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Global RNA Structure Analysis of the
Poliovirus Genome: Functional RNA
Elements within the Open Reading Frame
Cecily Parrish Burrill
Abstract

The genomes of RNA viruses often contain RNA structures that are crucial for translation
and RNA replication, and play additional roles in the viral replication cycle. For the
picornavirus family member poliovirus, a number of functional RNA structures have
been identified, but much of its genome, especially the open reading frame, has remained
uncharacterized. We have now generated a global RNA structure map of the viral genome
using a chemical probing approach that interrogates RNA structure with single-nucleotide
resolution. In combination with orthogonal evolutionary analyses, we uncover several
conserved RNA structures in the open reading frame of the viral genome. Further
characterization of one such RNA structure, located in the region encoding the RNAdependent RNA polymerase, 3Dpol, reveals a new functional RNA structure required for
viral infectivity, which we name RNA Infectivity-required Structure (RIS). Disrupting
this RNA structure with synonymous mutations that do not change the amino acid
sequence demonstrates that it participates in several steps of viral infection. Disrupting
RIS causes a transient delay in viral RNA replication. However, RIS mutant viruses
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display a minute plaque size and a temperature sensitive phenotype that cannot be
explained by the defect in RNA synthesis. Strikingly, we find that RIS mutations
dramatically decrease the infectivity of the packaged viral particles, leading to an altered
ratio of packaged RNA to infectious units. We propose that the new viral RNA element
identified here plays a central role in infectious particle production that is conserved
across the human enterovirus C group.
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Chapter 1:

Introduction
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Introduction to poliovirus
Poliovirus was identified as the causative agent of paralytic poliomyelitis in 1909
[1]. It is the prototypical member of the Picornaviridae family of small RNA viruses (one
of five families of viruses that comprise the order Picornavirales). The picornaviruses are
non-enveloped viruses with single stranded RNA genomes of positive polarity. The
family consists of twelve genera, including the Enterovirus genus, to which the
polioviruses belong. This genus can be further subdivided into ten species. One species,
Human enterovirus C, includes the three serotypes of poliovirus (1, 2, and 3) as well as a
number of closely related enterovirus and group A coxsackievirus strains[2, 3].
The poliovirus genome is 7440 nucleotides long, excluding a poly(A) tail of a
variable length at the 3' end. It can be divided into a 742-nucleotide 5' untranslated region
(5'UTR), a single long open reading frame encoding the viral polyprotein, a 68nucleotide 3' untranslated region (3'UTR). A small viral protein of 22 amino acids, VPg
(3B), is covalently attached to the 5' end of the genome. The mature virion consists of an
icosahedral protein shell, composed of four capsid proteins (VP1, VP2, VP3, and VP4),
which encapsidates the genome[4].
Poliovirus has a rapid replication cycle (reviewed in[5, 6]), with approximately 8
hours elapsing between infection and release of progeny virions upon host cell lysis. The
life cycle consists, broadly, of eight stages: attachment, uncoating, translation,
proteolysis, negative strand synthesis, positive strand synthesis, morphogenesis, and
virion release. During an infection, high yields of both viral proteins and genomes are
produced. These yields ensure synthesis of up to 10,000 virions per cell[7].

2

Attachment consists of virion binding to the poliovirus receptor (PVR or CD155)
on the host cell surface[8, 9]. For historical reasons, the various poliovirus virion particle
forms and intermediates are named according to their sedimentation coefficients, and the
mature virion is the 160S particle[10]. At physiological temperatures, receptor binding
triggers a number of conformational changes in the virion, causing it to form altered (A)
or 135S particles[11]. Further conformational changes[12, 13] are thought to create pores
or channels in the cell membrane, which allow entry of the viral RNA genome into the
cytoplasm[14, 15] and the release of empty capsid (80S) particles, but the uncoating
process is not fully understood[16] and internalization of the 135S particle has also been
observed[17], although classical endocytic pathways have been excluded[18].
Upon release into the cytoplasm, the VPg protein is removed from the viral
genome[19], which then serves as an mRNA which can be translated by host cell
ribosomes. Viral translation is cap-independent and mediated by the internal ribosome
entry site (IRES)[20, 21], which binds to eIF4G, recruiting much of the translational
machinery including eIF3, eIF4A, and the 40S ribosome[22, 23]. Additionally, the viral
proteinase 2Apro cleaves eIF4G[24] (removing the N-terminal portion which contains the
binding site for the cap-binding protein, eIF4E) and several other factors, leading to the
shut down of cap-dependent host cell translation (reviewed in[6]).
Viral translation produces the viral polyprotein. The 250-kDa viral polyprotein is
processed cotranslationally in a proteolytic cascade by internally encoded viral
proteinases, 2Apro and 3C/3CDpro. The primary cleavage event is the release of the P1
precursor of the structural (capsid) proteins by 2Apro[25]. Secondary cleavage of P1 to
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produce the capsid proteins (VP0, VP3, and VP2) and of P2-P3 to produce the seven
nonstructural viral proteins (2Apro, 2B, 2CATPase, 3A, VPg [3B], 3Cpro, and 3Dpol) is
mediated by 3C/3CDpro[26-28].
Viral genome replication has been quite thoroughly studied, and many of the
details are known (reviewed in [29, 30]). Accumulation of 3CDpro is thought to mediate
the switch from translation to negative strand synthesis[31]. The product of negative
strand synthesis is a double-stranded RNA known as the replicative form (RF). The
negative strand can then template the synthesis of multiple positive strands, producing the
partially single-stranded replicative intermediate (RI)[32]. Replication takes placed on
specialized membraneous structures derived from the host cell endoplasmic reticulum,
the formation of which is induced by the viral protein 2CATPase and its precursor, 2BC
[33-35]. RNA synthesis is primed by the viral protein VPg (3B), or one of its precursors
and catalyzed by the viral polymerase, 3Dpol[36]. The replication complex also includes
3CDpro and 3AB, with the latter protein serving to anchor the complex to the membrane.
Three RNA structures, known as cis-acting replication elements (CREs), are also
involved: the 5'-cloverleaf (5'-CL) structure [37-39], the 3'-pseudoknot[40], and 2C-CRE
[41].
Newly synthesized positive strands may serve as templates for further rounds of
translation or may be packaged into progeny virions. (Potentially, they could also serve as
templates for further rounds of replication. Conventional wisdom has held that there is a
requirement for translation in cis, but that has only been demonstrated for infecting
genomes[42].)
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The production of progeny virions, which includes both assembly of the
icosahedral protein shell and packaging of the genomic RNA, is generally termed "viral
morphogenesis." It has a number of discreet intermediate stages and has been fairly well
studied (reviewed in [6, 43]). The earliest precursor is the 5S protomer, which consists of
one copy of each of the three capsid proteins, VP0, VP3, and VP1. These protomers
assemble into 14S pentamers[44]. Twelve pentamers may assemble to form an 80S empty
capsid particle, but whether this particle represents a true assembly intermediate or a
"storage depot" for pentamers is controversial[45-47]. If a true intermediate, genomic
RNA must be subsequently inserted. Alternatively, the pentamers may associate directly
with genomic RNA. RNA packaging is not well understood, but is thought to be coupled
with positive strand synthesis[48, 49]. The product of either pathway is the 150S
provirion. The final step of morphogenesis is maturation cleavage of the VP0 capsid
protein into VP2 and VP4, which converts the 150S provirion into the mature, infectious
160S virion. Virion release occurs upon lysis of the infected cell.

