetic RNAs. Plasmid 

prib(+)RLuc contains the cDNA of a poliovirus replicon in which the P1 region encoding 

capsid proteins was substituted with the gene encoding the Firefly Luciferase36. 

Isolation of ribavirin resistant mutants. 107 HeLa cells were treated with 400 µM or 600 

µM ribavirin, and infected with 107 pfu of wildtype poliovirus. At total cytopathic effect, 

progeny virus was recuperated, titered and used to re-infect a subsequent passage using 

the same conditions. Three independent series of 5 passages carried out at 400 µM or 600 

µM were performed. With each passage in ribavirin, titres gradually increased back to 

wildtype levels, indicating that poliovirus resistant to ribavirin (ribr ) had emerged within 

the viral population. To identify the mutation(s) responsible for the resistance to ribavirin, 

viral cDNA was obtained by RT-PCR. Direct sequencing of the PCR amplicon revealed 

the presence of a single mutation within the poliovirus genome at nucleotide 6176.  This 

mutation, a G to A transition, results in a glycine to serine amino acid change at the 

highly conserved position 64 of the viral RNA-dependent RNA-polymerase 3Dpol (Fig. 

S1b). 
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Construction of cloned G64S virus. The codon encoding Glycine 64 of the poliovirus 

3Dpol was changed to Serine in the cDNA of wildtype poliovirus type 1 Mahoney in 

plasmids pXpA and pLuc. We replaced wildtype codon 64, GGT, with an alternative and 

very frequent serine codon, TCA, which can only revert to a glycine codon through 

multiple mutations. This strategy ensured that even if the mutation at position 64 resulted 

in a virus of low fitness, reversion to wildtype would be reduced or completely prevented. 

Briefly, nucleotides 6746-8 (GGT) were mutagenized to TCA using appropriate primers 

(available upon request) and the Quickchange Mutagenesis XLII kit (Stratagene). The 

resulting plasmids pG64S and pLuc-G64S, permit the transcription of infectious full-

length genomes and subgenomic replicons, respectively, expressing the mutant G64S 

polymerase. A neutral genetic marker was introduced by modifying by site-directed 

mutagenesis the sequence 1906-1911 of G64S cDNA to create a restriction site (SacI) 

that can be identified by RT-PCR and restriction digestion, without altering the amino 

acid sequence of poliovirus. Virus G64SSac was found to replicate with the same kinetics 

and phenotype as G64S. 

In vitro transcription. Poliovirus transcripts corresponding to full length genomic RNA 

(WT, mutant G64S, or G64SSac) or replication competent subgenomic RNA replicons 

(PLuc-WT, PLuc-G64S) were obtained using a T7 Megascript transcription kit (Ambion) 

after linearization of cDNA plasmids. The integrity of the resulting RNAs was confirmed 

by gel electrophoresis. Transfection into HeLa cells with these synthetic RNAs was 

performed with an Electro Cell Manipulator 600 (BTX) following manufacturer’s 

directions. The resulting virus stocks (P0) were passaged 3 times (P1, P2, P3) on HeLa 

cells monolayers at an MOI=1. 

 132



One-step-growth curve studies. To determine single cycle growth characteristics, 2 x 106 

HeLa cells (treated with 400 µM ribavirin or untreated) were infected with wildtype or 

G64S virus at an MOI of 10. Following infection, progeny virus was harvested at 

different time points by freeze-thaw and titered on fresh monolayers by standard plaque 

assay. 

Northern blot analysis of poliovirus RNA synthesis. HeLa cells were infected as for one-

step growth curve. At given time points post-infection, total cytoplasmic RNA was 

collected in Cytoplasmic Lysis Buffer (PBS,  0.5% triton X), purified and quantified. 

RNA samples were normalized to rRNA content, run on a denaturing agarose gel and 

transferred to a nylon membrane (N-bond, Amersham). A radiolabeled probe directed 

against the 3CD region of poliovirus was used for hybridization. RNA levels were 

quantified on a Storm phosphoimager (Molecular Dynamics). 

RNA replication/translation by luciferase assay. To determine replication kinetics of 

replicons expressing the wildtype and G64S polymerases, HeLa cells (pretreated with 

400 µM ribavirin or untreated) were electroporated with either in vitro transcribed PLuc-

WT or PLuc-G64S RNA. Immediately following transfection, 106 cells per time point 

were set aside in 12 well plates for the Luciferase assay. At the times indicated, 

transfected cells were harvested for luciferase activity as previously described 36. 

Guanidine hydrochloride resistance (Guar) assays. For the adaptability assay, HeLa cells 

were seeded in 6 well plates and infected with 106 pfu of either wildtype or G64S virus in 

the presence of 2 mM GdnHCl. After 30 minutes of adsorption, input virus was washed 

off and infection was allowed to proceed in the presence of GdnHCl. The emergence of 

GdnHCl resistant viruses (guar) was titered at indicated times post-infection by standard 
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plaque assay. To monitor the evolution of the viral quasispecies, the emergence of guar 

mutants in the wildtype and G64S virus populations (P0 through P3) was quantified as 

previously described 22. Briefly, HeLa S3 cells were plated at 25% confluency and 

infected with 106 pfu of virus for 30 minutes of adsorption, then covered with an agar 

overlay containing 2 mM GdnHCl. Forty-eight hours later, monolayers were colored with 

crystal violet and plaques representing guar escape mutants were counted. 

Virus competition assay. HeLa were plated in 6-well dishes and infected, at an MOI of 

10, with virus mixtures composed of wildtype and G64S viruses at a ratio of 1:1, 1:10, 

and 1:100. Infections were performed on untreated cells, or in the presence of either 2 

mM GdnHCl or 2 µg/ml of BFA. After adsorption, input virus was removed, and upon 

cell lysis, viral RNA was extracted from progeny virus for RT-PCR. Direct sequencing 

was then performed on the PCR products. 

Artificial expansion of G64S quasispecies by treatment with chemical mutagens. HeLa 

cells (107) were infected with 107 PFU of G64S virus in the presence of 400 µM ribavirin 

and 125 µg/ml of 5-fluorouracil. At total cytopathic effect, mutagenized virus was 

harvested by 3 freeze-thaw cycles and clarified by centrifugation. A second round of 

mutagenesis was performed on a fresh HeLa cell monolayer using the same conditions. 

The mutagenized stocks were titered to ensure that a drop in the population yield of at 

least 2 log occurred, ensuring that more than 99% of the genomes had been mutagenized. 

The mutagenized population was allowed to recover to normal titers by passaging twice 

on fresh HeLa cell monolayers with no mutagen treatment at high MOI. The RNA from 

the virus stock and from 24 single plaques was isolated from this population and 
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sequenced by RT-PCR to determine sequence heterogeneity and to confirm that all 

viruses continued to bear the G64S mutation. 

Genomic sequencing for mutational frequency. Passage 3 virus populations of G64S or 

wildtype were serially diluted and grown under agar overlay in standard plaque assay. 

Twenty-four virus isolates were plaque purified and grown on fresh HeLa monolayers. 

Cytoplasmic RNA was extracted and purified for RT-PCR. Direct sequencing was 

performed on PCR products spanning the 5’ non-coding and capsid protein coding region 

(nt 480-3300). Additionally, the G64S mutation was confirmed by sequencing to ensure 

that no reversion to wildtype had taken place. For the G64SeQS population, the entire 3CD 

sequence, including the RNA dependent RNA polymerase 3Dpol gene, was also 

sequenced to ensure no additional mutations had taken place. 

Infection of susceptible mice. For determination of the 50% lethal dose (LD50), 8 week 

old cPVR transgenic mice expressing the poliovirus receptor were inoculated 

intramuscularly with serial dilutions (20 mice per dilution) of wildtype, G64S or G64SeQS 

virus. Mice were monitored daily for onset of paralysis and were euthanized when total 

paralysis was reached. LD50 values were determined using the Reed and Muench method. 

For tissue tropism experiments, mice were inoculated intravenously with 107 or 108 pfu 

of wildtype, G64S or G64SeQS virus. Each day following infection, 5 mice from each 

group were sacrificed and tissues were removed, washed, and kept on ice. Organs were 

immediately homogenized and homogenates were clarified and frozen. Tissue 

homogenates were then titered for virus on HeLa cells by standard plaque assay. To 

generate virus stocks of brain passaged virus, brain homogenates from each group were 

pooled and virus contained therein was amplified once on HeLa cells to reach yields 
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required for re-inoculation experiments. For the co-infection experiment, mice were 

infected intravenously with mixtures of wildtype or G64SeQS and G64SSac viruses. Mice 

were euthanized on day 4 and viruses were isolated from different tissues as described. 

Viral RNA was obtained from HeLa cells infected with virus obtained from each tissue 

and used for RT-PCR. The PCR products, spanning the capsid region, were digested with 

SacI and analyzed on agarose gel electrophoresis to examine whether wildtype or 

G64SeQS virus (1 band, approx. 3 kb) or G64SSac virus (2 bands, approx. 1.55 and 1.45 

kb) are present. 

 136



References 

 

1. Holland, J. et al. Rapid evolution of RNA genomes. Science 215, 1577-85 (1982). 
2. Holland, J. J., De La Torre, J. C. & Steinhauer, D. A. RNA virus populations as 

quasispecies. Curr Top Microbiol Immunol 176, 1-20 (1992). 
3. Domingo, E. & Holland, J. J. RNA virus mutations and fitness for survival. Annu 

Rev Microbiol 51, 151-78 (1997). 
4. Eigen, M. Viral quasispecies. Sci Am 269, 42-9 (1993). 
5. Domingo, E., Holland, J.J., Ahlquist, P. RNA genetics (CRC, Boca Raton, 1988). 
6. Domingo, E., Holland, J.J. in The Evolutionary Biology of Viruses (ed. Morse, S. 

S.) 161-184 (Raven Press, New York, 1994). 
7. Domingo, E. Viruses at the edge of adaptation. Virology 270, 251-3 (2000). 
8. Domingo, E., Sabo, D., Taniguchi, T. & Weissmann, C. Nucleotide sequence 

heterogeneity of an RNA phage population. Cell 13, 735-44 (1978). 
9. Coffin, J. M. HIV population dynamics in vivo: implications for genetic variation, 

pathogenesis, and therapy. Science 267, 483-9 (1995). 
10. Domingo, E. et al. Basic concepts in RNA virus evolution. Faseb J 10, 859-64 

(1996). 
11. Domingo, E., Holland, J. J. & Ahlquist, P. RNA genetics (CRC Press, Boca Raton, 

Fla., 1988). 
12. Biebricher, C. K. & Eigen, M. The error threshold. Virus Res 107, 117-27 (2005). 
13. Domingo, E., Holland, J. & Ahlquist, P. RNA genetics (CRC Press, Boca Raton, 

Fla, 1988). 
14. Domingo, E. & Holland, J. Mutations and rapid evolution of RNA viruses (ed. S., 

M. S.) (Raven Press, New York, 1994). 
15. Domingo, E. Viruses at the Edge of Adaptation. Virology 270, 251 (2000). 
16. Holland, J. J., Domingo, E., de la Torre, J. C. & Steinhauer, D. A. Mutation 

frequencies at defined single codon sites in vesicular stomatitis virus and 
poliovirus can be increased only slightly by chemical mutagenesis. J Virol 64, 
3960-2 (1990). 

17. Lee, C. H. et al. Negative effects of chemical mutagenesis on the adaptive 
behavior of vesicular stomatitis virus. J Virol 71, 3636-40 (1997). 

18. Loeb, L. A. et al. Lethal mutagenesis of HIV with mutagenic nucleoside analogs. 
Proc Natl Acad Sci U S A 96, 1492-7 (1999). 

19. Arias, A., Lazaro, E., Escarmis, C. & Domingo, E. Molecular intermediates of 
fitness gain of an RNA virus: characterization of a mutant spectrum by biological 
and molecular cloning. J Gen Virol 82, 1049-60 (2001). 

20. Pariente, N., Sierra, S., Lowenstein, P. R. & Domingo, E. Efficient virus 
extinction by combinations of a mutagen and antiviral inhibitors. J Virol 75, 
9723-30 (2001). 

21. Grande-Perez, A., Sierra, S., Castro, M. G., Domingo, E. & Lowenstein, P. R. 
Molecular indetermination in the transition to error catastrophe: systematic 
elimination of lymphocytic choriomeningitis virus through mutagenesis does not 
correlate linearly with large increases in mutant spectrum complexity. Proc Natl 
Acad Sci U S A 99, 12938-43 (2002). 

 137



22. Crotty, S. et al. The broad-spectrum antiviral ribonucleoside ribavirin is an RNA 
virus mutagen. Nat Med 6, 1375-9 (2000). 

23. Crotty, S., Cameron, C. E. & Andino, R. RNA virus error catastrophe: direct 
molecular test by using ribavirin. Proc Natl Acad Sci U S A 98, 6895-900 (2001). 

24. Thompson, A. A. & Peersen, O. B. Structural basis for proteolysis-dependent 
activation of the poliovirus RNA-dependent RNA polymerase. Embo J 23, 3462-
71 (2004). 

25. Pfeiffer, J. K. & Kirkegaard, K. A single mutation in poliovirus RNA-dependent 
RNA polymerase confers resistance to mutagenic nucleotide analogs via 
increased fidelity. Proc Natl Acad Sci U S A 100, 7289-94 (2003). 

26. Baltera, R. F., Jr. & Tershak, D. R. Guanidine-resistant mutants of poliovirus have 
distinct mutations in peptide 2C. J Virol 63, 4441-4 (1989). 

27. Pincus, S. E., Diamond, D. C., Emini, E. A. & Wimmer, E. Guanidine-selected 
mutants of poliovirus: mapping of point mutations to polypeptide 2C. J Virol 57, 
638-46 (1986). 

28. Arnold, J. J., Vignuzzi, M., Stone, J. K., Andino, R. & Cameron, C. E. Remote 
site control of an active site fidelity checkpoint in a viral RNA-dependent RNA 
polymerase. J Biol Chem 280, 25706-16 (2005). 

29. Gohara, D. W., Arnold, J. J. & Cameron, C. E. Poliovirus RNA-dependent RNA 
polymerase (3Dpol): kinetic, thermodynamic, and structural analysis of 
ribonucleotide selection. Biochemistry 43, 5149-58 (2004). 

30. Maynell, L. A., Kirkegaard, K. & Klymkowsky, M. W. Inhibition of poliovirus 
RNA synthesis by brefeldin A. J Virol 66, 1985-94 (1992). 

31. Cuconati, A., Molla, A. & Wimmer, E. Brefeldin A inhibits cell-free, de novo 
synthesis of poliovirus. J Virol 72, 6456-64 (1998). 

32. Ren, R. & Racaniello, V. R. Poliovirus spreads from muscle to the central nervous 
system by neural pathways. J Infect Dis 166, 747-52 (1992). 

33. Crotty, S., Hix, L., Sigal, L. J. & Andino, R. Poliovirus pathogenesis in a new 
poliovirus receptor transgenic mouse model: age-dependent paralysis and a 
mucosal route of infection. J Gen Virol 83, 1707-20 (2002). 

34. Anderson, J. P., Daifuku, R. & Loeb, L. A. Viral error catastrophe by mutagenic 
nucleosides. Annu Rev Microbiol 58, 183-205 (2004). 

35. Pariente, N., Airaksinen, A. & Domingo, E. Mutagenesis versus inhibition in the 
efficiency of extinction of foot-and-mouth disease virus. J Virol 77, 7131-8 
(2003). 

36. Herold, J. & Andino, R. Poliovirus requires a precise 5' end for efficient positive-
strand RNA synthesis. J Virol 74, 6394-400 (2000). 

 

 138



Figure Legends 

 

Table 1.  Lists the number of mutations per genome and the number of guanidine 

resistant viruses that arose for wild-type, G64S, and G64SeQS populations. 

 

Fig. 1.  A restricted quasispecies of poliovirus is less neuropathogenic. 

A & B) Percentage of mice surviving intramuscular injection of different doses 

(107, 108 or 109 p.f.u.) of the G64S A) or the expanded G64SeQS B) populations, 

compared with wild type (WT, open symbols; only one dose (107 p.f.u.) is shown);  

n = 20 mice per group. The differences observed between wild type (107 p.f.u.) and G64S 

(107, 108 or 109 p.f.u.) and between wild type and the expanded G64SeQS (107 p.f.u.) are 

statistically significant (P < 0.001). In contrast, no statistically significant difference was 

observed between wild type (107 p.f.u.) and G64SeQS (108 p.f.u.) (P < 0.5). 

C) Calculation of LD50 values for each viral stock, using the Reed and Muench method. 

 

Fig. 2.  Genomic diversity in quasispecies is critical in viral tissue tropism and 

pathogenesis. A & B) Virus titers in p.f.u. per gram from tissue of mice infected 

intravenously with the wild-type virus population (squares), the narrow G64S 

quasispecies (circles in a) or the artificially expanded G64SeQS quasispecies (circles in 

b). Mean values ± s.d. of three experiments are shown. 

 

Fig. 3.  Cooperative interactions among members of the virus population link 

quasispecies diversity with pathogenesis. A) Subpopulations of viruses isolated from 
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brains of infected mice cannot re-establish CNS infection if the diversity of the 

quasispecies is restricted. Virus titers (p.f.u. g-1) from muscle, brain and spinal cord of 

mice infected intravenously for 4 days with 107 p.f.u. viruses isolated from brains of 

infected animals with wildtypeb, G64Sb, G64SeQS-b. A schematic representation of the re-

inoculation protocol is also shown. B&C) Neurotropic virus populations facilitate entry 

and replication of a non-neurotropic virus into the CNS. B) Schematic representation of 

an in vivo complementation experiment. G64SSac is a narrow quasispecies virus carrying 

a higher fidelity polymerase (G64S allele) and a silent mutation that introduces a SacI site 

at nucleotide 1906 within the capsid region. This neutral genetic marker can be used as a 

‘barcode’. Mice were infected intravenously with either G64SSac alone (2 × 108 p.f.u. per 

animal) or co-injected with wild type (WT) or G64SeQS at 1:1 ratios (108 p.f.u. of each 

virus per animal). Viruses were re-isolated from brain tissues, through infection of HeLa 

cells, and their RNA was analyzed by RT–PCR. C) All PCR products were digested with 

SacI before analysis by agarose gel electrophoresis. DNA obtained from wild-type or 

G64SeQS viruses were not digested by SacI (~3 kb fragment); whereas the PCR product 

from the G64SSac virus generated two smaller bands (~1.55 and 1.45 kb) when digested 

with SacI. The injected viruses are indicated at the top of the gel. Each lane corresponds 

to one infected mouse. Arrows on the left indicate full-length RT–PCR products and 

SacI-digested PCR fragments. DNA markers (kb) are shown in lane M. 

 

Fig. 4.  Isolation of ribavirin resistant poliovirus and growth characteristics of ribavirin 

resistant virus. A) HeLa cells, pretreated with ribavirin (400 or 600 µM) or no drug (not 

shown) were infected with a starting wildtype poliovirus population (passage #0) at an 
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MOI of 10 until complete lysis was observed. Progeny virus was then titered (passage #1) 

and used to re-infect fresh monolayers for the subsequent passage. Titers of each 

passages of two independently generated series (in 400 or 600 µM ribavirin) are shown. 

B) Schematic representation of the G64S mutation identified in ribavirin resistant virus 

populations. The amino acid sequence and the relative position within the poliovirus 

genome in the 3Dpol coding sequence are indicated. 

 

Fig. 5.  The G64S mutation confers enhanced fidelity without significantly altering 

replication kinetics. A&B) One step growth curves of wildtype (squares) and G64S 

(circles) viruses in absence (b) or presence (a) of 400 µM ribavirin. Means ± standard 

deviation (s.d.) from 3 experiments are shown. In (a), P values for T-tests are 0.001 for 

16 h post-infection, based on 6 independent experiments. In (b), P values for T-tests are 

0.5 for all time points. C) Northern Blot analysis of genomic RNA synthesis in infected 

HeLa cells. The data is representative of three independent experiments. D) Replication 

dynamics of wildtype (PLuc-WT, circles) and mutant (PLuc-G64S, squares) luciferase 

expressing replicons transfected into HeLa cells in the presence (closed symbols) or 

absence (open symbols) of 400 µM ribavirin, as measured by resulting luciferase activity 

(Relative Light Units, RLU). Each point represents the mean value ± s.d. of 6 

independent experiments (P values for T-tests are >0.5 for 3, 5, 6, and 7 hours post-

transfection). 

 

Fig. 6.  The G64S quasispecies has compromised evolution, adaptability and viral fitness 

in tissue culture. A) Evolution of molecular clone derived wildtype (open square) and 
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G64S (red circle) quasispecies. Molecular clone derived populations (passage 0) were 

passaged 3 times (P1, P2, and P3) in HeLa cells in absence of selective pressure. Mean ± 

s.d. from 3 separate expansion series are shown. B) Relative fitness of G64S mutant to 

wildtype virus in a competition assay. HeLa cells infected with 1:10 ratio of 

wildtype:G64S virus. At cell lysis, the progeny population was sequenced, and the 

proportions of each virus in the resulting population mixtures are shown. Competition 

was performed in standard cell culture medium (no drug), with the addition of 2 mM 

GdnHCl or 2 µg/ml BFA. Mean ± s.d. from 3 experiments are shown. c, Adaptability of 

wildtype and G64S to an antiviral compound (GdnHCl) in the environment (single 

selective pressure). HeLa cells were infected with wildtype and G64S (106 PFU) in the 

presence of 2 mM GdnHCl. Virus production (PFU/ml) was determined at different times 

post-infection. Each point represents the mean ± s.d. of 3 independent experiments (P 

values for T-tests are 0.005, 0.02, 0.02, 0.03, <0.001, >0.1 and >0.9 for 8, 12, 16, 24, 36, 

48, and 72 hours post-infection, respectively). mwt and mG64S represent slope of the curves 

during the initial 48 hr of infection. Note: that growth curve for G64S presents two faces, 

an initial and slow face (0 to 48 hr) and a more rapid second face, presumably 

representing the late emergence of guar viruses. 

 

Fig. 7.  Schematic representation of the mutation distribution in wildtype and G64S 

populations and the predicted effect of treatment with mutagens (ribavirin). A) Model of 

error catastrophe. Many viruses in a normal wildtype poliovirus population are viable. An 

increase in mutation frequency is predicted to move the virus population beyond the error 

threshold (mutagenized population on the right), where the number of errors per viral 
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genome is sufficiently high to lethally mutate a majority of the virus population. White 

indicates live virus, red indicates dead virus. B) Protocol used to artificially increase the 

genomic diversity of G64S. Viruses were treated with a combination of ribavirin and 5-

fluorouracil. The population was then grown in HeLa cells at high multiplicity of 

infection to select out highly mutagenized, low fitness viruses, and to increase titre. We 

then analyzed the resulting population by sequencing. C) G64S is a restricted 

quasispecies, having an average of 0.3 mutation’s per genome. However, treatment of 

G64S with chemical mutagens, ribavirin and 5-fluorouracil, increased the number of 

mutations per genome and transformed the restricted G64S quasispecies into a more 

diverse, wildtype-like population. 

 

Fig. 8.  Neuropathogenicity of viruses re-isolated from brain. Animals were inoculated 

with brain derived viruses (wildtypeb, G64Sb, and G64SeQS-b) obtained from animals 

previously infected with wildtype, G64S, and G64SeQS. All animals were inoculated with 

viruses obtained from infected brains after one passage in HeLacells. A & B) Percentage 

of mice surviving intramuscular injection of different doses (107, 108, 109 PFU) of the 

narrow G64Sb (a), or the expanded G64SeQS-b populations (b), as compared to wildtype 

(WTb, black, only one dose, 107 PFU is shown). The number of mice per group was 20 

(n=20). The differences observed between WTb (107 PFU), and G64Sb (107, 108, 109 

PFU), or the expanded G64SeQS-b (107 and 108 PFU) are statistically significant 

(P<0.001). In contrast, no statistically significant difference was observed between WTb 

(107 PFU) and G64SeQS-b (109 PFU) (p>0.5). C) Calculation of LD50 values using the 
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Reed and Muench method. LD50 was calculated for stocks of viruses obtained after re-

isolation of the virus from brain of infected mice wildtypeb, G64Sb, G64SeQS-b. 

 

Fig. 9.  Analysis of bar-coded G64SSac virus. A) Schematic representation of wildtype, 

G64SeQS, or G64SSac and their analysis by RT-PCR and sequencing. B) RT-PCR products 

derived from wildtype, G64SeQS, or G64SSac viruses were analyzed by agarose 

electrophoresis, before (lanes 1, 3, 5) or after digestion with Sac I (lanes 2, 4, and 6). C) 

Mice were infected intravenously with wildtype (WT) (108 PFU per animal). Viruses 

were re-isolated from brain tissues and analyzed by RT-PCR. Amplicons were digested 

with Sac I prior to agarose gel electrophoresis analysis. Each lane corresponds to one 

infected mouse. Arrows on the left indicate full-length RT-PCR products and Sac I 

digested PCR fragments. DNA markers (kb) are shown (M). 

 

Table 2.  Lists the titers and proportion of G64SSac in brain homogenates. 
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Table 2 
 

Table 2: Titers and proportion of G64SSac in brain homogenates 

 

Group a Mouse #b PFU per g c 

Proportion of G64SSac virus of 

10 total isolates d 

11 1.5 x 105 4/10 

12 1.0 x 104 5/10 

13 8.0 x 104 2/10 

14 2.6 x 105 0/10 

Wildtype 

+ 

G64SSac 

15 1.6 x 105 6/10 

16 1.92 x 106 4/10 

17 5.3 x 105 6/10 

18 1.1 x 106 5/10 

19 8.3 x 104 5/10 

G64SeQS 

+ 

G64SSac 

 
 

20 6.0 x 104 5/10 

 
a Two groups of infected mice from Fig 4b were analyzed (1) those co-infected with G64SSac and 

wildtype, and (2) those co-infected with G64SSac and G64SeQS.  
b Viral stocks obtained from each individual mouse was tittered by plaque assay in HeLa cells c and 

analyzed by RT-PCR and subsequent digestion with Sac 1 d. 

 

 

 

 



Chapter 5. Poliovirus Escape from RNA Interference: Short Interfering 

RNA-Target Recognition and Implications for Therapeutic Approaches 
 

Abstract 

 Short interfering RNAs (siRNAs) directed against poliovirus and other viruses 

effectively inhibit viral replication. Although RNA interference (RNAi) may provide the 

basis for specific antiviral therapies, the limitations of RNAi antiviral strategies are ill 

defined. Here, we show that poliovirus readily escapes highly effective siRNAs through 

unique point mutations within the targeted regions. Competitive analysis of the escape 

mutants provides insights into the basis of siRNA recognition. The RNAi machinery can 

tolerate mismatches but is exquisitely sensitive to mutations within the central region and 

the 3΄ end of the target sequence. Indeed, specific mutations in the target sequence 

resulting in G:U mismatches are sufficient for the virus to escape siRNA inhibition. 