RNA structure in poliovirus
The sequencing of the poliovirus genome in 1981[50, 51] revealed both its long
(742 nucleotides) 5'UTR and its shorter (68 nucleotides) 3'UTR, prompting speculation
about the role of these regions in the viral life cycle, which might well include the
formation of regulatory RNA structures. Indeed, a stable hairpin near the 5' end of the
genome had been detected even earlier[52]. The absence of a 5' cap and the presence of a
number of AUG triplets in the 5'UTR prompted much speculation about the nature of
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poliovirus translation, and the IRES was functionally identified in 1988[20, 21, 53, 54].
Structural predictions for the 5'UTR followed, based on the several related enterovirus
sequences that were then available[55, 56]. These predictions have largely held up over
the years and form the basis for the currently accepted model for the poliovirus 5'UTR.
Much of the subsequent work focused on the role of IRES structural mutations in the
attenuation of the Sabin vaccine strains[57-63]. Additionally, the 5'-CL structure (also
known as oriR or 5'-CRE) regulates both positive and negative strand RNA synthesis,
binding to both host and viral proteins and mediating circularization of the viral genome
[37-39, 64, 65].
Structural predictions were also made for the 3'UTR, again based on related
enterovirus sequences[66]. Two stem loops form a tertiary pseudoknot structure, which
incorporates part of the poly(A) tail as well, and is referred to as oriL or 3'-CRE.
Structural mutants show that this structure regulates RNA synthesis[40, 67], but deletion
reveals that it is not absolutely required[68]. The adjacent poly(A) tail is also critical for
replication[65, 69, 70]. (For a detailed review, see [71].)
Structures in the poliovirus open reading frame were not predicted systematically
from related viral genomes, as for the UTRs. Instead, the two that have been described to
date were discovered somewhat serendipitously. It was shown early on, through the study
of defective interfering particles, that the P1 region of the poliovirus genome was not
required for RNA replication[72-74], which inspired the construction of poliovirus
replicons[74, 75]. These constructs contain the 5' and 3'UTRs, as well as the portion of
the open reading frame that encodes all the nonstructural viral proteins. Because they lack
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the capsid proteins, no virus is produced, but upon transfection they are fully capable of
translation and RNA replication[76]. Attempts to construct a similar replicon based on
human rhinovirus-14 failed[77], and the failure was traced to a CRE in the P1 coding
region of that virus[78]. The identification of that CRE inspired the search for similar
structures in other picornaviruses, including poliovirus, where it is found in the region
encoding 2CATPase[41, 79]. It is known as 2C-CRE or oriI, and serves to template the
uridylylation of VPg, the protein primer of viral RNA synthesis[80-83]. (For a detailed
review, see [84]).
Most recently, it was found that poliovirus RNA is resistant to cleavage by RNase
L, an antiviral protein expressed in most human cells. The resistance was traced to an
RNA structure in the 3Cpro coding region, which was shown to be phylogenetically
conserved[85]. Subsequently, mutational analysis confirmed the structure[86] and
showed that it competitively inhibits RNase L, leading to the name RNase L competitive
inhibitor RNA (RNase L ciRNA)[87].
Thus RNA structures in the poliovirus genome have been shown to regulate three
of the eight main stages of the viral life cycle (translation and both positive- and
negative-strand RNA synthesis), as well as to modulate the activity of host antiviral
defenses. However, no systematic search for additional RNA structures in the viral
genome, particularly within the open reading frame, had been undertaken to date, nor was
it known what the function(s) of any such structures might be.
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Introduction to RNA structure analysis
The fundamental methods of chemical and/or enzymatic probing to detect RNA
structure were developed in the 1980s[88-90] (reviewed in [91]). In essence, a chemical
or enzymatic reagent modifies the RNA. To be useful, this modification must have two
characteristics. First, it must be selective, that is it should modify nucleotides based on
their structural context. For example, DMS methylates adenosine, cytidine, and
guanosine residues, but only when they are not "protected" from modification by a basepairing interaction. Second, it must be detectable as a stop to primer extension by reverse
transcriptase. The DMS methylations of adenosine and cytidine (but not guanosine) meet
this criterion[92]. Traditionally, such foot-printing techniques have involved gel
electrophoresis of radioactively labeled cDNA fragments.
Newer methods, such as inline probing[93] and selective 2'-hydroxyl acylation
analyzed by primer extension (SHAPE)[94, 95], are advantageous in that they interrogate
RNA nucleotide flexibility at the sugar-phosphate backbone. Structured nucleotides are
still protected, but all four bases can be interrogated in a single experiment. SHAPE
further improves on traditional methods by eliminating radioactive sequencing gels in
favor of fluorescently tagged oligos and capillary electrophoresis. When the
electropherograms are processed computationally using the ShapeFinder software[96],
the result is a quantitative measure of structure at single-nucleotide resolution, and the
process is sufficiently high-throughput to be applied to large RNA molecules. For
example, the full-length HIV-1 genome was analyzed by SHAPE[97].
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While capillary electrophoresis represents a substantial improvement in
throughput, the combination of chemical or enzymatic probing with next generation
sequencing technologies has the potential to increase throughput exponentially,
potentially allowing the analysis of whole populations of RNA molecules rather than a
single species[98-100]. However these methods still present considerable computational
challenges, and, when a single RNA, such as a viral genome, is the species of interest,
could perhaps be considered overkill.
Computational method for predicting RNA structures have also improved.
Tertiary structures have always been much more difficult to predict than secondary
structures for sequences of any length, due to the processing time and computer memory
required[101], but improvements are continually forthcoming[102]. These approaches
have traditionally been base either on thermodynamic folding algorithms or on
comparative sequence analysis, but increasingly these computational approaches can be
combined with each other and with experimental probing data to improve structure
prediction (reviewed in [103, 104]). For example, SHAPE reactivity data can be
incorporated as a pseudo-free energy change term into the RNA folding algorithm
RNAstructure[105, 106].
In choosing an experimental method to globally interrogate RNA structure in the
poliovirus genome, we found SHAPE to offer the best combination of ease of use and
efficiency of throughput available at the time the project was undertaken, but this is an
assessment that should be made on a project-by-project basis. Overall, when combined
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with computational evolutionary predictions, it proved a powerful tool for RNA structure
discovery in the poliovirus genome.

In this dissertation
To identify potential structures, we used SHAPE to interrogate authentic, fulllength poliovirus genomic RNA extracted, in a gentle, non-denaturing manner, from
purified virions. We identified many regions of the poliovirus genome where SHAPE
data indicate that nucleotide flexibility is constrained, suggesting that the RNA is folded
into secondary and/or tertiary structures. We then complemented our chemical probing
with a parallel, independent evolutionary analysis of pairing probability, which
demonstrated that several of the newly identified structures are also highly conserved
(Chapter 2).
To validate this approach, and further our knowledge of poliovirus biology, we
undertook to determine the function of one of the newly identified RNA structures. This
structure is found in the 3Dpol coding region, near position 7000. To determine its
function, we introduced synonymous mutations, which disrupted the structure and
revealed that it is involved in at least two stages of the viral life cycle. It regulates
negative- and perhaps also positive-strand RNA synthesis. However in mutants, the
replication defect is transient. More critically, we also show that the structure regulates
virus infectivity (Chapter 3).
Finally, we comment on the similarities and differences between the findings
described here and the recently published work of others[107], who also describe a novel
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RNA structure in the 3Dpol coding region. We also suggest a number of possible future
directions for research on both poliovirus RNA structures in general and the newly
described structure in particular (Chapter 4).
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Chapter 2:

Global RNA Structure Analysis of the
Poliovirus Genome
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INTRODUCTION

The genomes of RNA viruses, such as poliovirus, often contain complex RNA
secondary and tertiary structures. These structures are crucial for translation and
replication of the viral genome, and may play additional, uncharacterized roles in other
processes, such as genome packaging and modulation of the host antiviral response.
Poliovirus, the prototypical picornavirus and causative agent of poliomyelitis, is a
non-enveloped virus with a single stranded RNA genome of positive polarity. The virion
consists of an icosahedral protein shell, composed of four capsid proteins (VP1, VP2,
VP3, and VP4), which encapsidates the RNA genome[1]. Poliovirus has a rapid
replication cycle, with approximately 8 hours elapsing between infection and release of
progeny virions upon host cell lysis. During an infection, high yields of both viral
proteins and genomes are produced. These yields ensure synthesis of up to 10,000 virions
per cell[2], which can be widely disseminated to neighboring cells and/or new hosts. The
compact nature of the viral genome (less than 7500 nucleotides long) facilitates this rapid
exponential growth. The viral genome acts as a messenger RNA and can be divided into a
highly conserved 742-nucleotide 5'UTR, a single long open reading frame encoding the
viral polyprotein, a 68-nucleotide 3'UTR, and a polyadenosine tract of a variable length.
A small viral protein of 22 amino acids, VPg (3B), is covalently attached to the 5' end of
the RNA. The 5'UTR contains a structure critical for viral translation (the IRES) [3, 4] as
well as 5'-CL, which is involved in both positive and negative strand RNA synthesis[5-7].
The 3'UTR also contains a pseudoknot RNA structure involved in replication[8]. Within
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the open reading frame, two RNA structures have been identified: 2C-CRE [9] and the
RNase L ciRNA (a structure in the 3Cpro coding region which competitively inhibits the
host protein RNase L) [10, 11]. However, it is not known whether any additional RNA
structures are present in the viral genome, or what the function(s) of any such structures
might be.
To identify potential structures we used a method, SHAPE[12], which enables
high-throughput chemical probing and analysis of RNA structure. Using this method, a
number of novel structures were recently identified within the HIV-1 genome[13], the
only full-length viral genome so examined before the current study. We have used
SHAPE to interrogate authentic, full-length poliovirus genomic RNA extracted, in a
gentle, non-denaturing manner, from purified virions, as well as total viral RNA similarly
extracted at 7 h post-infection. We identified many regions of the poliovirus genome
where SHAPE data indicate that nucleotide flexibility is constrained, suggesting that the
RNA is folded into secondary and/or tertiary structures. We then complemented our
chemical probing with a parallel, independent evolutionary analysis of pairing
probability, which demonstrated that several of the newly identified structures are also
highly conserved.
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RESULTS