However, using a pool of siRNAs to simultaneously target multiple sites in the viral 

genome prevents the emergence of resistant viruses. Our study uncovers the elegant 

precision of target recognition by the RNAi machinery and provides the basis for the 

development of effective RNAi-based therapies that prevent viral escape. 
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Introduction 

 RNA interference (RNAi) is a eukaryotic mechanism of gene inactivation which 

employs double-stranded RNA (dsRNA) to produce short interfering RNAs (siRNAs) of 

about 21 nucleotides in length1. A cytoplasmic RNA-induced silencing complex (RISC) 

binds the siRNAs and uses them as guides to direct the degradation of mRNAs containing 

sequences complementary to one of the strands of the siRNA2. The efficient and 

sequence-specific nature of RNAi has raised the possibility of using RNAi as an antiviral 

therapy. Indeed, introduction of siRNAs into cells in tissue culture and in animal models 

can inhibit replication of several human pathogenic viruses3-14. A major problem of all 

antiviral therapies, however, is the emergence of resistant variants. Here, we investigate 

how siRNA-based antiviral strategies might be neutralized by the emergence of escape 

mutants. The finding that in some cases RNAi can tolerate several mismatches within the 

target sequence15-19 suggested that RNAi might be robust enough to accommodate certain 

variability of the virus target RNA. But it is also possible that these mutations do not 

disrupt positions important for the interaction of the guide siRNA with the target RNA. 

Indeed, recent observations indicate that both poliovirus and human immunodeficiency 

virus type 1 variants resistant to RNAi can be selected carrying single point mutations in 

the center of the target sequence6,20. The issue of target recognition by the RNAi 

machinery has been the subject of numerous studies. In both Drosophila melanogaster 

and mammalian extracts, mismatches within the central position (nucleotides 9 to 11) of 

the target RNA lead to inefficient silencing2,21. In contrast, peripheral mismatches appear 

to have no detrimental effect. However, others have found that correct base pairing at the 

central position is not critical for silencing. Instead, mismatches within the 5΄ half of the 

 157



antisense siRNA strand disrupted effective silencing, while mismatches at the central 

region (positions 9 and 10) and within the 3΄ half of the siRNA did not affect silencing 

efficiency15,17. Studies of gene expression profiling in siRNA-treated cells have produced 

additional information with respect to target sequence recognition. While some studies 

have found little “off-target” silencing of nearly complementary targets16,19, other studies 

reported that partial complementarity between the 5΄ half of the antisense siRNA strand 

with a number of endogenous mRNAs leads to effective nonspecific silencing18. Thus, 

the precise rules on target recognition are still controversial and poorly defined. To 

further examine the ability of viruses to escape RNAi inhibition, we recovered and 

sequenced polioviruses that escaped inhibition by two highly effective siRNAs directed 

against either capsid or the viral polymerase coding sequences. Analysis of these viral 

escape mutants shows that RNAi recognition is sensitive to subtle point mutations within 

the central region and the 3΄ end of the target RNA. Even single transition mutations 

resulting in G:U mismatches are sufficient to overcome viral inhibition from defined 

siRNAs. However, simultaneous targeting of multiple viral sequences with a pool of 

siRNAs overcame resistance mechanism to RNAi and prevented measurable viral escape. 
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Materials and Methods 

Cells and viruses. HeLa S3 cells were cultured as previously described6. P19 mouse 

embryonic carcinoma was obtained from the University of California—San Francisco 

cell culture facility and maintained in minimal essential medium, alpha modification, 

supplemented with nucleosides (Invitrogen), 10% fetal bovine serum, 2 mM glutamine, 

100 U of penicillin/ml, and 100 μg of streptomycin/ml (University of California—San 

Francisco cell culture facility). We used the pRib(+)XpA plasmid22 to generate the wild-

type Mahoney type 1 strain of poliovirus. All mutations were cloned back into a 

pRib(+)XpA backbone. For viral production, 10 μg of in vitro-transcribed viral RNA was 

electroporated into HeLa cells22, and cells were left overnight until complete lysis. The 

plasmid encoding the Leon type 3 poliovirus strain was a kind gift of D. J. Evans; the 

virus was produced similarly to type 1 Mahoney. The titers of the virus were determined 

according to standard procedures23. For competition assays, viruses were mixed in equal 

proportions unless indicated otherwise and propagated for two passages (a passage 

concluded with full lysis) on cells transfected with siRNAs. Transfections were carried 

out as previously described6. Plaque reduction assays were carried out as previously 

described6, but cells were allowed to grow for 1 day between siRNA removal and 

infection. P19 transfections were carried out by combining 0.5 μg of pPVR plasmid with 

0.3 μl of dsRNA (1 μg/μl) or 0.3 μl of 40 μM siRNA and transfecting the mixture with 

1 μl of Lipofectamine 2000 per ~ 1 × 105 cells in 1 well of a 24-well plate overnight in 

the presence of 10% serum. 

Molecular biology. RNA oligonucleotides were bought from Dharmacon and were 

treated as before6. The sequence of control siRNA (siCtrl) strands is as follows: 5΄-
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AAUACCAGAACACCAACUGGC-3΄ and 5΄-CAGUUGGUGUUCUGGUAUUAC-3΄. 

The siC region of the viral genome was amplified by isolating cytoplasmic RNA from 

HeLa cells at 6 h postinfection with the RNeasy kit (QIAGEN), reverse transcription with 

random hexamers and SuperScriptII enzyme (Invitrogen), and PCR with PfuTurbo 

(Strategene) and primers 5΄-GCTAGACACCGTGTCTTGGA-3΄ and 5΄-GGACTGTG-

TTGTCAATCATGCT-3΄. PCR products were sequenced with the primer 5΄-AGATG- 

ATAGTTTCACCGAAGG-3΄. For cloning of individual mutants, each PCR fragment 

was digested with NruI and NheI and swapped for the wild-type fragment in 

pRib(+)XpA. The analogous procedure for isolation of the siP region used the primers 5΄-

GGTGAAATCCAGTGGATGAGA-3΄ and 5΄-GCGAACGTGATCCTGAGTGTT-3΄ for 

amplification, 5΄-AGGAAGCAATTACATCATCACC-3΄ for sequencing, and AvrII and 

XbaI enzyme sites for cloning the fragment into a shuttle vector. For producing point 

mutants in the siP region, the following primer pair was used in a QuickChange protocol 

(Stratagene): 5΄-CAGCAGTGGGGTGCGATCCAGATTTGTTTTGGAGCAAAATTC-

3΄ and its reverse complement, with corresponding mutations introduced in the primers. 

PCRs were run from a plasmid containing the BglII-EcoRI fragment of pRib(+)XpA, and 

the mutant BglII-EcoRI fragments were moved back into pRib(+)XpA. Generation of the 

let-7(+) virus was carried out by using 5΄-TGAGGTAGTAGGTTGTATAGTTACAA-

TTTCAACAGTTATTTCAATCAGAC-3΄ and 5΄-CCTCAGTGCATCAGGCAACT-3΄ 

primers in one PCR and 5΄-AACTATACAACCTACTACCTCACTTAGAGTAAAC- 

ACACTCAATGG-3΄ and 5΄-AGAAGCCCAGTACCACCTCG-3΄ primers in a parallel 

PCR, both of which were consequently purified, mixed, and extended again for 15 cycles 

with Pfu polymerase. The product was digested with BlpI and AatII and cloned into the 
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poliovirus infectious cDNA plasmid, thus introducing the sequence identical to let-7a 

(UGAGGUAGUAGGUUGUAUAGUU)6 or its complementary sequence. The 1-kb-long 

regions of Mahoney and firefly luciferase were amplified with primer pairs 5΄-ATGATG- 

GAATTGGCAGAAATC-3΄ and 5΄-TAAGGCATGCCCATTGTTAGT-3΄ and 5΄-

AGAACTGCCTGCGTGAGATT-3΄ and 5΄-TTTCTTGCGTCGAGTTTTCC-3΄; one of 

the primers in each reaction mixture contained a T7 transcription start site. Each strand 

was then transcribed with T7 RNA polymerase (NEB), and the RNA was annealed and 

treated for 2 h at 37°C with RNase III (a gift of Dun Yang and J. M. Bishop), followed by 

purification on QIAGEN_s PN columns and ethanol precipitation of the flow through 

fraction. 

 161



Results 

 Isolation of viruses resistant to siRNA. Transfection of HeLa cells with siC, an 

siRNA directed against a 21-nucleotide segment within the capsid-coding region 

(nucleotides 2417 to 2437), resulted in effective inhibition of viral replication. However, 

30 to 40 h post-infection, resistant viruses emerged containing silent mutations within the 

siRNA-target sequence (Fig. 1A). The predominant mutation was a U-to-C transition at 

position 11 of the target region, but a second mutation, U to C at position 8, was also 

observed. By passage 3, the U-to-C mutation at nucleotide 11, but not that at position 8, 

prevailed in the viral population (Fig. 1A). Introduction of two of these mutations, cU8C 

and cU11C, into the poliovirus genome (Fig. 1B) confirmed that they were sufficient for 

the resistance phenotype. The most centrally located mutation cU11C conferred nearly 

full resistance, while a mutation at the 5΄ side, cU8C, yielded partial resistance (Fig. 1C). 

In contrast, another mutation observed at the extreme 3΄ side, cC20U, had little effect. 

Of note, these mutants remained fully susceptible to siRNA inhibition by siP, which 

targets a different region of the viral RNA. Thus, these mutations are specific for escape 

from siC and do not cause a general resistance to interference. We conclude that one 

single transition mutation within the siRNA complementary region of the target RNA is 

sufficient to dramatically reduce the efficiency of RNAi. To examine the relative strength 

of each escape mutation, we developed a competition assay in which a 1:1 mixture of 

escape mutants was used to infect siRNA-treated HeLa cells. After two passages in either 

the presence or absence of selective pressure, the resulting viral population was harvested 

and examined by sequencing. In siC-treated cells, cU11C became the predominant virus 

in the population, while in the presence of siCtrl, the initial 1:1 proportion of mutant 
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viruses remained unchanged (Fig. 1D). Thus, the central mutation was more effective in 

blocking the inhibitory effect of siC. This data confirms previous studies highlighting the 

importance of the need for perfect base pairing at the central positions of the siRNA-

target duplex21,24. Interestingly, the subtle difference in virus yield observed between 

cU8C and cU11C in single-virus cultures in the presence of siC (Fig. 1C) resulted in a 

dramatic advantage for cU11C in our competition assay (Fig. 1D). Thus, this sensitive 

assay can be employed to analyze subtle differences in the strength of different escape 

mutants. 

Analysis of viruses resistant to an siRNA directed against the viral polymerase coding 

region. Analysis of escape mutants from another antiviral siRNA, siP (targeting 

nucleotides 6625 to 6645), provided insights regarding the rules that govern recognition 

of the target RNA by RISC. Three independent viral populations were sequenced after 

one passage in the presence of siP. Two major changes were observed within the target 

sequence at positions 12 and 18 (Fig. 2A). Unlike what was observed for siC, additional 

passages under siP selection did not result in one single mutant taking over the 

population. Instead, analysis of cDNA clones derived from resistant virus populations 

during six independent experiments revealed that even after 10 passages, a majority of 

the siP-resistant variants contained two mutations within the target region (Fig. 2B). We 

reasoned that several mutations in the target sequence were equally, but not entirely, 

effective in providing resistance to siP. Indeed, we did not isolate any single predominant 

mutation. The most frequent mutations occurred at position 6, at position 12 in the central 

region, and within a hot spot at the 3΄ end of the target sequence (nucleotides 16 to 19) 

(Fig. 2C). Interestingly, we did not recover mutations at the extreme 5΄ and 3΄ ends (the 
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first five and the last two nucleotides) of the target RNA, suggesting that these 

nucleotides are not critically involved in the interaction with siRNA. To evaluate the 

relative contribution of individual positions, we introduced single mutations in the siP 

target sequence of the wild-type poliovirus genome. We examined nine individual 

mutants carrying either single or double mutations within the target region (Fig. 3A). 

At position 12, three mutations were constructed, representing all three silent 

permutations of the central position. Other mutants carried nucleotide changes observed 

within the 5΄ or 3΄ half of the target region. In the absence of siP, none of the viruses 

carrying these point mutations displayed any replication defects and replicated in a 

manner similar to that of the wild type. Surprisingly, data based on our virus yield assay 

showed that mutations at positions 6 and 9, even though they were frequently isolated 

from the viral populations, did not provide significant resistance on their own to siP. In 

contrast, the central mutation (pA12G) and two mutations at the extreme 3΄ end of the 

target sequence (pG18A and pU19A) were highly effective at neutralizing the inhibitory 

effect of siP. Interestingly, we find that mutations at the same position, such as pA12C 

and pA12U, are less robust than others (e.g., pA12G), indicating that the exact nature of 

the mismatch is also important in recognition. 

let-7 microRNA effectively targets poliovirus genomic RNA. Poliovirus is a positive-

stranded RNA virus that replicates through a negative-stranded intermediate. In principle, 

it is possible that either strand of the siRNAs can be incorporated into RISC. The rules 

governing the incorporation of siRNA strands into RISC are not fully defined25, and thus 

either viral RNA strand can potentially be targeted by siC and siP. To understand the 

precise molecular consequences of the mutations leading to RNAi escape, it is important 
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to determine which strand of the viral RNA the RNAi machinery targets. Previously, Ge 

et al.5 examined this question in the context of infection by influenza virus, a negative-

stranded virus. Because mutations in the antisense siRNA strand led to reduction of the 

RNAi effect while mutations in the sense siRNA strand did not, these authors concluded 

that only the viral mRNA, but not the genomic RNA, is targeted by siRNAs. A potential 

problem with this interpretation is that the mutations introduced in the siRNA may alter 

the efficiency of its incorporation into the RISC26,27. To circumvent this potential 

problem, we employed a different strategy using the particular property of microRNAs in 

which only one strand of the dsRNA precursor is selectively incorporated into RISC28. 

Thus, by inserting either the identical or complementary microRNA sequence into the 

viral genome and assaying the viability of the virus in cells that express the microRNA, 

the susceptibility of the two strands to siRNA can be selectively evaluated. To this end, 

we cloned let-7 RNA [let-7(+)] or its complementary sequence [let-7(minus)] into the 5΄ 

noncoding region of the viral genomic RNA (Fig. 4A). Following transfection into HeLa 

cells (which express high levels of let-7)28-30, let-7(+) virus replicated with wild-type 

kinetics, while let-7(-) virus replication was impaired (Fig. 4B). Furthermore, viruses 

obtained from let-7(-) RNA transfections contained several mutations within the target 

sequence, while the target sequence of let-7(+) viruses was unchanged (Fig. 4C). 

Notably, all the mutations observed in let-7(-) virus populations were A-to-G transitions, 

which should result in G:U mismatches between let-7(-) RNA and let-7 microRNA, 

suggesting that these transition mutations allow for escape from let-7 RNA recognition. 

The most frequent position mutated was nucleotide 10 (Fig. 4C). We thus conclude that 

only the positive strand of the poliovirus RNA is targeted by siRNAs. In addition, this 
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experiment also demonstrates that let-7 can act as an siRNA, directing cleavage of a 

perfectly complementary viral target RNA, as previously reported for non-viral 

systems31. 

Mapping the critical regions within the siRNA target. Our competition assay provides a 

sensitive method for detecting subtle differences in the fitness of each variant carrying 

individual mutations. In the absence of siP, none of the mutants were out-competed by 

wild-type poliovirus, indicating that these mutations do not affect viral replication. 

However, all the mutations, even pC6U and pU9C, which did not display a strong 

resistance phenotype in the virus yield assay (Fig. 3B), conferred some degree of 

resistance to RNAi and effectively out-competed the wild type in siP-treated cells (data 

not shown). Furthermore, comparison of the respective competition trials for polioviruses 

resistant to either siC or siP provided a hierarchy of escape mutant strength and 

highlighted the importance of the different regions within the target RNA for effective 

siRNA recognition. In our competition assays, different results were obtained depending 

on the siRNA examined. For siC, the central position (cU11C) dominated over the rest of 

the region (Fig. 5B), while for siP, mutation both at the central position and at the 

extreme 3΄ target region (pG18A and pU19A) could disrupt recognition (Fig. 5C). One 

possibility to explain these dissimilar results is that RISC may recognize the target in 

more than one manner. Perhaps, the local stability within the siRNA-target RNA duplex 

determines the weight of different mutations. Of note, the 3΄ end of the siP target region 

is U rich; this local nucleotide characteristic may facilitate the unwinding of the siRNA-

target RNA duplex. It is also possible that the degree of amino acid sequence 
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conservation in each region may restrict the type of possible codon changes selected in 

escape mutants. 

Targeting conserved sequences within the viral genome. Our finding that single 

mutations in the viral genome consistently led to escape from siRNA inhibition 

uncovered a major weakness of RNAi as an antivirus therapy. One possible strategy to 

prevent the emergence of escape mutants is to target functional RNA sequences that, 

when mutated, lead to replication deficient viruses. Strikingly, siRNAs targeting two sites 

in the highly conserved 5΄ noncoding region of the poliovirus genome (site 1, nucleotides 

445 to 465; site 2, nucleotides 536 to 556) failed to inhibit virus replication (data not 

shown). These regions may be inaccessible to RISC due to tertiary structure or because 

proteins interact with these RNA motifs, occluding the target sequences. However, it was 

recently reported that the highly structured 5΄ noncoding region of the hepatitis C virus 

genome can be targeted by siRNA (39). Thus, it is also possible that the high G:C content 

of our siRNAs targeting the poliovirus IRES may have precluded their efficient 

incorporation into RISC, reducing their antiviral activity. 

Simultaneous targeting with multiple siRNAs. An alterative solution for preventing 

escape might be to simultaneously target multiple sequences in the viral genome. The 

ability of a mixed population of siRNAs to inhibit viral replication without allowing the 

generation of escape mutants was initially tested by transfecting P19 mouse embryonic 

carcinoma cells with a plasmid expressing the poliovirus receptor together with a 1-kb-

long dsRNA corresponding to the poliovirus type 1 capsid region (dsC). P19 cells have 

the ability to initiate RNAi by converting long dsRNA into siRNAs without triggering an 

interferon response32. The poliovirus titer was reduced more than 1,000 fold after 
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treatment with dsC dsRNA (Fig. 6A), while control dsRNA (dsL, corresponding to 1,000 

nucleotides of the luciferase gene) had no effect on viral production. This inhibition was 

sequence specific, as poliovirus type 3, which shares only 54% nucleotide identity with 

type 1 in the targeted capsid region, was not inhibited by dsC. Importantly, due to the 

emergence of escape mutants, siP only inhibited viral replication at early times post-

infection (<10 h), while dsC inhibited poliovirus replication for the entire duration of the 

experiment (60 h), which represents at least six replication cycles (Fig. 6A). Because long 

dsRNA elicits a nonspecific antiviral response in a majority of eukaryotic cells, we 

examined whether targeting viral sequences with multiple siRNAs would prevent the 

emergence of escape mutants. The efficiency of RNAi was examined in viral populations 

obtained during serial passages in the presence of individual siRNAs or a mixture of 

enzymatically produced siRNAs (esiRNAs)33. We generated esiRNAs by bacterial RNase 

III digestion of a 1-kb-long poliovirus capsid dsRNA dsC (esiC) or luciferase dsL (esiL) 

control. Transfection of esiC protected HeLa cells against type 1 poliovirus but not 

against type 3. In contrast, cells treated with esiL control remained susceptible to both 

viral strains. Most importantly, we observed no reduction of the antiviral effect with each 

subsequent passage, indicating that the virus remains susceptible to RNAi even after 

several consecutive treatments (Fig. 6B). This was directly confirmed by sequencing the 

1-kb targeted region from viruses obtained after the third passage under esiC or esiL. We 

observed only one mutation out of six independent clones derived from esiC-treated 

viruses and no mutations in three clones of esiL-treated viruses (data not shown). We 

conclude that treatment with esiRNAs provides an efficient approach to inhibit virus 

replication and, strikingly, does not allow for selection of escape mutants over the limited 
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number of generations in our experiment (approximately six to eight rounds of 

replication).  
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Discussion 

 The rules of siRNA-target recognition have been examined employing diverse 

siRNAs with nucleotide substitutions15,17,21,24,34. Here, we present a novel approach to 

study RNAi specificity that exploits the ability of viruses to rapidly generate 

a spectrum of resistant mutants. Importantly, by analyzing a single siRNA per target 

region, our analysis is not biased by the specificity of the siRNA processing machinery 

(i.e., association with RISC and unwinding)26,27. While observing coding sequence does 

have its drawbacks, our results provide insight into the rules of target recognition by 

siRNAs. We find that some positions, notably the center of the siRNA, are critical for 

recognition (Fig. 1 to 3). Mutations at either side of the central position are also effective 

at blocking siRNA inhibition. In addition, the 3΄ end of the target sequence plays an 

important role in the target selection by siP (pG18A and pU19A). Strikingly, our study 

also demonstrates that the RNAi machinery is exquisitely sensitive to the nature of the 

mismatches. For example, pA12G, which produces a G:U mismatch, abolishes RNAi 

targeting much more efficiently than pA12C or pA12U (Fig. 3B), which results in less 

stable C:U or U:U base pairing35. Thus, it appears that the RNAi machinery does not rely 

solely on the thermodynamic characteristics of the duplex to select cognate target RNAs. 

Instead, RISC seems to discriminate based on the architectural and structural properties 

of the siRNA-target RNA duplex. Notably, mutations that do not confer effective 

resistance to siRNA by themselves (e.g., pC6U and pU9C) were repeatedly isolated in 

double-mutant clones (compare Fig. 2 and 3). This observation suggests that RISC can 

detect mismatches in a cooperative manner. This may contribute to the overall specificity 

of the RNAi targeting process. The spectrum of mutants studied here is limited by the 
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nucleotide misincorporation frequency at each given position and by the viability of the 

resulting virus. This constrains the mutations largely, although not exclusively to the 

wobble positions in the codons and does not allow interrogating each position of the 

target sequence. However, we find that some locations within the noncoding regions can 

be effectively targeted by RISC (Fig. 4). Thus, the analysis of escape mutants resistant to 

siRNAs that target sequences in the noncoding regions should help to understand basic 

rules that govern siRNA-target recognition. Our analysis has important implications for 

the use of RNAi as an antiviral therapy. We find that a single substitution within the viral 

RNA is sufficient to render siRNAs ineffective within only a few replication cycles, even 

at highly conserved target regions. The very high viral mutation rates, coupled with the 

enormous genome heterogeneity in viral quasispecies, make it unlikely that defined, 

single siRNAs can be effective against viral pathogens. However, the plant RNAi 

machinery is very effective in combating viruses using the entire length of viral genomes 

a source of siRNAs. This should result in a complex mixture of siRNAs, which cannot be 

evaded through a limited number of mutations in the viral genome. Indeed, a 1-kb 

dsRNA is potentially capable of forming up to 980 different siRNAs, which should 

prevent the emergence of resistant viruses. Initial evidence in plant virus systems 

suggested that viral evasion is restricted by expression of long dsRNA in transgenic 

crops36. We have now directly examined this issue in a human virus. We found that 

transfection of long dsRNA prevents the emergence of viral escape mutants. Thus, the 

use of long dsRNA may constitute an effective therapy against human and other 

mammalian viruses. Unlike plants and invertebrates, mammals seem to have multiple 

pathways of reacting to long dsRNA, some of which may lead to a general translation 
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shutoff37 and possibly unwanted side effects38. Therefore, we also examined an 

alternative approach to elicit silencing using dsRNA enzymatically processed into 

siRNAs. This method also proved effective at preventing the emergence of escape 

mutants, as confirmed by viral titers and genome sequencing (Fig. 6 and data not shown).  

In summary, we demonstrate here that generation of escape mutants can be prevented by 

targeting long portions of the virus genome with dsRNA, which is an RNAi equivalent to 

multi-drug therapy with hundreds of targets. Since the approach described here is a 

straightforward sequence of enzymatic reactions (reverse transcription-PCR [RT-PCR], 

transcription annealing, and perhaps RNase III digestion), it is extremely versatile due to 

its speed, low cost, and uniformity in use against different viruses. In fact, it may be 

useful even when the exact sequence of the viral genome is not known in advance, so 

long as PCR primers used for its amplification are specific. In this way, we suggest that 

the viral capacity to escape RNAi-based therapies can be restricted. 
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Figure Legends 

 

Fig. 1. Polioviruses resistant to siC. A) Population sequencing of the viral siC region in 

siC-transfected cells. siCtrl, virus grown in cells transfected with control (rhinovirus-

specific) siRNA after two passages; P1, a representative viral population after one 

passage in siC-transfected cells; P3, P1 following two additional passages under siC. 

Arrows point to the newly arising mutation. B) Mutants in the siC region, engineered into 

the infectious clone of poliovirus. Numbers and arrows indicate the position of each 

mutation. C) Titers of wild-type and mutant viruses following infection in HeLa cells 

transfected with siC (leftmost black bars), siP (middle gray bars), and siL (luciferase) 

(white bars). Infections were done at a multiplicity of infection (MOI) of 10 and 

produced virus collected at 8 h post-infection. D) Competition assay between cU11C 

andcU8C. cU11C and cU8C were mixed at a 1:1 ratio and passaged twice with control 

(siCtrl)- or siC-transfected cells. The resulting population was analyzed by sequencing an 

RT-PCR product corresponding to the target region. Black dots indicate the positions of 

mutations (nucleotides 8 and 11). 

 

Fig. 2. Polioviruses resistant to siP. A) Population sequencing of the viral siP region after 

one passage in siP-transfected cells. Arrows indicate newly arising mutations.  

B) Sequences of individual viral genomes in the siP region appearing after 10 passages. 

Only nucleotides different from the wild-type sequence (shown on top) are spelled out. If 

a sequence was isolated more than once, then the number of isolations is given in the 

column second from the left. Six viral populations (numbered on the left as 1 to 6) were 
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sequenced. Populations 1 to 3 are derived from passaging virus at an MOI of 10, and 

populations 4 to 6 are derived from passaging virus at an MOI of 0.1. Population pairs 1 

and 4, 2 and 5, and 3 and 6 were related, as each pair was derived from one viral stock 

following two initial passages under siP. C) Frequency of each mutation observed in 

siP-resistant viral population. Poliovirus was collected after 10 rounds of replication in 

siP-transfected HeLa cells. The target region was amplified by RT-PCR and cloned, and 

70 clones were analyzed by sequencing. The mutation frequency was calculated as the 

number of times that a particular position was mutated divided by the total number of 

sequences analyzed. 