Mapping RNA structures in the poliovirus genome
To map the global RNA structure of the poliovirus genome, we probed authentic,
full-length poliovirus genomic RNA with the SHAPE reagent, N-methylisotoic anhydride
(NMIA) (Figure 1A). NMIA is a hydroxyl-selective electrophile that can acylate the
ribose 2'-hydroxyl group to form a stable 2'-O-adduct, which can be detected as a stop to
primer extension by reverse transcriptase[12]. Like other SHAPE reagents, NMIA is
relatively insensitive to base identity[14] but very sensitive to conformational dynamics.
It reacts preferentially with flexible RNA nucleotides and poorly with those that are basepaired or otherwise conformationally constrained[12]. Thus constrained (structured)
nucleotides are generally protected from acylation and are said to have low SHAPE
reactivity, while flexible (unstructured) nucleotides are unprotected and have high
SHAPE reactivity.
We found that the method of RNA extraction was critical, as in vitro transcribed
RNA or denatured and refolded viral RNA gave different SHAPE results than the
authentic genomic RNA, when extracted in a gentle, non-denaturing manner, from
purified virions (data not shown). Thus, for our analysis we employed native virion RNA,
which was treated with NMIA and analyzed by primer extension and capillary
electrophoresis[13, 15] (Figure 1A).
To examine the accuracy of our analysis, we first examined four functional RNA
structures that had been previously identified in the poliovirus genome. These included
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structures in the 5'UTR (Figure 1B) and in the open reading frame (Figure 1D-E). Within
the 5'UTR (Figure 1B), we examined both the poliovirus IRES, which is critical for viral
translation [3, 4], and 5'-CL, which facilitates both negative and positive strand RNA
synthesis[6, 7] and is also known to play a role in viral translation[16]. Within the open
reading frame, 2C-CRE (Figure 1D) templates the uridylylation of the peptide primer
VPg (3B)[9, 17], and the RNase L ciRNA (Figure 1E), which maps to the region that
encodes 3Cpro, competitively inhibits the host RNase L [10, 11]. An additional,
pseudoknot structure has been described in the poliovirus 3'UTR, which is involved in
the initiation of negative strand RNA synthesis[8, 18]. Unfortunately, due to the need for
a SHAPE primer binding site and the loss of data immediately adjacent to the primer, we
were unable to examine this structure.
Our analysis was able to accurately identify the RNA structures previously
identified in the poliovirus genome. Indeed, we observed a highly significant correlation
of SHAPE reactivity with paired and unpaired nucleotides of the reported structures
(Figure 1C, F). There are, however, several nucleotides that are inconsistent with the
accepted structures. In general, these fall into two categories: protected nucleotides
within predicted loops or unprotected nucleotides within predicted stems. Thus, it is
likely that the accepted secondary structures fail to fully represent more intricate tertiary
interactions. Of note, within the RNase L ciRNA structure, there are two predicted loops
consisting entirely of protected nucleotides. Mutagenesis experiments have confirmed
that these loops form a "kissing loops" tertiary interaction[19], and their low SHAPE
reactivity is entirely consistent with that structure (Figure 1E, dashed lines).
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The three instances of unprotected nucleotides within predicted stems occur in the
5'-CL (Figure 1B), 2C-CRE (Figure 1D), and the RNase L ciRNA (Figure 1E). In the first
two cases the SHAPE data are consistent with the top portion of the accepted structure,
but the 5' side of the bottom stem is unprotected, which is inconsistent with a basepairing interaction. We speculate that these structures may be only partially formed in the
virion RNA, perhaps requiring the stabilizing presence of additional viral or cellular
factors. Alternatively, in the case of 5'-CL, high reactivity of nucleotides 4-8 may be an
artifact of their proximity to the 5' end of the genome, where the large signal from the full
length transcript tends to artificially increase the signal from adjacent nucleotides. In the
case of 2C-CRE, we note that the 14-nucleotide "core" sequence and upper stem, which
are the portions shown to be minimally required for 2C-CRE function[20-22], do exhibit
SHAPE reactivities consistent with the accepted structure, and that this shorter region is
the only portion of 2C-CRE which is evolutionarily conserved according to the pairing
probability analysis (Figure 2C). Similarly, in the RNase L ciRNA, the predicted stem
near position 5900 that appears to consist of unprotected nucleotides is in a portion of the
structure that was shown to be unnecessary for RNase L inhibition[10]. Overall, we found
that the SHAPE data were highly consistent with previously described functional RNA
structures in the poliovirus genome, validating the use of this approach for a global
analysis.
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Figure 1. Experimental procedure and SHAPE reactivities of previously described
RNA structures in the poliovirus genome.
(A) Outline of SHAPE experimental approach. (B) 5'UTR: 5'-CL and IRES. Accepted
RNA secondary structure model for nucleotides 1-625 of poliovirus 1 (Mahoney) genome
colored by SHAPE reactivity. (C) Agreement of SHAPE with accepted structure for
IRES. Boxplots indicate median SHAPE reactivity, 25% and 75% quartiles, and 1.5!
interquartile range for nucleotides predicted to be paired or unpaired; outliers shown as
open circles. (D) 2C-CRE. Nucleotides 4444-4504 colored by SHAPE reactivity. (E)
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RNase L ciRNA. Nucleotides 5742-5968 colored by SHAPE reactivity; blue lines
indicate predicted tertiary interaction. (F) Agreement of SHAPE with accepted structure
for RNase L ciRNA. Boxplots as for A.
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Global analysis and identification of novel RNA structures in the poliovirus genome
Having validated our method by analyzing previously identified structures, we
extended our analysis of virion RNA to the remainder of the poliovirus genome (Figure
2B). First, we examined the relationship between RNA structure and protein structure. In
HIV-1, RNA sequences that encode flexible protein linkers were found to be more
structured than the rest of the genome[13]. We were unable to detect a statistically
significant relationship between RNA and protein structure in poliovirus (Figure 3). Thus,
the presence of RNA structures within the open reading frame that regulate local
translation kinetics may not be a general property of RNA viruses. Next, we sought to
predict a global RNA secondary structure model for the poliovirus genome similar to that
described for HIV-1[13], using our SHAPE reactivity data as an additional
thermodynamic constraint in the folding algorithm RNAstructure[23, 24]. However, we
found the structure folding and prediction process to be highly user- and parameterdependent, producing several alternative structures with similarly low free energies.
Ultimately, we were unable to predict a single model with great confidence, and so chose
to identify and study local, functional RNA structures.
To identify local RNA structures, the global SHAPE data were examined using a
sliding 75-nucleotide moving window[13] over the full length of the poliovirus genome
(Figure 2B). Regions where the local median dips below the global median (0.38, red
line, Figure 2B) and reaches a minimum value of at least half the global median (0.19)
were considered likely to represent an RNA structure. Thirteen such regions were
identified (Table 1). Five of the thirteen regions represent the two largest previously

33

characterized RNA structures in the PV genome, the IRES (Figure 1B) and the RNase L
ciRNA (Figure 1E). Given that the global analysis was designed to identify structures
based on a local median and used a fairly large window, it failed to identify smaller
structures, such as 5'-CL and 2C-CRE. Thus, this analysis may not be able to detect small
RNA structures present in the poliovirus genome.
A low local median SHAPE reactivity indicates the existence of local RNA
structure, but it does not reveal whether the structure is functional or merely represents a
thermodynamically stable conformation. We reasoned that functional RNA structures
may be evolutionarily conserved, particularly those that are integral to viral infectivity.
We thus employed an evolutionary conservation analysis to probe the relevance of these
novel poliovirus RNA structures. This orthogonal analysis takes into account the rate and
pattern of nucleotide changes in an alignment of poliovirus sequences and predicts the
likelihood that a particular nucleotide is involved in a base-pair interaction (pairing
probability, Figure 2C).
We examined the median pairing probability for each of the thirteen putative
structured regions that we identified based on SHAPE reactivity (Table 1). As expected,
the regions corresponding to the IRES had extremely high levels of conservation. The
evolutionary conservation of the RNase L ciRNA structure was lower, but well above the
global median (1.9!10-4). Of the remaining eight regions, three have pairing probabilities
below the global median, suggesting that they do not represent a structure with a
conserved function in the polioviruses. The other five exhibit moderate to extremely high
conservation. By far the highest median pairing probability was that of the region
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centered around position 7000, within the portion of the genome encoding the viral RNAdependent RNA polymerase, 3Dpol. For reasons that become clear in Chapter 3 we refer
to this structure as the RNA Infectivity-required Structure (RIS).
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Table 1. Putative local structures in virion RNA.
Low SHAPE
Median Pairing
Reactivity Region Probability
Gene (Known Structure)
135-473
482-537
544-687
694-801
1779-1872
2327-2470
5276-5396
5715-5828
5900-5993