 

Fig. 3. Contribution of individual mutations to siP-resistance of poliovirus. A) Sequences 

corresponding to the wild type (WT) and the siP escape mutants. B) HeLa cells treated 

with either siP (white bars) or control siRNA (black bars) were infected at an MOI of 1. 

Virus was collected, and titers were determined after 10 h. siC infections were done in 

triplicate; error bars denote standard deviations. 

 

Fig. 4. Targeting poliovirus with let-7 microRNA. A) Schematic representation of 

recombinant poliovirus carrying let-7 sequences. Either the identical let-7 RNA sequence 

[Let-7 (+)] or the anti-sense let-7 RNA [Let-7 (-)] was inserted at position 703 of the 

poliovirus genome. B) After transfection of viral RNA into HeLa cells, viral titers were 

determined by infectious focus assay. (C) Population sequencingof the region in which 

let-7 (-) or let-7 (+) sequences were inserted. The top sequence corresponds to the starting 

viral RNA before replicating in HeLa cells. Let-7 (-)/P1 (middle sequence) corresponds 
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to a representative viral population after one passage in HeLa cells. Let-7 (+)/P1 (bottom) 

corresponds to Let-7 (+) virus after one passage in HeLa cells. Arrows indicate an A-to-G 

transition mutation arising in Let-7 (-) populations. 

 

Fig. 5. Relative escape strength of each mutation. A) Schematic of the experiment. Two 

consecutive passages of a 1:1 mixture of the mutant viruses were performed with cells 

transfected with either siP or a control anti-rhinovirus siRNA. A change in the proportion 

of a given mutant after two passages was detected by RT-PCR and sequencing, as shown 

in Fig. 1D. Three siC mutants B) and five siP mutants C) were competed against each 

other. An increase in the proportion of a mutation in a given competition assay, defined 

as a winning trial, was scored as 1, a decrease was scored as 0, and no change in 

proportions was scored as 0.5. Each table (B and C) shows the scored mutants on the left, 

followed by their scores against each competing mutant (top). The fraction of winning 

trials (Fraction) was then calculated as the number of winning trials divided by the total 

number of trials. This allowed us to determine the relative escape efficiency of each 

mutation along the targeted region in the graphs shown on the right of panels B and C. 

 

Fig. 6. Strategy to prevent development of RNAi-resistant viruses. A) Titers of type 1 and 

type 3 strains grown in P19 cells transfected with 1-kb-long dsRNA corresponding to the 

poliovirus type 1 genome (dsC), dsRNA to firefly luciferase (dsL), or siRNA siP or 

siCtrl. B) Inhibition of poliovirus type 1 after consecutive passages in HeLa cells 

transfected with siRNAs siP and siCtrl or to esiRNAs prepared from dsC (esiC) and dsL 
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(esiL). Viral titers are shown after each of three consecutive passages (P1, P2, and P3). 

For panels A and B, a scheme of the experiment is shown on top; see the text for details. 
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Figure 4 
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Figure 6 
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Chapter 6. Inhibition of multiple species of picornavirus using a 

morpholino oligomer targeting highly conserved sequence 
 

Abstract 

 Members of the genera Enterovirus and Rhinovirus (family Picornaviridae) cause 

a number of human health problems, including polio, acute hemorrhagic conjunctivitis, 

hand-foot-and-mouth disease, aseptic meningitis, and the common cold. An established 

vaccine is currently only available for poliovirus, at least in part because of the large 

number of serotypes found with these viruses. Likewise, no highly effective therapeutic is 

presently available for treatment of any of these pathogens. Peptide-conjugated phosph-

orodiamidate morpholino oligomers (PPMO) are a class of single-stranded-DNA-like 

antisense agents. In our hands, several PPMO, each individually designed against IRES 

sequence in human rhinovirus 14(HRV14), Coxsackie virus B2 (CVB2) or poliovirus 1 

(PV1) was capable of reducing replication of the targeted virus, while a combination of 

PPMO could reduce PV1 titers up to 6.5 logs in cell culture. Further sequence analysis 

led us to then design a PPMO (EnteroX) against 22 nucleotides of sequence perfectly 

conserved across all rhinoviruses and enteroviruses, targeted to the 3΄ base of stem-loop 5 

of the IRES. EnteroX reduced replication of HRV, CVB2, and PV1 in cell-culture similar 

to that of other IRES-specific PPMO. Resistant PV1 were generated in cell culture after 

several passages with EnteroX treatment, and were found to have two mutations within 

the EnteroX target sequence. Even so, cPVR transgenic ICR mice treated once daily by 

intraperitoneal (IP) injection with EnteroX either before and/or after IP infection with 

3×108 plaque forming units(PFU) of PV1(3X the 50% lethal dose(LD50)), had about 80% 

higher survival than mock-treated mice. Plaque titer assays of various infected tissues 
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taken at day 5 post-infection showed reductions of more than 3, 4, and 5 logs of virus in 

small intestine, spinal cord and brain, respectively. These results indicate that EnteroX 

has potential as a therapeutic with broad applicability, and warrants further development. 
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Introduction 

 The family Picornaviridae features great genetic, antigenic and pathogenic 

diversity. Although individual picornavirus species are restricted in the specific host 

tissues that they are typically able to infect, virtually all human organ systems can be 

damaged by one or another member of this family1. Taxonomic speciation is based partly 

on antigenic character, and over 230 distinct serotypes are recognized and grouped into 9 

genera, 5 of which regularly cause diseases relevant to humans2. The diverse spectrum of 

human diseases caused by members of this family includes poliomyelitis, the common 

cold, myocarditis, hand-foot-and-mouth syndrome, aseptic meningitis and hepatitis A3.  

 The Picornavirus genome is a single strand of positive polarity RNA usually 

around 7.5 kb in length, possessing a covalently linked protein (VPg) at the 5΄ terminus, 

and a 3΄-terminal polyA tail4. 5΄ and 3΄ untranslated regions (UTRs) flank the single open 

reading frame and are known to have various important roles in viral translation, RNA 

synthesis, and virion assembly5. Picornavirus replication takes place in the cytoplasm of 

the host cell, and while viral proteins affect nuclear activities6, no event of the viral life 

cycle is known to occur in the nucleus. Viral genomic RNA is translated into a single 

large polyprotein, which is subsequently cleaved into 10 (or so) final proteins by viral-

encoded proteases, early in the replication process3,4. The 5΄ UTR of all Picornaviruses is 

unusually long, averaging around 700 nt, and contains an internal ribosome binding site 

(IRES), a region that mediates the initiation of viral RNA translation several hundred nt 

downstream of the 5΄ terminus, in a cap-independent manner7. Three major types of IRES 

configurations have been defined, based on predicted RNA secondary structure8.  

Picornavirus species of the Enterovirus and Rhinovirus genera possess a type I-, the 
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Cardiovirus and Aphtovirus genera a type II-, and the genus Hepatovirus a type III-IRES. 

Although the functional role of the three types of IRES regions is identical, there is little 

similarity in sequence or secondary structure between them9. The Enterovirus and 

Rhinovirus are closely related genera , and both cause significant global disease burden1. 

Human rhinoviruses (HRV) are rarely fatal, but are the most prevalent cause of the 

common cold and are responsible for a great deal of respiratory tract illness, and the 

subsequent high economic loss10,11. The Enterovirus genus includes the polioviruses 

(PV), coxsackieviruses, echoviruses and enteroviruses, and can cause a wide variety of 

disease, ranging from non life-threatening enteric or respiratory illness, or rash (hand-

foot-and-mouth disease), to severe and potentially fatal aseptic meningitis, encephalitis, 

neonatal systemic enteroviral disease, hemorrhagic conjunctivitis, and poliomyelitis12. 

Enteroviral infections result in 30,000 to 50,000 hospitalizations yearly in the US13. Over 

100 rhinovirus serotypes14, and 60 of enteroviruses15, have been identified, many of 

which in turn feature further antigenic variation, making vaccines, and other therapies 

which are reliant on an effective adaptive immune response, difficult to develop. There 

are currently no commercially available therapeutics that have been approved by the FDA 

for use against any of the rhinoviruses or enteroviruses16,17, and a vaccine exists only for 

poliovirus.  

 Considering the morbidity caused by rhinoviruses and enteroviruses, as well as 

the complete lack of FDA-approved drugs and modest results of past drug development 

efforts, new approaches to the development of therapeutics are clearly desirable. Small 

molecule compounds in development thus far appear limited in promise, due variously to 

high toxicity or low efficacy, stability, or solubility17. Large molecule compounds 
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designed to target viral RNA are mostly early in the development process, but several 

appear to hold promise. Phophorothioate DNA antisense was used successfully in vitro 

and in vivo against Coxsackievirus B3 (CVB3)18-20, RNA antisense against Foot and 

Mouth Disease virus (FMDV)21, and RNAi against a number of picornaviruses22-26. 

 Phosphorodiamidate morpholio oligomers (PMO) are a structural type of 

uncharged antisense agent with individual subunits consisting of a DNA base connected 

to a morpholine ring and phophorodiamidate linked backbone27. PMO are usually 

synthesized to 18-25 subunits in length, are highly nuclease resistant, water soluble, and 

function via Watson-Crick base pairing with complementary RNA28,29. PMO interfere 

with gene expression by steric blockage30, and are usually designed to target mRNA 

sequence involved in one or more of the major early events in translation: pre-initiation at 

the 5΄-terminus, 48s-ribosomal complex scanning of the 5΄UTR, or initiation at the AUG-

codon ‘start-site’. PMO can be conjugated to various arginine-rich peptides in order to 

enhance both uptake into cells and antisense efficacy31,32. PMO and peptide-PMO 

(PPMO) have demonstrated considerable efficacy against a number of RNA viruses in 

cell-culture33-37 and against Ebola virus and CVB3 in vivo20,38,39. 

 For this study, two separate sets of PPMO were designed, one against HRV14, the 

other against PV (Mahoney strain), with each individual PPMO targeting a different viral 

RNA sequence of interest. In cell culture challenges, each PPMO exhibited a specific 

level of antiviral activity, ranging from none to high. The most highly active PPMO in 

each set were those designed to target sequence at the 3΄ region of the IRES for each 

respective target virus. One such PPMO called HRV-EnteroX, designed to target IRES 

sequence highly conserved across all rhinoviruses and enteroviruses, was highly active in 
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cell culture experiments against HRV14, PV1, and clinical isolates of CVB2. As well, 

PV-EnteroX effectively inhibited PV1 in infected mice, and is a candidate for 

development as a therapeutic with potentially broad utility. 
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Materials and Methods 

PPMO synthesis. PMO is a single-stranded DNA mimic, having a morpholine ring in 

place of each riboside moiety and phosphorodiamidate instead of phosphorodiester 

intersubunit linkages27. The arginine-rich peptide (ARP) NH2-RRRRRRRRRFFC-

CONH2 was covalently conjugated to the 5΄ end of each PMO.  The synthesis, 

conjugation, purification and analysis of R9F2C-PMO (PPMO) compounds were identical 

to procedures described previously31. Each PPMO in this study was 19-24 bases in 

length. Two sets of PPMO were designed; one set to be complementary to target 

sequences in the HRV14 genome, the other against the PV1 (Mahoney) genome. See 

Table 1, Fig. 1, and Results for PPMO sequences and target locations. To control for non-

sequence-specific activity of the R9F2C-PMO chemistry, two nonsense control PPMO 

with ~50% G/C content were randomly generated, screened using BLAST 

(http://www.ncbi.nlm.nih.gov/BLAST/) against all primate mRNA and 

picornaviral sequences, and prepared in a manner identical to the antisense 

PPMO. Lyophilized PPMO were diluted to 2mM using filter-sterilized distilled water and 

were stored at 4°C. 

Cells, viruses, and plasmids. HeLa cells (ATCC CCL 2.2) were grown in tissue culture 

flasks in Dulbecco's modified Eagle medium-nutrient mixture F-12 (Ham) (1:1) 

(CellGro), supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml of 

penicillin and streptomycin, and 10% newborn calf serum (GibcoBRL). SK-N-MC cells 

(ATCC HTB-10) and Vero cells (ATCC CCL-81™) were grown in tissue culture flasks 

in Eagle minimum essential medium, supplemented with 2 mM L-glutamine and Earle's 

BSS adjusted to contain 1.5 g/L sodium bicarbonate, 0.1 mM non-essential amino acids, 
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and 1.0 mM sodium pyruvate, 100 U/ml of penicillin and streptomycin, and 10% 

newborn calf serum (GibcoBRL). Wildtype poliovirus type 1 Mahoney was used 

throughout this study. The Coxsackie B virus used was from a clinical isolate passaged 

once in cell culture. Plasmid prib(+)XpA contains the cDNA of poliovirus preceded by 

the hammerhead ribozyme and the T7 RNA polymerase promoter permitting the 

generation of infectious synthetic RNAs. Plasmid pRib(+)RLuc contains the cDNA of a 

poliovirus replicon in which the P1 region encoding capsid proteins was substituted with 

the gene encoding the Firefly Luciferase40, plasmid HRV14/ΔP1Luc contains the cDNA 

of a human rhinovirus 14 replicon in which the P1 region encoding capsid proteins was 

substituted with the gene encoding the Firefly Luciferase41, and plasmid pRib(+)T7Luc 

contains the cDNA for Firefly Luciferase preceded by the hammerhead ribozyme and the 

T7 RNA polymerase promoter . 