9.92E-01
9.93E-01
9.76E-01
1.01E-03
2.93E-03
7.10E-04
4.50E-05
6.36E-03
2.11E-01

5'UTR (IRES)
5'UTR (IRES)
5'UTR (IRES)
5'UTR-VP4
VP3
VP3
3A-3B
3C (RNase L ciRNA)
3C (RNase L ciRNA)

6180-6341
6354-6477
6929-7060
7132-7284

6.34E-06
7.56E-07
8.99E-01
3.85E-03

3D
3D
3D
3D
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Figure 2. Organization, SHAPE reactivity, and pairing probability of the poliovirus
genome.
(A) Poliovirus genome organization. Untranslated regions are shown as lines and the
open reading frame as a box, with length proportional to nucleotide length. The open
reading frame is divided (solid lines) by convention into three domains: P1 (structural
genes; light green), P2 & P3 (nonstructural genes; both light blue). Domains are further
divided (dashed lines) into the eleven major viral proteins. (B) Median SHAPE reactivity
37

of virion RNA. Median SHAPE reactivity is calculated over a sliding 75-nucleotide
window (black line). The global median is 0.38 (red line). Regions representing
previously described RNA structures, and the RIS element region targeted by
mutagenesis in the current work, are labeled. (C) Median pairing probability. Median
pairing probability is calculated over a sliding 75-nucleotide window (black line). The
global median is 1.9!10-4 (red line). Probabilities < 1.0!10-6 are plotted at 1.0!10-6. (D)
Median SHAPE reactivity of total viral RNA at 7 h post-infection. Median SHAPE
reactivity is calculated over a sliding 75-nucleotide window (black line). The global
median is 0.39 (red line).
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Figure 3. Bootstrap analysis of protein linker regions.
Histogram comparing mean SHAPE reactivities for inter-protein linker regions with
distributions of 60 nucleotide length sequences obtained from random regions in the PV
genome by a bootstrap statistical analysis. The p-value gives the probability that the
average SHAPE reactivity of the inter-protein linker regions (depicted by the red vertical
line) occurred by chance.
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Analysis of total viral RNA
In addition to purified virion RNA, we also examined total viral RNA extracted
from infected cells under gentle, non-denaturing conditions at 7 h post-infection. The
global results were similar (compare Figure 2B to 2D), but we observed a few
differences, which likely represent a population average of genomes in distinct states packaged, translating, replicating - whereas virion RNA is more likely to represent a
uniform population, which is why the bulk of our analysis focused on that species.
When we conducted an equivalent search for local structures using the same
criteria (regions where the local median dips below the global median [0.39, red line,
Figure 2D] and reaches a minimum value of at least half the global median [0.19]) we
identified nine putative structures (Table 2). Six of these, including the IRES, the RNase
L ciRNA, and the proposed RIS element (see Chapter 3), overlap substantially with
regions identified in virion RNA (Table 1). Of the three novel regions, two have median
pairing probabilities greater than the global median, indicating that they might represent
functionally conserved structures. In general, putative structures identified in one data set
were also apparent as "dips" in the other, but did not always reach the cutoff of half the
global median.
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Table 2. Putative local structures in total viral RNA.
Low SHAPE
Median Pairing
Reactivity Region Probability
Gene (Known Structure)
202-526
2147-2240
2348-2512
3248-3396
5250-5441
5456-5624
5713-5829
6942-7057
7213-7341

9.95E-01
1.65E-02
1.55E-04
7.06E-04
8.68E-06
4.97E-08
8.50E-02
8.76E-01
2.50E-03

5'UTR (IRES)
VP3
VP3-VP1
VP1-2A
3A
3C
3C (RNase L ciRNA)
3D
3D
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DISCUSSION

In this study, we combine global chemical probing (SHAPE) of a viral genome
with evolutionary analysis to identify several RNA structures in the poliovirus genome
that may be functionally relevant to viral replication (Tables 1 and 2). The evolutionary
analysis proved a powerful tool to assess potentially functional regions, as these may be
conserved across the human enterovirus C group. Indeed, further analysis of one such
highly conserved structure by site-directed mutagenesis revealed a novel RNA element
that plays an important role in viral replication (see Chapter 3).
SHAPE is a powerful tool for RNA secondary structure analysis. Its many
benefits and limitations have been thoroughly reviewed elsewhere[25, 26]. It has been
used to analyze the structure of the full-length HIV-1 genomic RNA[13] and to analyze
portions of the HIV-1[27] and other retroviral genomes[28-30](reviewed in[31]). The
poliovirus genome is the first full length, non-retroviral genome to be examined by
SHAPE. The identification of several novel putative structures in the open reading frame
(Figure 2 and Table 1) suggests that even a virus as well studied as poliovirus can still
reveal surprises when analyzed by unbiased, global methods, and argues that SHAPE
could be used to great effect to identify functional RNA structures in the genomes of less
well studied RNA viruses. Recent advances could allow such studies to be performed
even without the large amounts of purified virions used in this study[30].
We have identified several regions where a low median SHAPE reactivity in
virion RNA, total RNA, or both indicates the presence of an RNA structure (Figure 2B
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and 2D and Tables 1 and 2). Of the eleven identified regions that do not represent
previously described structures, seven have moderate to high median pairing probabilities
(Figure 2C and Tables 1 and 2). This analysis provides an independent line of evidence
supporting the presence of a functionally conserved RNA structure. Interestingly, five of
these regions are partially or totally within the P1 portion of the genome, which encodes
the structural (capsid) proteins. A number of codon shuffling and de-optimization
experiments have targeted the P1 region[32-35]. The results of those experiments indicate
that the strongly attenuated phenotypes are due to systematic alterations in codon usage
and/or dinucleotide abundance, rather than specific local disruption of an RNA structural
element. However, in light of the RNA structures identified here, it is difficult to exclude
the possibility of that one or more of the structures in this region plays an important role
in the viral life cycle; the nature of synonymous mutation means that approximately twothirds of nucleotides remain unchanged, which can suffice to maintain a structure well
enough to preserve its function.
In summary, the combination of a global chemical analysis of RNA structure SHAPE - with computational predictions of evolutionary conservation is a powerful
approach for the identification of functional RNA elements in viral genomes. When we
applied this approach to poliovirus, we identified a number of novel elements within the
open reading frame that appear to be both present in a biologically relevant RNA species
and conserved across the human enterovirus C group.
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MATERIALS AND METHODS

Cells
HeLa S3 cells were grown either (i) in tissue culture flasks in DMEM High Glucose
50%/F-12 50% mix supplemented with 1! penicillin-streptomycin-glutamine (PSG) and
10% newborn calf serum (NCS) at 37ºC and 5% CO2 or (ii) in suspension in SMEM
(Joklik-Modified) supplemented with 1! PSG and 10% fetal bovine serum (FBS) at
37ºC.

Virus production
Infectious wild type poliovirus 1 (Mahoney) RNA was produced by in vitro transcription
of linearized prib(+)XpA plasmid[36]. HeLa S3 cells were trypsinized, washed three
times with D-PBS, and adjusted to 5!106 cells/mL. 800 µL cells were transfected with 20
µg RNA in 0.4 cm cuvettes using an Electro Cell Manipulator 600 (BTX Inc.) with
voltage of 300 V, capacitance of 1000 µF, and resistance of 24 ". Cells were recovered in
7.5 mL tissue culture medium supplemented with 1! PSG and 2.5% NCS, transferred to
tissue culture flasks, and incubated overnight at 37ºC and 5% CO2. The P0 virus stock
was then obtained after three freeze/thaw cycles followed by centrifugation at 3500 rpm
for 5 min in a Legend T Centrifuge (Sorvall) and stored at -20ºC. Virus stocks were
titered by standard plaque assay. Subsequent (P1 and later) virus stocks were obtained by
washing HeLa S3 cell monolayers with PBS and infecting with the previous stock diluted
to the desired MOI in tissue culture medium supplemented with 1! PSG for 30 min at
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37ºC with occasional rocking. The inoculum was then removed and the cells recovered in
tissue culture medium supplemented with 1! PSG and 2.5% NCS and incubated at 37ºC
and 5% CO2 until cytopathic effect (CPE) was observed, when the virus stock was
harvested as described for P0. To obtain large amounts of virus for virion purification,
HeLa S3 cells were infected in suspension. P3 or later virus stock was adjusted to ~5!108
PFU/mL in suspension medium supplemented with 1! PSG. 3 L of suspension culture
(~5!105 cells/mL) were centrifuged at 1000 rpm for 5 min in a Legend T Centrifuge
(Sorvall). Cells were resuspended in 30 mL inoculum (MOI ~10) and incubated for 30
min at 37ºC. The infection was then diluted to 300 mL in suspension medium
supplemented with 1! PSG and incubated in suspension at 37ºC until CPE was observed
(~12 h), when the virus stock was harvested as described above. For total viral RNA
extraction, 1 L of suspension culture was infected in a similar manner for 7 h. Cells were
then were centrifuged at 1000 rpm for 5 min in a Legend T Centrifuge (Sorvall), washed
twice in PBS, and resuspended in 10 mL PBS with 1% TritonX-100. Cell lysis was
confirmed by staining a small aliquot with trypan blue. The lysate was then centrifuged at
14,000 rpm for 1 min in a 5415 C centrifuge (Eppendorf) to pellet nuclei, and the
supernatant stored at -80ºC.