Cell viability assay. HeLa cells were pretreated with PPMO or water (mock treatment) 

and growth media (absent sera) for 6 hours. Cell viability was measured at different time 

points post treatment using the CellTiter 96® AQueous One Solution Cell Proliferation 

(MTS) Assay (Promega) according to the manufacturer’s instructions. Cells were 

incubated with MTS solution for 4 h and the absorbance was measured at 492 nm using 

an ELISA reader. The absorbance of mock-treated cells was set to 100% and the percent 

survival of PPMO-treated cells was based off from this. 

Cell culture and plaque assay. Cells at ~80% confluence were pretreated with either 

PPMO or water (mock-treatment) and growth media (absent sera) for 6 hours (unless 

otherwise indicated), before the cells were rinsed with PBS and then infected with virus 

at the indicated multiplicity of infection (MOI) for 1 h. After 1 h incubation with virus, 
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the inoculum was removed and the cells replenished with virus growth medium (with 

sera) and PPMO or water (except where no post-treatment is indicated) and incubated at 

37○ in 5% CO2 (except HRV14, which was incubated at 34○). At the time points indicated 

post-infection, supernatants and cell lystates were collected and stored at -80○C. Viral 

titers were performed by seeding HeLa cells into 6-well plates (1 x 106 cells/well) and 

incubating for 24 hours at 37○ (34○ for HRV14). Cells at ~90% confluence were washed 

with PBS, and then overlaid with 250 μL of serial 10-fold dilutions of supernatant from 

either clarified cell cultures or tissue lysates. The cells were incubated for 1 h and the 

supernatants removed. The cells were then overlaid with 2 mL of sterilized 1% agar and 

DMEM/F12, incubated at 37○ (34○ for HRV14) for 36 h (PV1) or 72 h (HRV14 and 

CVB2), fixed with 2% formaldehyde for 30 min., and stained with 1% crystal violet. The 

plaques were then counted and the viral PFU/mL was calculated. 

In vitro transcription. Poliovirus or HRV14 transcripts corresponding to full length 

genomic RNA (WT or mutagenized) or replication competent subgenomic RNA 

replicons (pRib(+)RLuc and HRV14/ΔP1Luc) were obtained using a T7 Megascript 

transcription kit (Ambion), while pRib(+)T7Luc was obtained using a mMESSAGE 

mMACHINE® T7 Kit (Ambion) after linearization of cDNA plasmids. The integrity of 

the resulting RNAs was confirmed by gel electrophoresis, and quantity determined using 

a spectrophotmeter.  

RNA replication/translation by luciferase assay. After in vitro transcription of viral RNA 

as described above, the RNA concentration, as determined by spectrophotometric 

analysis, was adjusted to 20 μg/μL. HeLa cells were treated for 4 hours with 10 μM 

PPMO or water (mock treatment), washed three times and suspended in PBS at 5 x 106 
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cells/mL. Next, 800 μL (4 x 106) cells were added to a 0.4 cm cuvette with 20 μg of viral 

RNA and electoporated at 300 volts, 500 μ-farads capacitance, and 24Ω resistance with 

an Electro Cell Manipulator 600 (BTX). Transfected cells were added to 2.2 mL of media 

containing 10uM PPMO or water either with or without 2M guanidine hydrochloride 

(guaHCL). A negative control group of transfected cells was treated with 10 μg/mL 

puromycin. Next, 0.5 mL of transfected cells was dispensed into 24 well plates, incubated 

at 37○ in 5% CO2, and at the times indicated, transfected cells were harvested for 

luciferase activity as previously described 40. Briefly, cells were scraped from the wells, 

clarified, resuspended in 100 μL of Cell Culture Lysis Buffer and 10 μL used with the 

Luciferase Assay System (Promega) in a luminometer.  

Virus RNA isolation, cDNA synthesis, sequencing, mutagenesis. 2x106 HeLa cells were 

infected with passage 12 PPMO escape mutant virus at an MOI of 10 for 1h at 37○ and 

5% CO2. Cells were rinsed with PBS to remove remaining virus and DMEM/F12 media 

added. Infections were allowed to continue for 3 h further, and at 4hours post infection 

(hpi) the media was removed, cells were rinsed twice with ice cold PBS, and total 

cytoplasmic RNA was collected in Cytoplasmic Lysis Buffer (PBS,  0.5% triton X).  

RNA was purifiedwith phenol:chloroform:isoamyl alcohol, quantified by spectro-

photometer and cDNA synthesized by use of the ThermoScriptTM RT-PCR system 

(Invitrogen) and polyA primers. PCR amplified cDNA was used for direct sequencing 

(Elim Biopharmaceuticals, Inc.) and multiple samples analyzed using multiple sequence 

alignment and Chromas software. The observed mutations in the PPMO viral escape 

mutant populations were mutagenized in prib(+)XpA, using appropriate primers 

(available upon request), and the Quickchange Mutagenesis XLII kit (Stratagene). 
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Cloning and plasmid amplification was in SURE® Electroporation-Competent Cells 

(Stratagene). 

One-step-growth curve studies of escape mutants. To determine single cycle growth 

characteristics, wildtype prib(+)XpA and mutagenized prib(+)XpA/Ent-T5, 

prib(+)XpA/Ent-A19, and prib(+)XpA/Ent-T5/A19 were used to synthesize viral RNA 

by in vitro transcription reaction (as above). Cells were transfected (as above) and the 

transfected cells were immediately transferred to 2mL of media (treated with 10 μM PV-

EnteroX) and incubated at 37○ in 5% CO2 until complete cytopathic effect (CPE) was 

observed.  The supernatant and cell lysate was then clarified as previously mentioned and 

used to determine viral titer. The passage 1 (P1) viruses were then used to infect 2 x 106 

HeLa cells (treated with 10 µM PPMO, or untreated) at an MOI of 10. Following 

infection, progeny virus was harvested at different time points by freeze-thaw and titered 

on fresh monolayers by plaque assay. 

PPMO treatment and viral infection of mice. For determination of the 50% lethal dose 

(LD50), 10 week old cPVR transgenic mice expressing the poliovirus receptor were 

treated 48 and 24 h before infection, 1h after infection, and every 24h afterwards for 5 

days (8 treatments) with either PV-EnteroX, Dsscr, or PBS. In each treatment group18 

mice were given IP injections with 200μg of PPMO (except PBS vehicle-control group) 

in 500μL of sterile PBS using sterile 5cc insulin syringes. Mice were infected with 3x108 

pfu of wildtype virus and were monitored daily for onset of paralysis and euthanized 

when total paralysis was reached. LD50 values were determined using the Reed and 

Muench method. For tissue tropism experiments, 18 mice per group were treated either as 

above or without a 24 and 48 h pretreatment. Mice were infected IP with 3x108 pfu of 
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wildtype virus. Each day following infection, 6 mice from each group were sacrificed and 

tissues were removed, washed, and kept on dry ice. Organs were immediately 

homogenized and homogenates were clarified and frozen. Tissue homogenates were then 

titered for virus on HeLa cells by standard plaque assay. 

Statistical analysis. All data was graphed using GraphPad Prism 4 software (GraphPad 

Software, Inc.). The results are expressed as means ± SD. Statistical analyses were 

performed using Student’s t test, where P values less than 0.05 were considered 

statistically significant.
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Results 

PPMO design. Two sets of PPMO were produced; one set of four PPMO designed to 

target specific RNA elements in HRV14, and a second set of eight PPMO against PV1. 

All PPMO were designed to base-pair with viral (+) strand genomic RNA sequence 

thought to be important in the events of translation, RNA synthesis, or encapsidation. 

Other considerations in the design of PPMO included, but were not limited to: i) 

avoidance of PPMO ‘self-complementarity’ or ‘primer-dimer’ formation, ii) including as 

much of the ‘loop’ (e.g. unpaired target nt) as possible when targeting a (putative) stem-

loop structure, iii) targeting viral sequence highly conserved across species or genera. 

Three of the four HRV14 PPMO and four of the eight PV1 PPMO were designed to 

target sequence in the respective viral 5΄UTRs (Table 1). The virus-encoded peptide 

‘VPg’ is covalently bound to the 5΄ terminus of picornaviral genomic RNA. In members 

of the enterovirus-rhinovirus group, the 5΄-most 90 nt or so of the genome form a region 

of highly-ordered structure referred to as the ‘cloverleaf’, or domain I. It has been shown 

that this region of RNA interacts with viral proteins, forming a ribonucleoprotein (RNP) 

complex, and is integral in the choreography of viral RNA synthesis, and probably viral 

translation as well (reviewed in42). PPMO PV-5΄term targets the 5΄ terminal 24 nt of the 

PV-1 genome and PPMO HRV-5΄HP targets 21 of the 27 nt that constitute the HRV 

cloverleaf stem-loop d, a region especially critical in RNP formation42.  

The type-I IRES region comprises nt positions ~130-600 of the 5΄UTR and is ordered 

into five domains (domain-II to -VI) based on RNA secondary structure (reviewed in7). 

PPMO PV-L4 targets sequence in domain IV of PV-1, while PPMO PV-L5, PV1-

EnteroX, and HRV-EnteroX, all target domain V of PV-1 and HRV, respectively (Fig. 
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1a&b). Both domains IV and V are essential for the recruitment and positioning of 

various components required for viral translation, such as the 40s ribosomal subunit, 

initiator tRNA and a number of specific initiation-factor proteins. Specifically, PV-L4 

binds just 3΄ of a poly-C tract known to bind the cellular protein PCBP243,44 

(interestingly, PPMO designed to bind the loop containing the poly-C tract were 

ineffective at inhibiting PV1). PV-L5 binds domain V on the large 14 nt loop (nt 511-

524) structurally adjacent to nt shown to be involved the recruitment of standard 

translation initiation factor eIF4G45, and in the reduction of neurovirulence of the Sabin 

vaccine strains of poliovirus46. PV-EnteroX and HRV14-EnteroX target the 3΄ base of 

IRES-stem-loop 5, sequence with high conservation across both rhinoviruses and 

enteroviruses (Fig. 1c). 

In another effort to disrupt translation initiation, PPMO HRV-AUG and PV-AUG were 

designed to target the region that includes the translation initiator AUG-codon of each 

respective virus. Although multiple AUG codons are present in the 5΄UTR of 

Picornaviruses, each viral species employs only one characteristic AUG for its translation 

initiation, and its identity in HRV14 and PV1 has been established47.  

Members of the enterovirus-rhinovirus group each contain an RNA stem-loop structure 

of 60-80 nt, the cis-replicating element (cre), within the protein-coding portion of their 

genomes, that is required for efficient RNA synthesis. The HRV and PV1 cre differ in 

sequence, structure, and location in their respective genomes, yet have been shown to 

have similar functions in negative-strand synthesis (reviewed in42). PPMO HRV-cre and 

PV-cre are designed to base-pair with sequence located in the cre of HRV and PV1, 

respectively. 
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The PV translation stop-codon region is targeted by PPMO PV-stop, in an effort to 

interfere with the proper disassembly of the 80s ribosomal complex from viral RNA 

during translation termination.  

The polyA tail at the 3΄ end of picornaviral RNA is genetically encoded and is thought to 

have a regulatory role in negative strand RNA synthesis,42,48 along with its well-

established function of augmenting RNA stability. PPMO PV-pA is designed to duplex 

with the 3΄-terminal 12 nt of the genome as well as the first 7 ‘A’ residues of the PV 

polyA tail. 

PPMO are not toxic to cells at therapeutic doses. Even though the PPMO used in this 

study were designed to specifically target PV1, HRV14 or other enterovirus sequences, it 

is possible that they can at least partially bind to cellular mRNA and cause off-target 

effects. To evaluate the effect of PPMO on cell health we treated uninfected HeLa cells at 

five concentrations and assayed mitochondrial health by MTS assay 24 hours post 

treatment (Fig 2a). PV-L4/-L5 or scrambled control (Dsscr) PPMO only inhibited MTS 

values 0-10% at the therapeutic dose (10 uM).  To rule out the possibility that cells were 

more affected by PPMO over time, the affect on cell health of a set dose of PPMO (10 

uM), was determined in uninfected HeLa cells by MTS assay from 10 to 69 hours post 

treatment, with the finding that no PPMO inhibited MTS values more than 25% at any 

time, while PV-L4 was the only PPMO showing any significant cellular toxicity. (Fig. 

2b). Finally, to determine the dose of PV-EnteroX that was lethal to 50% of HeLa cells in 

cell culture (CC50), uninfected HeLa were treated with seven concentrations of PV-

EnteroX and mitochondrial health determined by MTS assay 24 hours post treatment (Fig 

2c). The CC50 of PV-EnteroX under these conditions was 52 μM. Similar results were 
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found when treating SK-N-MC cells (a human neuroepithelioma cell line) (data not 

shown). 