Virion purification and RNA extraction
For a single virion prep, ~200 mL of virus stock prepared as described above was
ultracentrifuged in a Beckman SW28 rotor at 14,000 rpm for 10 min at 20ºC. The
supernatant was treated with 10 µg/mL RNase A for 1 h at 20ºC and then adjusted to
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0.5% SDS and 2 mM EDTA. It was then divided into six equal parts, and each part was
overlaid onto a 6 mL sucrose cushion (30% sucrose in HBSS). Virions were then purified
through the sucrose cushion by ultracentrifugation in a Beckman SW28 rotor at 28,000
rpm for 4 h at 20ºC with slow acceleration and deceleration. After removal of the
supernatant and sucrose cushion, virions were resuspended in 1.2 mL virion lysis buffer
(VLB; 50 mM HEPES [pH 8.0], 200 mM NaCl, and 3 mM MgCl2)[13] and stored at
-20ºC. RNA was extracted in a gentle manner, largely as described for SHAPE of HIV
genomic RNA[13], in the presence of mono- and divalent ions and the absence of heat,
chemical denaturants, or chelating agents. Briefly, the purified virions in VLB were lysed
with 1% SDS and 100 µg/mL proteinase K at 37ºC for 1 h. The digest was then extracted
with Tris-saturated phenol and the aqueous phase adjusted to 300 mM NaCl and
precipitated with 75% (v/v) ethanol. The RNA pellet was dissolved in RNA modification
buffer (RMB; 50 mM HEPES [pH 8.0], 200 mM KOAc [pH 8.0], and 3 mM MgCl2)[13]
and stored at -80ºC.

Total viral RNA extraction
Infection lysate supernatant prepared as described above was adjusted to 1% SDS and
100 µg/mL proteinase K and incubated at 37ºC for 1 h. The digest was then extracted
with Tris-saturated phenol and the aqueous phase adjusted to 300 mM NaCl and
precipitated with 75% (v/v) ethanol. The RNA pellet was dissolved in RNA modification
buffer (RMB; 50 mM HEPES [pH 8.0], 200 mM KOAc [pH 8.0], and 3 mM MgCl2)[13]
and stored at -80ºC.
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RNA modification
Virion RNA concentration was adjusted to 267 ng/µL in RMB or total RNA concentration
was adjusted to 1.6 #g/#L in RMB and the RNA was divided into two equal parts and
incubated at 37ºC for 20 min. 1 volume of DMSO with (+) or without (-) 32.5 mM
NMIA was then added to 9 volumes of RNA and incubated at 37ºC for 45 min. The
reactions were then adjusted to 0.2 µg/µL glycogen, 4 mM EDTA (pH 8.0), and 300 mM
NaCl and precipitated with 75% (v/v) ethanol. The RNA pellets were dissolved in 9
volumes 0.5! TE (5 mM Tris [pH 8.0] and 0.5 mM EDTA), divided into 9 µL (1 pmol)
aliquots, and stored at -80ºC.

Primer extension and capillary electrophoresis
28 primers spanning the poliovirus genome were designed manually or with the aid of
Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) (Table
3). Two 5'-fluorescently labeled versions (6-FAM and VIC) of each primer were ordered
from Life Technologies. The two dye approach described here, rather than the four dye
approach published elsewhere[13, 15] was based on the kind advice of Dr. David Mauger.
Along with the experimental (+) and (-) RNA, dideoxy sequencing reactions were
performed to enable accurate alignment of the chromatograms in ShapeFinder (see
below). These sequencing reactions used in vitro transcribed poliovirus RNA at 267 ng/
µL as template. For each experiment, eight primer extension reactions were performed: 1
(+), 2(-), 3-8(sequencing). To denature the RNA, 9 µL (1 pmol) was incubated at 95ºC for
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3 min and placed on ice. 2 µL of 1 µM VIC-labeled primer was added to reactions 1-4
and the same amount of 6-FAM-labeled primer to reactions 5-8. To anneal the primers to
the RNA, the reactions were incubated 65ºC for 5 min and 35ºC for 10 min, and placed
on ice. 9 µL of the appropriate reverse transcriptase (RT) mix was added. The basic RT
mix (SuperScript III, 5! buffer, DTT, dNTPs; Life Technologies) was added to reactions
1 and 2. The basic mix was supplemented with ddATP (TriLink BioTechnologies) for
reactions 3 and 5-8 and ddCTP (TriLink BioTechnologies) for reaction 4. The reactions
were incubated at 52ºC for 15 min and placed on ice. To degrade the RNA template, 2.5
µL of 1M NaOH was added to each reaction, and the reactions were incubated at 98ºC for
15 min and placed on ice. To neutralize the reaction, 2.5 µL of 1M HCl was added. The
VIC and 6-FAM reactions were pooled in a pairwise manner (1 & 5, 2 & 6, 3 & 7, and 4
& 8) and diluted 2-fold with water. These four pooled reactions were adjusted to 0.2 µg/
µL glycogen and 300 mM NaOAc (pH 5.2) and precipitated with 75% (v/v) ethanol.
cDNA pellets were washed twice with 75% ethanol and dissolved in 10 µL HiDi
formamide (Life Technologies). Capillary electrophoresis was performed by the UC
Berkeley DNA Sequencing Facility (http://mcb.berkeley.edu/barker/dnaseq/index.html)
according to their Fragment Analysis protocol. Each of the four pooled reactions was
analyzed in a separate capillary.
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Table 3. SHAPE primers.
Name
185Rev
468Rev
601Rev
755Rev
1007Rev
1321Rev
1586Rev
1883Rev
2161Rev
2435Rev
2699Rev
2987Rev
3270Rev
3547Rev
3886Rev
4196Rev
4445Rev
4756Rev
5005Rev
5306Rev
5579Rev
5845Rev
6136Rev
6442Rev
6699Rev
6982Rev
7265Rev
p(A)Rev

Sequence
TCACCGGGGAAACAGAAGTGC
ATTAGCCGCATTCAGGGGCC
CTGTGATTGTCACCATAAGCAGCCAC
CCTGAGCACCCATTATGATACAATTGTCTGATTG
CTCTATCGCTATACCCGCAAG
GGAATTTGGAGGCGTTACAC
GCACAGTTGTTGGTCCGTAG
GGTGGGGTCACATCAAATTC
CCATCATGGATCCACAGAAC
CACGCTGACACAAAACCAAG
CAACATGTCTGGTTTGCACTG
TGGTGGTACGTACATAATTTGG
GATTTTGGAGGTGACCTTGG
CCTGGGCTCTTGATTCTGTG
CGGCCCCAAGTGACTCTATG
CAGTCCCTTAGCTGCGTTG
ATTCTTTTGGCTTCCACTGC
TGCCATGGGTGGTATAAACTC
CCACACACTAAAGGACAGCATC
GCCCTGTTGATGTTCCTTTC
GCGTGGGTTGGTAAAATAGC
GCGCCCACCGAGATTTAG
TGAGGACTGCTGGTTCCTTC
CGAGCAGTTTTTGCATTTCC
GCAAACAGCTTCTCTTCCATC
GGCAATCATTTTTAGGTGGTC
AAAAGGCACAGAGAGCGAAC
TTTTTTTTTTTTTTTTTTTTTTCTCC
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SHAPE data processing
Raw electropherograms, which contain data for fluorescence intensity versus elution
time, were analyzed in ShapeFinder[15]. The early steps of data processing in
ShapeFinder for the two dye approach used here differ somewhat from the "standard"
four dye approach, and were again based on the kind advice of Dr. David Mauger. Data
from the 6-FAM and VIC channels each of the four capillaries were first combined into a
single file. A fitted baseline adjustment with a window width of 200 was applied to all
eight channels. Cubic mobility shifts were performed manually on the four 6-FAM
channels to align these identical ddATP sequencing reactions. The shift values from these
alignments were then applied to the appropriate VIC channels, aligning the two
experimental (+) and (-) channels and the ddATP and ddCTP sequencing channels to one
another. The data from the four 6-FAM channels was then removed before further
analysis. Signal decay correction was applied to each of the four remaining VIC channels.
The region of interest was determined based on the (+) channel and the same region was
applied to all four channels (typically from between 1000 and 2000 to between 5500 and
7000). The rescale factor and equation parameters, A, q, and C, were kept at their default
values of 10000, 1000000, 0.999, and 10000, respectively. A scale factor was then
applied to the (-) channel such that most peaks were of equal or lesser height than the
corresponding (+) peak. This factor was typically between 0.3 and 0.7. Alignment and
integration was then performed over a range equal to or narrower than that used for signal
decay correction. After manual inspection and correction of peaks, the ShapeFinder
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software performed a whole-channel Gaussian integration to quantify all individual peak
areas, and the (-) peak areas were subtracted from the (+). The output raw reactivity data
for each primer was then normalized using a model-free box plot analysis[24, 37].
Normalized reactivity values between -0.5 and 0 were set to zero. Normalized reactivity
values of less than -0.5 or greater than 3.0 were discarded as extreme outliers. Replicate
experiments with the same primer were highly reproducible. In this manner we were able
to obtain SHAPE reactivity values for 98% of the nucleotides in the poliovirus genome
(7298 out of 7440). 64 nucleotides at the extreme 3' end were impossible to examine due
to the need for a primer binding site, and a further 78 were discarded as outliers and not
analyzed further.