Viruses are inhibited by PPMO targeting IRES translation elements. The relative 

antiviral efficacy was determined for each of the HRV14 and PV PPMO (Table 1). HeLa 

cells were pretreated for 6 hours with PPMO at 2, 5 and 10 μM before infection with 

either PV1 at 0.1 or HRV14 at 0.03 MOI. Virus inhibition was measured by standard 

plaque assay at 24 (PV1) or 48 (HRV14) hpi (Table 1 and data not shown). In this study 

the only effective PPMO were those that targeted translation elements in the viral 

genome, including those that target the IRES and those that target the AUG translation 

start site. Most PPMO that were shown to be effective had an EC50 of ~10 μM (table 1).  

 Since the selectivity index (SI) is a common method for scoring the clinical 

efficacy of a compound, we next determined the SI of PV-EnteroX (Fig. 2c). To find the 

concentration of PPMO that effectively inhibited 50% (IC50) of virus, HeLa cells were 

treated as previously with 2 – 100 μM of PV-EnteroX and then infected with 0.1 MOI of 

PV1 for 21 h. Virus titers were determined by plaque assay, graphed using GraphPad 

Prism 4 software (Fig. 2c) and the IC50 was determined to be 2.1 μM, while a dose of 10 

μM PPMO decreased the viral titer ~4 logs. From this data and the previously determined 

CC50, we then determined the selectivity index (SI) of PV-EnteroX by the formula 

CC50/IC50 (52 μM /2.1 μM), to obtain an SI of 24.8 under these conditions. Similar results 

were found when treating and infecting SK-N-MC cells (data not shown). 

 While treatment with PPMO using the above conditions effectively decreased 

viral titers by ~3-5 logs, there was still a significant amount of uninhibited virus left (Fig. 

2c and 3a). As we had previously shown that treatment with a combination of siRNA was 
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a more effective treatment strategy for inhibiting poliovirus than treatment with a single 

siRNA49, we decided to see if treatment with  two PPMO was more effective at inhibiting 

PV1 than treatment with a single PPMO. As shown in Fig. 3a, combining two PPMO 

(PV-L4/-L5) was more effective at inhibiting PV1 at all time points after infection, and 

consistently decreased viral titers ~1-3 logs more than single PPMO treatment (Fig. 3a 

and data not shown). Other combinations of PPMO showed similar results as those in 

Fig. 3a (data not shown).  

PPMO efficacy is dependent on the amount of virus. To investigate whether there was a 

difference in PPMO efficacy when inhibiting different amounts of virus, HeLa cells were 

infected with HRV14 at either a MOI of 0.00013 or 0.03 and incubated for 48 h in the 

presence of 5 μM PPMO. Supernatants were assayed for viral titers by plaque assay. At a 

MOI of 0.00013 (Fig. 3b) all PPMO were able to reduce the production of virus, while at 

a MOI of 0.03 (Fig. 3c) only the IRES specific PPMO (HRV-EnteroX) effectively 

reduced virus production. The replication signal specific PPMO HRV-5΄hp and HRV-cre 

were unable to prevent viral production at a MOI of 0.03. 

PPMO HRV-EnteroX inhibits multiple enteroviruses. Since HRV-EnteroX was designed 

to target a region of the IRES which is highly conserved among human enteroviruses/ 

rhinoviruses, we determined the effectiveness of this PPMO against clinical samples of 

PV and CVB2 isolated from symptomatic children. The viruses were passaged once in 

Vero and once in HeLa cells prior to the assay. HeLa cells were pretreated with either 

control PPMO, HRV-EntroX, or other PPMO specific only to HRV (HRV-5΄hp and 

HRV-cre) for 4 h before infection with either PV or CVB2 at a MOI of 0.05. After a 1 h 

infection, fresh media was added (without PPMO) and the cells were incubated at 37○ in 

 202



5% CO2 for 48 h. Supernatants were collected as described previously and viral titers 

determined by plaque assay. Only the IRES specific PPMO (HRV-EntroX), targeting a 

conserved IRES element in HRV, PV and CVB2 was able to inhibit viral titers (Fig. 3d 

and data not shown), confirming the specificity of this PPMO for conserved sequences. 

None of the other HRV14 sequence specific PPMO (HRV-5΄hp and HRV-cre) were able 

to inhibit replication of PV or CVB2. It should be noted that HRV-EntroX and PV-

EntroX target the same sequence in stem-loop 5 of the IRES, although HRV-EnteroX has 

two extra nucleotides at the 5’ end of the PPMO, which are not found in PV-EnteroX. 

Even so, both of these PPMO were shown to similarly inhibit both PV1 and HRV14 (Fig. 

2c and data not shown). 

Only PPMO targeting translation elements of the IRES specifically restrict translation. 

Since most evidence to date has suggested that PPMO inhibit their viral targets by 

interfering with translation, we next decided to use an in vitro translation system to 

further investigate how PPMO interfere with viral production. We first transfected PPMO 

pre-treated HeLa cells with in vitro transcribed RNA from either the IRES-translated PV1 

luciferase replicon pRib(+)XpALuc, or from the 5΄-cap-translated luciferase replicon  

pRib(+)RLuc. Transfected cells were then placed in media containing PPMO, PPMO and 

guaHCL, or puromycin, taken at 1hour time point’s post-transfection, and then 

translational activity was determined by measuring luciferase production in a 

luciferometer. GuaHCL is a known inhibitor of PV1 replication50, while puromycin is a 

well known inhibitor of translation51, and both were used as negative controls in this 

experiment. As seen in Fig 4b, 10 μM PV-EnteroX (as well as PV-L4/PV-L5, data not 

shown) treatment inhibited pRib(+)XpALuc translation, as measured by production of 
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luciferase, as effectively as treatment with 10 μg/mL puromycin. However, PV-EnteroX 

did not inhibit translation of the 5’-cap-translated luciferase replicon pRib(+)RLuc (Fig. 

4c), evidence that PPMO require a specific target for inhibition and do not globally 

inhibit translation. Finally, a similar assay was performed in rabbit reticulocyte lysate, 

with a fixed amount of in vitro transcribed RNA from the human rhinovirus 14 replicon 

HRV14/ΔP1Luc, in the presence of a molar excess of the different PPMO specific for 

HRV14. As is seen in Fig 4e, only PPMO that target translation elements in the replicon 

IRES (HRV-AUG/HRV-EnteroX) were able to effectively inhibit translation, whereas 

PPMO designed to target replication elements (HRV-5’hp/HRV-cre) were much less 

effective at inhibiting HRV14/ΔP1Luc in this assay. 

Poliovirus escapes antiviral effects of PPMO with target-specific mutations in cell 

culture. While PPMO were shown to effectively inhibit viral production (Fig. 2c), RNA 

viruses such as poliovirus are well known for their ability to escape the effects of anti-

viral compounds. We therefore attempted to determine whether we could generate escape 

mutants to the PPMO used previously in these experiments. PV1 was passaged in HeLa 

cells in the presence of PPMO under conditions similar to those used previously (Fig. 2c 

and 3a).  As seen in Fig 5a, PV1 was capable of escaping the antiviral effects of PPMO 

PV-L4 and PV-L5, within as few as three passages. Even so, it should be noted that 

extremely long periods of infection were required (96+ hours), and that passage 2 often 

required a “recovery passage”, with treatment occurring in a decreased concentration of 

PPMO (5 μM).  These altered conditions were especially required when PV1 was treated 

with more than one PPMO (PV-L4/-L5), where many more passages were required to see 

effective escape. In order to determine the specific viral mutations responsible for escape, 
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if any, late passage ‘escape’ populations were then utilized to isolate viral RNA that was 

then used to generate cDNA using standard RT-PCR methods. The entire PV1 genome 

was sequenced for each ‘escape’ population, and analysis showed specific mutations only 

within the PPMO target regions. Interestingly, after three independent series were 

passaged and sequenced, and whether virus passages were treated with one or two 

PPMO, only two unique mutations ever arose within any single target site. This suggests 

either that only specific escape mutations allow for effective viral escape, or that the 

particular mutations found were the most effective at allowing for escape, thereby being 

the only mutations detected under these conditions. For example, PV1 treated with 

PPMO PV-L4 generated two unique escape mutations, both G to A nucleotide changes, 

leading to C:A mismatches near the 5΄ and 3΄ termini of the PPMO. These mutations 

were labeled based on their position in the target region, PV1 L4-A3 (for a change to A at 

nucleotide 3 of the target) and PV1 L4-A21. PV1 treated with both PPMO PV-L4 and 

PV-L5 also generated mutations PV1 L4-A3 and L4-A21 in the L4 target region. PV1 

treated with PPMO PV-L5 also generated two mutations, both near the 5΄ and 3΄ termini 

of the PPMO, and labeled PV1 L5-T6 and PV1 L5-T18. Mutation L5-T6 was a C to T 

change at nucleotide position 6 in the L5 target region leading to a G:T mismatch, and 

mutation L5-T18 was a A to T change leading to a T:T mismatch. Interestingly, the third 

set of mutations found in the PV1-EnteroX treated populations, also contained mutations 

which coincided with nucleotides near the 5΄ and 3΄ termini of the PPMO. These 

mutations included a C to T change at nucleotide 5 of the target, leading to a G:T 

mismatch, and a G to A change at nucleotide 19 of the target, leading to a C:A mismatch. 

So being, of the 6 different mutations found, 3 were G to A mutations which caused G:T 
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mismatches, 2 were C to T changes which led to G:T mismatches, and 1 was an A to T 

mutation that led to a T:T mismatch. Now that we had identified the putative escape 

muatations, our next goal was to characterize whether any or all of these mutaions indeed 

allowed for escape from PPMO inhibition. So being, we designed oligomers that were 

then used with the Quickchange Mutagenesis XLII kit (Stratagene), in order to create 

viral plasmids containing either single or double PPMO-escape mutations. These mutant 

plasmids were confirmed by sequencing and then in vitro transcribed to generate viral 

RNA which was then transfected into HeLa cells that had been treated with the 

appropriate PPMO. This P0 population of virus was then used in growth kinetics 

experiments to determine the characteristics of these mutant virus populations.  It was 

found that all of the mutant viruses grew at or near wildtype levels (Fig.5b and data not 

shown) absent the presence of PPMO. In the presence of PPMO, all mutants obtained 

much higher titers than wildtype, and reached titers similar to wildtype virus absent the 

presence of PPMO (compare Fig. 5c with Fig. 5b). 

PV-EnteroX inhibits PV1 production in vivo and protects mice from a lethal infectious 

dose of virus. Since PPMO were so effective at inhibiting PV1 in cell culture, we decided 

to address the more practical question of whether PV1 could effectively be inhibited in 

vivo in a mouse model. So being, we pre-treated 10 week old cPVR transgenic mice 

expressing the poliovirus receptor with 200μg of either PV-EnteroX or Dsscr PPMO (or 

500μL sterile PBS as control), both 48 and 24 h before IP infection with 3x108 pfu (3 

times the LD50) of wildtype virus. After IP infection, the mice were then treated daily 

with 200μg of PPMO for five days post-infection. Three mice from each treatment group 

(Dsscr, PV-EnteroX, or PBS) were sacrificed on days 2, 3 and 5 post-infection and tissue 
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samples collected.  Infected tissue samples were homogenized and clarified and viral 

titers were determined by plaque assay. Viral titers were determined for commonly 

infected tissues, such as large and small intestine, feces, spleen, muscle, spinal cord, and 

brain. Interestingly, while viral titers were similar between PV-EnteroX- and control-

treated groups for some tissues, such as large intestine, spleen and muscle, other tissues 

such as small intestine, spinal cord, and brain showed greatly decreased viral titers in the 

PV-EnteroX-treated mice (Fig. 6a-6c and data not shown). Importantly, mice that were 

treated with PV-EnteroX were strongly protected from the paralytic symptoms of 

infection and from subsequent death (Fig. 6d). 
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Discussion 

Poliovirus is naturally transmitted exclusively in humans, although nonhuman primates 

and poliovirus receptor (PVR) transgenic mice are parenterally susceptible to infection. 

In humans poliovirus first infects and replicates in the gut mucosa, and from there drains 

into cervical and mesenteric lymph nodes and the blood, causing a transient viremia52. 

Normally, poliovirus causes minor nonspecific symptoms such as fever and malaise, 

although in a small number of infected individuals (~1-2%), the virus invades the central 

nervous system (CNS), and the subsequent death of motor neurons within the spinal cord 

then lead to muscle paralysis and possibly death. While PVR transgenic mice are not 

orally susceptible to poliovirus infection, IP infection has been shown to closely mimic 

the infection seen in humans and other primates53-55. The LD50 for PVR transgenic mice 

is ~1x108 pfu when injected IP or intravenously (IV), but is lower (~1x106 pfu) when 

injected intramuscularly (IM)53,56. While an effective vaccine against poliovirus was 

introduced in the mid 1950’s and early 1960’s, poliomyelitis is still endemic in some 

areas of the world, and the incidence of other enterovirus infections is on the rise. So 

being, therapeutics that can rapidly and specifically target these viruses are sorely needed. 

While the in vivo use of siRNA and other nucleic-acid therapeutics as antiviral therapies 

has been studied extensively enough to have been reviewed57,58, only one research study 

utilizing PPMO as an antiviral in vivo has been published to date20.  Furthermore, while 

the need for specificity of both siRNA and PPMO, coupled with the high mutation rates 

of RNA viruses, has raised the concern of viral escape from nucleic acid-based 

therapeutics, studies directly showing the rate of escape are limited49. In this study, we 

show that a broad-spectrum PPMO (EnteroX), which targets both enteroviruses and 
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rhinoviruses, can protect mice from a lethal dose of poliovirus, even though the virus is 

able to escape the PPMO after multiple passages in cell culture. 