Pairing probability analysis
XDecoder, a phylo-grammar modeling the evolution of RNA structures that may partially
overlap protein coding sequence, was implemented in the XRate software as previously
described[38]. A multiple alignment of poliovirus genomes was annotated with the
reading frame from poliovirus 1 (Mahoney). Summing over all possible structures using
the Inside/Outside recursions (implemented within XRate), the cumulative posterior
probability of all pairings for each position were tabulated (using the Wiggle output
format option to XRate). Structures with greater than 300 bases separating paired
positions were excluded. The XDecoder grammar, the sequence alignment used, and the
commands used to generate the Wiggle data are available as supplementary information
to Westesson & Holmes, 2012[38].
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Bootstrap analysis
A bootstrap analysis comparing the SHAPE reactivity of 60 nucleotide protein linker
regions to random regions of the same length from the poliovirus genome was performed
as described for HIV-1[13].
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Chapter 3:

Characterization of a Functional RNA
Element within the Open Reading Frame
- the RNA Infectivity-required Structure
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INTRODUCTION

The poliovirus life cycle (reviewed in[1]) consists, broadly, of eight stages:
attachment, uncoating, translation, proteolysis, negative strand synthesis, positive strand
synthesis, morphogenesis, and virion release. Attachment consists of virion binding to the
poliovirus receptor (PVR or CD155) on the host cell surface[2]. Entry is thought to be
coupled to uncoating (structural transitions in the virion which release the viral RNA
genome into the cytoplasm), but this process remains poorly understood[3]. Upon release,
the viral genome serves as an mRNA which can be translated by host cell ribosomes, a
process mediated by the IRES[4, 5], which produces the viral polyprotein. Proteolysis of
the viral protein occurs cotranslationally and is mediated by two internally encoded viral
proteinases, 2Apro and 3Cpro. RNA synthesis (first of the complementary negative strand,
then of many more positive strands) is catalyzed by the viral polymerase, 3Dpol[6], and
requires several other nonstructural proteins[7] as well as three cis-acting RNA
structures: the 5'-CL[8-10], the 3'-pseudoknot[11], and 2C-CRE[12]. Newly synthesized
positive strands may serve as templates for further rounds of translation or RNA
synthesis, or may be packaged into progeny virions. The production of progeny virions,
which includes both assembly of the icosahedral protein shell and packaging of the
genomic RNA, is generally termed "viral morphogenesis." It has a number of discreet
intermediate stages and has been fairly well studied[13]. Virion release occurs upon lysis
of the infected cell.
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Thus RNA structures in the poliovirus genome have been shown to regulate three
of the eight main stages of the viral life cycle (translation and both positive- and
negative-strand RNA synthesis). In addition, the RNase L ciRNA structure in the 3Cpro
coding region has been shown to competitively inhibit a host defense protein, RNase L
[14, 15]. Having identified a number of novel RNA structures in the poliovirus open
reading frame that appear to be evolutionarily conserved (see Chapter 2), we wished to
determine the function of one such RNA structure, and in particular which stage(s) of the
poliovirus life cycle it might regulate. We chose to pursue the highly conserved structure
near position 7000 in the 3Dpol coding region, which, for reasons that will become
apparent, we have named the RNA Infectivity-required Structure (RIS). To determine the
function of RIS, we introduced synonymous mutations, which disrupted the structure and
revealed that it is critically involved in virus replication and infectivity.
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RESULTS