PMO bound with an ARP (PPMO), have been shown in a previous study to be effectively 

delivered to cells, to be stable, and to effectively inhibit an RNA virus in vivo20. In this 

study, we were able to design a number of PPMO which effectively inhibited the viruses 

they targeted by multiple logs in cell culture, although those targeting the “core 

sequence” of the IRES were consistently the most effective (Table 1). Other studies have 

also shown the importance of targeting translation elements within the virus as an 

effective approach in PPMO design20. While multiple explanations have been provided as 

to why one PPMO is more effective at inhibiting its target than another, further research 

into these questions is still needed. Although, our translation assays (Fig 4) strongly 

suggest that interference with the binding of translational elements may play a role in 

increasing PPMO efficacy. Even so, it is interesting to note that two particularly effective 

PPMO, PV-L4 and PV-L5, while both being nearly equally effective at inhibiting PV1 

(Fig. 3A), and both targeting stem-loops in the IRES of PV1, targeted very different 

secondary structures in the stem-loops. While PV-L5 targeted a predicted large open loop 

on stem loop 5, PV-L4 targeted a predicted stem structure with extensive nt-nt binding 

that would normally not be considered to be conducive for binding by a PPMO. Whether 

PV-L4 cause’s nt-nt disruption in this area or binds before stem formation occurs is 

presently unknown, and this issue warrants further research. As mentioned previously, 

PV-L4 binds a stem sequence just 3’ of the known PCB2 binding site43,44. Whether the 

PV-L5 and PV-EnteroX targets are binding sites for proteins as well is not presently 

known, although mutations in the PV-L5 target region have previously been shown to 
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affect function in neuronal cells59. While PV1 stem-loop 6 mutants have previously been 

characterized60, these mutants did not overlap the EnteroX target region. 

PV-EnteroX and HRV-EnteroX were created after we performed a multiple sequence 

alignment of 196 human enteroviruses/rhinoviruses using MUSCLE (Fig. 1c). These 2 

PPMO closely match the targeted genomic sequence of all of the 196 enteroviruses and 

rhinoviruses used in our alignment. In cell culture studies both of these PPMO effectively 

targeted not only the viruses they were designed against, but other related viruses as well 

(Fig. 2c & 3b-d). Importantly, EnteroX targeted not only laboratory strains of PV1 and 

HRV, but clinical isolates of PV and CVB2 as well (Fig. 2c, 3b-d, and data not shown). 

Further studies will be required to show whether EnteroX will be as effective at inhibiting 

other matched enteroviruses and rhinoviruses.  

All of the PPMO used throughout this study were shown to be non-toxic at therapeutic 

doses (Fig. 2), and control mice treated with PPMO showed no ill effect as compared to 

PBS treated mice. While a selectivity index of 24.8 was determined for PV-EnteroX, it is 

likely that utilizing other therapeutic approaches may improve this number. One way to 

do this may be to utilize multiple PPMO, as it was shown in this study that more than one 

PPMO could further reduce viral titers, even when treating with the same concentration 

of PPMO (Fig 3a). Whether particular combinations of PPMO will be more effective than 

others is not yet known, although preliminary experiments suggest that multiple PPMO 

targeting a single site in the genome is an ineffective approach (data not shown). As well, 

even though all of the treatment combinations with PV-L4, PV-L5, and PV-EnteroX 

effectively inhibited PV1, there is no evidence to suggest that treatment with more than 

two or three PPMO is any more efficacious (data not shown). Even so, while multiple 
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PPMO may have some increased efficacy in cell culture, this may not even be necessary 

in vivo, as PV-EnteroX by itself seemed to be highly effective at inhibiting PV1 infection 

in mice (Fig. 6). 

Most evidence seems to suggest that PPMO act most effectively (or possibly 

exclusively), by inhibiting viral translation. This inhibition may occur either by PPMO 

directly preventing the association of host factors to translational elements on the viral 

plus strand, or by the prevention of secondary structure formation necessary for 

subsequent protein binding. While our studies don’t distinguish between which of these 

two possibilities are more likely, they do support previous studies which suggest that 

PPMO inhibit translation nearly exclusively (Fig. 4). Furthermore, PPMO targeting 

replication elements are only effective at a very high molar excess in this assay (Fig. 4e).   

Importantly, our studies show that PPMO specifically inhibit the translation of targeted 

species only, and that general 5΄-cap-dependent translation is unaffected by PPMO 

treatment (Fig 4b&c), further supporting the MTS assay cell viability data in suggesting 

that PPMO would be an effective therapeutic with a low risk of toxicity in vivo. 

As we were never able to reduce the number of virions to less than ~103 in cell culture 

after a single passage of treatment with PPMO, and since we know that the mutation rate 

for PV1 is ~2 mutations per genome, we were fairly certain that any escape mutants that 

could arise in the population would do so quickly. Interestingly, PV-EnteroX escape 

mutants arose more slowly than PV-L4 and PV-L5 escape mutants, likely due to the high 

conservation in the EnteroX target region, and a possible inflexibility for nt change. 

Surprisingly, upon subsequent characterization of the individual escape mutants, none of 

the mutations seemed to have a strongly attenuating affect, although EnteroX escape 
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mutants never seemed to completely reach wildtype titers (Fig. 5b&c). Another 

interesting characteristic of all of the PPMO escape mutants found, was that they all 

contained exactly two mutations each, with one mutation being at the 5΄ terminus of the 

target and one at the 3΄ terminus. Mutations at one or the other termini, along with the 

fact that the majority of mutations were of a particular type (either G to A or C to T) 

seems to suggest that possible discrimination (similar to what is seen with siRNA) of the 

architectural and structural properties of the PPMO-target duplex may be important in 

determining PPMO efficacy. While the ease with which escape mutants were generated 

in cell culture is somewhat disconcerting, the implications for the likelihood of escape in 

vivo are at this point hard to determine, although studies with virus recovered from 

EnteroX treated mice showed no evidence for viral escape from PPMO (data not shown), 

and the high efficacy of treatment also supports the conclusion that viral escape did not 

occur in PPMO treated mice.  

It has been seen that PPMO mostly inhabit highly vascular tissues and organs when 

injected in vivo, and that tissues such as neurons contain very little PPMO (data not 

shown). Even so, PV-EnteroX effectively limited PV replication both in the spinal cord 

and the brain, most likely due to the concomitant decrease of viral titers in the small 

intestine (Fig. a-c), an organ known to be a primary site of poliovirus replication. 

Importantly, mice that did not undergo pretreatment with PPMO were equally protected 

form PV infection. Future studies need to be completed to determine how many days 

after infection treatment must be started in order to continue to afford protection. Even 

so, PPMO warrant further development as a potential antiviral therapy with EnteroX 
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specifically having potential as a broad spectrum antiviral effective against many human 

enteroviruses and rhinoviruses.  
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Figure Legends 

 

Fig. 1. Schematics of the viral genomes and PPMO target sites, as well as a histogram 

showing the sequence conservation of stem-loop 5 amongst Enteroviruses and 

Rhinoviruses. (A) Schematic of the poliovirus genome and three of the PPMO targets. 

(B) Schematic of human rhinovirus 14 and three of the PPMO targets. (C) 196 full length 

genomic sequences for human Enteroviruses/Rhinoviruses obtained from the NCBI 

website: http://www.ncbi.nlm.nih.gov/genomes/VIRUSES/12058.html were analyzed 

with the MUSCLE multiple sequence alignment software 

(http://phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.py). An arbitrary scale 

is depicted at the left of the histogram where 1.0 denotes perfect agreement at a 

nucleotide position across all entries. Relative PPMO target sites are shown above the 

histogram.  

 

Table 1. Lists the sequences, target region, nt positions targeted, and approximate EC50 of 

each PPMO used. 

 

Fig. 2. PPMOs are not toxic to cells at therapeutic doses. (A) The number of viable HeLa 

cells were measured by MTS assay after treatment with increasing concentrations of 

PPMO. (B) The number of viable HeLa cells were measured at different time periods 

after treatment with 10 μM PPMO . (C) The number of viable HeLa cells were measured 

by MTS assay after treatment with increasing concentrations of  PV1-EnteroX (▲). As 

well, HeLa cells were treated with 10 μM PV-EnteroX before and after infection with 
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PV1at an MOI of 0.1. Viral titers were determined by plaque assay at 21 hours after 

infection (■).  

 

Fig. 3. PPMOs can be used in combination to more effectively limit viral infection and 

EnteroX inhibits multiple enteroviruses (A) HeLa cells were treated with 10 μM PPMO 

before and after infection with PV1at an MOI of 0.1. Viral titers were determined by 

plaque assay at the following time points after infection. HeLa cells were treated with 5 

μM PPMO and infected with HRV14 at an MOI of 0.03 (B) or 0.0013 (C) for 48 hours. 

(D) HeLa cells were treated with 5μM PPMO and then infected at an MOI of 0.1 for 48 

hours. All viral titers were determined by plaque assay. 

 

Fig. 4. PPMOs targeting only the IRES of viral replicons specifically restrict translation.  

(A) Schematic of the PV1 luciferase replicon pRib(+)XpALuc. (B) Translational 

repression of the pRib(+)XpALuc was severely limited by PPMO’s that specifically 

targeted the IRES of the replicon genome, as measured by a decrease in the total 

reflective light units (RLU). Repression seen with PPMOs was similar to that seen with 

puromycin, a known inhibitor of translation. (C) PPMOs failed to inhibit a 5΄ capped 

luciferase replicon, evidence that PPMOs do not generally inhibit translation. (D) 

Schematic of the HRV14 luciferase replicon HRV14/ΔP1Luc. (E) PPMOs targeting the 

IRES, but not those targeting replication elements of HRV14/ΔP1Luc, effectively 

repressed replicon translation as measured in this luciferase assay.  
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Fig. 5. Poliovirus escapes antiviral effects of PPMO with target-specific mutations in cell 

culture.  (A). Poliovirus was sequentially passaged by infection of HeLa cells (treated 

with 10 μM PPMO) at an MOI of 0.1, until complete cytopathic effect (CPE) was 

observed. Cells and virus were froze/thawed three times, the virus clarified, tittered and 

then used to initiate the next round of infection. (B) After twelve passages as in (A), PV-

EnteroX-treated viral RNA was isolated by TRizol extraction, subjected to RT-PCR, 

amplified by PCR, and then sequenced. Two nucleotide mutations were found in the PV-

EnteroX-target region, which were subsequently cloned using site-directed mutagenesis.  

These clones were confirmed by sequencing, used in in vitro transcription reactions, and 

the subsequent viral RNA used to transfect HeLa cells that either had not (B) or had (C) 

been treated with PV-EnteroX. Virus was taken and titers determined by plaque assay at 

the noted times post transfection. 

 

Fig. 6. PPMO EnteroX treatment limits viral titers in infected tissues and protects 

poliovirus infected mice from paralysis and death. Mice treated with EnteroX before and 

after infection with three times the LD50 (3X108 PFU) of wildtype poliovirus showed 

decreased viral titers in (A) small intestine, (B) spinal cord, and (C) brain tissues. 

Furthermore, none of the EnteroX treated mice showed external signs and symptoms of 

disease (i.e. paralysis) and had an ~80% greater survival rate than untreated controls (D). 
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Figure 1 
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Table 1 

Sequences, region and nt positions targeted, and ~EC50 of each PPMO used. 

PPMO* Viral target 
region 

PPMO sequence (5’-3’) Location♪ Approximate 
EC50♫ (μM) 

HRV-
5΄HP 

5΄UTR hairpin CAAAGGTACATAGTACCAGAG 46-69 >10 

HRV-
EnteroX 

IRES-loop 5 GAGAAACACGGACACCCAAAGTAG 551-574 >2 

HRV-cre cre region GTCTGTTTCGTTTTCTCAACG 2359-
2379 

>10 

HRV-
AUGLuc 

AUG of 
HRV14/ΔP1Luc 

GGCGTCTTCCATGATCACAGT  1 ND 

PV-
5΄term 

5΄ genomic 
terminus 

GGTACAACCCCTGTGCTGTTTTAA 1-24 ND 

PV-L4 IRES-stem-loop 
4 

CAACGCAGCCTGGACCACCGTCAC 343-367 >5 

PV-L5 IRES-stem-loop 
5 

CCTCGGACTTGCGCGTTACG 512-531 >5 

PV-AUG Initiator AUG GCACCCATTATGATACAATTG 730-750 >10 
PV-cre cre region TACGGTGTTTGCTCTTGAACT 4461-

4481 
ND 

PV-stop ORF stop-codon 
region 

TCGACTGAGGTAGGGTTACTA 7370-
7390 

ND 

PV-pA 3΄ genomic 
terminus 

TTTTTTTCTCCGAATTAAA 7429-
7440 

ND 

PV-
EnteroX 

3΄ base of IRES-
stem-loop 5 

GAAACACGGACACCCAAAGTAG   541-562   >5 

NC-1 Nonsense 
(negative 
control) 

AGTCTCGACTTGCTACCTCA N/A N/A 

NC-2 Nonsense 
(negative 
control) 

CCGCTTTACCGGAGTACTA N/A N/A 

 
*HRV = designed against HRV14, GenBank:K02121 
 PV = designed against PV-1 (Mahoney strain), GenBank:V01149 
ND = not determined 
N/A = not applicable 
♪position of target sequence in genome 
♫PPMO concentration resulting in ~50% reduction of plaque number  
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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I hereby grant permission to the Graduate Division of the University of California, San 
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