Analysis of the RIS element
Having performed a global analysis of RNA structure in the poliovirus genome,
and identified a number of novel, conserved elements, we wished to further characterize
the structure and function of one such element, near position 7000, within the portion of
the genome encoding the viral RNA-dependent RNA polymerase, 3Dpol. Thermodynamic
and evolutionary folding predictions for this region, encompassing nucleotides
6902-7117, generated several possible secondary structures. Further analysis of these
predictions led to the structure proposed in Figure 1. This structure is highly conserved
both within the polioviruses (Figures 1B, 1D and 2A) and across the human enterovirus C
group (Figure 2B), and is consistent with our SHAPE reactivity data (Figure 1A and 1C).
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Figure 1. SHAPE reactivity and conservation of RIS element.
(A) SHAPE reactivity of RIS element. Predicted RNA secondary structure model for
nucleotides 6902-7117 of poliovirus 1 (Mahoney) genome colored by SHAPE reactivity.
(B) Sequence and structure conservation of RIS element. Nucleotide variability was
determined by examining selected other poliovirus genomes (see D). (C) As for (A), but
with nucleotides shown. (D) Conservation of RIS element sequence and structure, with
nucleotides shown. Poliovirus genomes examined were: Mahoney (PV1; GenBank
NC_002058); Sabin 1* (GenBank AY184219); Lansing/MEF-1 (PV2; GenBank
M12197/AY238473; identical for this region); Sabin 2 (AY184220); Saukett (PV3; C.P.
Burrill, E.F. Goldstein & R. Andino, unpublished data); Sabin 3/Leon (GenBank
AY184221/K01392; identical for this region). *C7071U encodes the T362I substitution
in 3Dpol in the attenuated Sabin 1 vaccine strain; this is the only non-synonymous change
found in this region in any of the poliovirus sequences examined.
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Figure 2. Pairing probability of region containing RIS element.
Green lines represent the pairing probability for each nucleotide obtained by analyzing an
alignment of (A) poliovirus or (B) human enterovirus C sequences. (y-axis is from 0 to
1.)
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Mutations within the RIS reduce viral fitness
To examine its role in the poliovirus life cycle, we subdivided the region
containing the RIS element into 6 smaller regions of 36 nucleotides each. Within each
region, we introduced the maximum possible number of synonymous mutations. We
changed nucleotides that would result in a maximal disruption of the predicted structure
and/or are highly conserved (Figure 1). Six initial mutants were generated with between
11 and 16 synonymous mutations each (Figure 3A).
Plaque morphology provides a useful read-out of the phenotype of each of the
mutant populations, and we measured the area of individual plaques to quantify the effect
of the synonymous mutations introduced in the region surrounding the RIS element.
Several of the mutants exhibited a highly significant small or minute plaque phenotype
(Figure 3C). The most severe phenotypes were found in the mutants 3D3 (nucleotides
6974-7009) and 3D4 (nucleotides 7010-7045). Next, we employed a poliovirus replicon,
PLuc, which carries the firefly luciferase reporter gene in lieu of the capsid coding
sequence P1[16]. Since PLuc translates and replicates like wild type virus, luciferase
activity provides a quantitative measure of viral translation and RNA replication[17].
Mutants 3D2, 3D3, and 3D4 exhibited an RNA replication delay at 3 hours posttransfection, however this defect was transient and by 5 h all mutants reach wild type
levels of RNA production (Figure 3B).
We then examined the genetic stability of the mutations introduced at the RIS
structural element. We observed a rapid selection at position 7006 (Figure 3A) in the 3D3
virus. This was the only one of 16 point mutations introduced in the 3D3 mutant to
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exhibit this rapid selection. It is the third nucleotide of an Ala codon, which can be any of
the four bases without altering the amino acid sequence of 3Dpol. In the wild type
poliovirus 1 (Mahoney) sequence, and indeed in all poliovirus sequences examined
(Figure 1D), there is a uridine residue at this position. In the 3D3 mutant it was replaced
by adenosine. After a single passage of the 3D3 virus we see almost complete substitution
of cytidine at position 7006. We further confirmed the strong negative selection against
adenosine at position 7006 by isolating large and small plaques from the initial 3D3 virus
stock and sequencing the region surrounding the RIS. We found that more than half
(53.3%) of "large" plaques (those visible at 72 h) contained the A7006C mutation, while
less than a fifth (19.6%) of "small" plaques (those invisible until 96 h) contained this
substitution (Figure 3D). We conclude that the nucleotide at position 7006 is critical for
virus fitness.
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Figure 3. Mutagenesis of RIS element and characterization of initial mutants.
(A) Mutants. On the schematic, color indicates nucleotides targeted in each mutant. The
actual nucleotide changes and corresponding wild type sequence and nucleotide positions
for each mutant are listed below. (B) PLuc assay. Mutant (colored) or wild type (black)
replicon RNA was transfected into HeLa S3 cells at 37ºC. Cells were incubated in the
presence (dashed lines) or absence (solid lines) of 2 mM GdnHCl. Luciferase activity
(relative light units) corresponding to ~5.3!105 cells was measured every hour. Data are
plotted as the mean ± standard deviation of three or four independent transfections.
Delays at 3 h post-transfection are significant compared to wild type in 3D2 (p=0.026),
3D3 (p=0.003), and 3D4 (p=0.015). (C) Plaque assays with plaque size measurement.
Plaque purified stocks were used to infect HeLa S3 cells at 37ºC. Boxplots indicate
median plaque area in pixels, 25% and 75% quartiles, and 1.5! interquartile range;
outliers shown as open circles. 3D2 (p=8.42e-09), 3D3 (p<2.2e-16), and 3D4 (p<2.2e-16)
plaques are significantly smaller than wild type. (D) Frequency of A7006C mutation in
large and small plaques derived from 3D3 stock. Plaques were picked at 72 (large; n=45)
or 96 (small; n=46) h post-infection and amplified. RT-PCR products representing the
region in question were sequenced.
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Role of the RIS element in viral infectivity
To further define the critical features of the RIS element we subdivided the critical
3D4 region into two parts. Thus we designed two additional mutants, 3D4A and 3D4B
(Figure 4A). 3D4A contains the 10 mutations in the first 18 nucleotides of 3D4, and
3D4B contains the remaining 6 mutations in the last 18 nucleotides. We characterized
these mutants in terms of plaque size (Figure 4C) and PLuc phenotype (Figure 4B). In
both assays we found that the 3D4A mutant closely recapitulated the 3D4 phenotype,
while the 3D4B phenotype resembled wild type.
We also examined the ability of 3D4, 3D4A, and 3D4B to produce viral proteins.
Production of both 2CATPase, which is upstream of the RIS element, and 3Dpol (as well as
its proteolytic precursor 3CDpro and the alternative proteolysis product 3D'[18]) were
analyzed by Western blot at 5 h post-infection (Figure 4D). We found that 3D4 and
3D4A do produce slightly less viral protein than 3D4B and wild type. We also measured
the number of RNA genomes present at 5 h post-infection, and found a significant delay
in RNA synthesis around 5 h post-infection (Figures 4E and 5B). It is thus likely that the
slight decrease in protein levels (Figure 4D) in the RIS mutants is attributable to the
decrease in the amount of viral RNA available for translation (Figure 4E). In contrast, a
mutant with a genuine translation defect, SL IV 298[19], produced more viral RNA than
the 3D4A mutant (Figure 4E) but less viral protein (Figure 4D). Regardless, a decrease in
translation cannot explain the severe plaque phenotype of the RIS mutants, since SL IV
298 exhibits only a small reduction in plaque size (Figure 4C).
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To reconcile the small effect of RIS mutations on RNA production with the very
dramatic effects of these mutations on plaque size, we next considered whether the RIS
may have an additional function in the viral life cycle. To this end, we measured both
RNA synthesis and infectious virus production during a single replication cycle. Using a
strand-specific qRT-PCR assay, similar to the one described by Plaskon, et al.[20], we
found that synthesis of both positive and negative strands was delayed in 3D4A compared
to wild type (Figure 5B, top panel), but reached near wild type levels by 6-7 h postinfection. This finding was consistent with the results obtained using the PLuc replicon
system (Figures 3B and 4B). Analysis of virus production in this mutant showed that the
final virus titer was dramatically reduced (Figure 5A, top panel). Thus, while the 3D4A
RIS mutant can eventually produce almost wild type levels of viral RNA and proteins, its
production of infectious viral particles is impaired.
A simple interpretation of these results is that the RIS element is involved in RNA
packaging. According to this view, even if 3D4A produces wild type levels of RNA, it
makes a lower number of infectious particles. To examine this possibility directly, we
purified virus particles by immunoprecipitation, and determined the proportion of
encapsidated viral RNA. Unexpectedly, the RIS mutant and wild type viruses packaged
similar amounts of RNA into virions (Figure 5C). However, comparing equal amounts of
wild type and RIS mutant virions showed that far fewer virions with the 3D4A RIS
mutation were infectious, resulting in significant reduction in the ratio of infectious units
to packaged RNA (Figure 5D). Thus, RIS mutants do not exhibit a gross defect in RNA
packaging, but produce viruses of lower infectivity.
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The function of the RIS element in virus infectivity was further confirmed by
examining the sensitivity of the 3D4A mutant to temperature. Since the structure is
located within the open reading frame, we suspected that the synonymous mutations we
introduced only partially disrupted the integrity of the structure. We reasoned it might be
further destabilized at higher temperatures. Indeed, we found using plaque assays that the
3D4A virus is nearly 1000-fold less infectious at 39ºC than at 37ºC (Figure 5E).
Importantly, RNA synthesis and virus production were comparable at 39ºC and 37ºC
(Figure 5A-B), further implicating the RIS element in a function related to infectivity. We
conclude that the highly conserved RIS element identified in this study plays a critical,
hitherto unanticipated, role in virion infectivity.
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Figure 4. Subdivision and further characterization of 3D4 mutant.
(A) Mutants. On the schematic, color indicates nucleotides targeted in each mutant. The
actual nucleotide changes and corresponding wild type sequence and nucleotide positions
for each mutant are listed below.(B) PLuc assay. Mutant (colored) or wild type (black)
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replicon RNA was transfected into HeLa S3 cells at 37ºC. Cells were incubated in the
presence (dashed lines) or absence (solid lines) of 2 mM GdnHCl. Luciferase activity
(relative light units) corresponding to ~3.1!105 cells was measured every 30 min. Data
are plotted as the mean ± standard deviation of three independent transfections. Delays at
2.0-3.5 h post-transfection are significant compared to wild type in 3D4 and 3D4A
(p<0.05). (C) Plaque assays with plaque size measurement. Plaque purified stocks were
used to infect HeLa S3 cells at 37ºC. Boxplots indicate median plaque area in pixels, 25%
and 75% quartiles, and 1.5! interquartile range; outliers shown as open circles. 3D4
(p<2.2e-16), 3D4A (p<2.2e-16), and SL IV 298 (p=5.56e-05) plaques are significantly
smaller than wild type. (D) Western blots. P1 virus stocks were used to infect HeLa S3
cells (MOI ~20). Total protein was harvested at 5 h post-infection. 5 "L of cell lysate was
run for each sample and blotted with #-3D or #-2C. Membranes were stripped and reblotted with #-GAPDH. (E) qPCR. P1 virus stocks were used to infect HeLa S3 cells
(MOI ~25). Total RNA was harvested at 5 h post-infection and positive sense RNA was
measured by strand-specific qPCR. Data are normalized to the average wild type value
and plotted as the mean ± standard deviation of three replicates.
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Figure 5. Further characterization and temperature sensitivity of 3D4A mutant.
(A) One-step growth curves. P1 stocks of 3D4A (pink) or wild type (black) virus were
used to infect HeLa S3 cells (MOI ~25). Samples were taken every hour and titered by
TCID50. Data are plotted as mean ± standard deviation of three replicates. (B) Strandspecific qPCR. P1 stocks of 3D4A (pink) or wild type (black) virus were used to infect
HeLa S3 cells (MOI ~25). Samples were taken every hour, and the number of positive
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(solid lines) or negative (dashed lines) sense viral genomes determined by strand-specific
qRT-PCR. Data are plotted as mean ± standard deviation of three replicates. (C) RNA
Packaging (ratio of packaged genomes to total genomes) & (D) Virion Infectivity (ratio
of infectious units to packaged genomes). After titering, the 3D4A (pink) and wild type
(white) 8 h replicates from the 37ºC and 39ºC one-step growth curves (A) were subjected
to virion immunoprecipitation and the number of packaged genomes assayed by strandspecific RT-qPCR. This number was compared to either the average number of total viral
genomes at 8 h and 37ºC or 39ºC from (B) or the 8 h replicate viral titer from (A). Data
are plotted as mean ± standard deviation of three replicates. Background levels from a
negative control (boiled viral lysate) were more than 1000-fold lower than the lowest
reported experimental values. (E) Plaque assays. Plaque purified stocks were used to
infect HeLa S3 cells at 37ºC or 39ºC. Plates were fixed and stained at 48 h post-infection.
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DISCUSSION

Our global chemical analysis of RNA structures in the poliovirus genome,
coupled with orthogonal evolutionary predictions, was able to identify a number of
putative RNA structural elements (see Chapter 2). We wished to further analyze one such
highly conserved structure, found in the region of the genome encoding 3Dpol, by sitedirected mutagenesis. This analysis revealed a novel RNA element that plays an
important role in viral replication. Mutants in which the structure is disrupted exhibit
delays in RNA synthesis that are observable in both the PLuc replicon system (Figures
3B and 4B) and the virus (Figure 5B). However, this minor RNA synthesis defect cannot
account for the striking reduction in particle infectivity (Figure 5D) and the major defect
in plaque production at 39ºC (Figure 5E). These results suggest that, in addition to RNA
synthesis, the infectivity of the virus is directly modulated by this RNA structure. Thus
we names this element the RNA Infectivity-required Structure (RIS).
The phenotypes of the six initial RIS mutants indicated that the central portion of
this region (6974-7045), mutated in the 3D3 and 3D4 mutants, was critical for viral
replication. The strong selection for the A7006C mutation in the 3D3 mutant (Figure 3D),
and our ability to localize the severe 3D4 phenotype to the first 18 nucleotides
(7010-7027; 3D4A mutant in Figure 4) further narrowed the region of functional
importance. We note that the sequence of nucleotides 7004-7044 is completely conserved
in all the strains of poliovirus that we examined (Figure 2B and 2D). Moreover,
nucleotides 7005-7026 exhibit extremely low SHAPE reactivity, despite being predicted
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to include parts of two different loops. As we noted in our analysis of previously
identified RNA structures in the poliovirus genome, unreactive loops can often indicate a
tertiary interaction such as a pseudoknot or kissing loops, and we speculate that one or
both of these loops may be involved in a longer-range interaction of this type.
Of interest is whether phenotypes previously attributed to 3Dpol amino acid
changes might in fact result from defects in the RIS element. According to the
comprehensive list of known 3Dpol mutations compiled by Tellez, et al.[21], only two
3Dpol mutants in amino acids 330-353, corresponding to nucleotides 6974-7045, have
been published. These are D339A/S331A/D349A[22, 23] and L342A[24]. These amino
acid residues are thought to be involved in 3Dpol oligomeric interfaces, and in vitro
biochemical work with the polymerase mutants supports that view[22, 24]. However the
viral phenotypes described include small[22, 24] and temperature sensitive[23, 24]
plaques, and an RNA synthesis defect[22], all of which are also exhibited by our
synonymous RIS mutants.
The RIS element appears to directly affect RNA synthesis. The presence of a
phenotype in the PLuc mutants (Figures 3B and 4B, solid lines) indicates that translation
or RNA synthesis must be directly affected, since the replicons do not undergo other viral
processes such as attachment, uncoating, morphogenesis, or virion release. The level of
luciferase production in the presence of GdnHCl, a replication inhibitor, suggests that
mutations in the RIS element do not affect the efficiency of translation (Figures 3B and
4B, dashed lines). 3D4 and 3D4A do show somewhat lower levels of viral proteins
(Figure 4D). However, after comparison to a mutant with a known translation defect, SL
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IV 298[19], we attribute that difference to the defect in positive strand RNA synthesis
(Figures 4E and 5B, see below), which makes fewer genomes available for translation,
rather than any mechanistic defect in translation itself. The defect in RNA synthesis,
while significant, is transient. Indeed, by 5 h post-transfection PLuc mutants exhibit wild
type levels of luciferase activity (Figures 3B and 4B), and by 6 h post-infection mutant
viruses produced nearly wild type levels of RNA (Figure 5B).
The minute plaque size and growth phenotype of the RIS element mutants
(Figures 3C, 4C, and 5A) were inconsistent with the transient nature of the defect in
RNA synthesis (Figure 5B). Furthermore, RIS mutants exhibit RNA synthesis and virion
production kinetics that are impaired compared to wild type but are not significantly
different at 39ºC than at 37ºC (Figure 5A-B, compare bottom panels to top panels).
However, RIS mutants exhibit a 1000-fold reduction in infectivity at 39ºC compared to
37ºC (Figure 5E). Thus, these results suggest that the RIS element plays additional roles
in the viral life cycle, which are severely impaired at 39ºC in the 3D4A mutant. Since the
3D4A mutant grows to similar titers in a one-step growth curve at 39ºC or 37ºC (when
those titers are measured at 37ºC), and RNA packaging levels are also similar (Figure
5C), simple defect in viral morphogenesis is not likely to be cause of the dramatic
differences in infectivity at 39ºC. Virion release, attachment, or uncoating are therefore
possible processes that could be affected, with uncoating seemingly the most likely of the
three to involve an RNA structure.
In summary, site-directed mutagenesis demonstrated the functional relevance of a
novel RNA structure, the RIS element, which was identified using a combination of
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chemical probing and evolutionary analyses. Disruption of this structure affects viral
replication kinetics, delaying both negative and positive strand RNA synthesis. Most
importantly, the phenotypes of RIS element mutants indicate that this structure controls
the infectivity of the virus particle.
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MATERIALS AND METHODS

Mutagenesis and cloning
Mutant viruses and replicons were generated by site-directed mutagenesis and cloning of
the prib(+)XpA and prib(+)RLucpA plasmids[16], followed by in vitro transcription of
linearized plasmid and transfection as described below. Mutagenesis was achieved by
overlap PCR using mutagenesis primers (Table 1) and the PCR primers 5434For (5'ACAAGGACCAGGGTTCGATTACGCAGTGGCTATGGCT-3') and 7662Rev (5'GGGGTTCCGCGCACATTTC-3'). Briefly, the appropriate mutagenesis and PCR
primers were combined with plasmid template for 30 cycles of PCR (30 s extension time)
with Herculase II Fusion DNA Polymerase (Agilent). The first round PCR products were
purified (NucleoSpin Extract II; Machery-Nagel) and 0.3 pmol of each combined as
template for the second round of PCR. 10 cycles of PCR (30 s extension time) were
performed in the absence of PCR primers, then the PCR primers were added and a further
20 cycles (40 s extension time) performed. The second round PCR products were purified
and digested with BglII and MluI (NEB). The plasmids vectors were similarly digested,
and also dephosphorylated (Antarctic Phosphatase; NEB). Insertion was achieved using
the Quick Ligation Kit (NEB). Plasmids were transformed into SURE ElectroporationCompetent cells (Agilent), and plasmid preps sequenced (Elim Biopharm) to confirm the
presence of the correct insert.
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Table S2. Mutagenesis primers.
Name
Sequence
3D1For AACTTGATTATCCGCACCTTGTTGTTAAAGACGTATAAGGGGATTGACTTAGACCACCTA
3D1Rev TAGGTGGTCTAAGTCAATCCCCTTATACGTCTTTAACAACAAGGTGCGGATAATCAAGTT
3D2For AAGGGCATAGATTTGGATCATTTGAAGATGATCGCGTACGGAGATGACGTAATTGCTTCC
3D2Rev GGAAGCAATTACGTCATCTCCGTACGCGATCATCTTCAAATGATCCAAATCTATGCCCTT
3D3For TATGGTGATGATGTTATCGCAAGTTATCCGCACGAGGTAGATGCATCACTCCTAGCCCAA
3D3Rev TTGGGCTAGGAGTGATGCATCTACCTCGTGCGGATAACTTGCGATAACATCATCACCATA
3D4For GTTGACGCTAGTTTGTTGGCGCAGAGTGGTAAGGATTACGGTCTTACAATGACTCCAGCT
3D4Rev AGCTGGAGTCATTGTAAGACCGTAATCCTTACCACTCTGCGCCAACAAACTAGCGTCAAC
3D5For TATGGACTAACTATGACGCCGGCCGATAAGAGCGCGACGTTCGAGACTGTCACATGGGAG
3D5Rev CTCCCATGTGACAGTCTCGAACGTCGCGCTCTTATCGGCCGGCGTCATAGTTAGTCCATA
3D6For ACATTTGAAACAGTGACTTGGGAAAACGTTACCTTTCTCAAGCGTTTTTTCAGGGCAGAC
3D6Rev GTCTGCCCTGAAAAAACGCTTGAGAAAGGTAACGTTTTCCCAAGTCACTGTTTCAAATGT
3D4AFor CCCCATGAAGTTGACGCTAGTTTGTTGGCGCAGAGTGGTAAAGACTATGGACTAACTATG
3D4ARev CATAGTTAGTCCATAGTCTTTACCACTCTGCGCCAACAAACTAGCGTCAACTTCATGGGG
3D4BFor AGTCTCCTAGCCCAATCAGGAAAGGATTACGGTCTTACAATGACTCCAGCTGACAAATCA
3D4BRev TGATTTGTCAGCTGGAGTCATTGTAAGACCGTAATCCTTTCCTGATTGGGCTAGGAGACT
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Cells
HeLa S3 cells were grown in tissue culture flasks in DMEM High Glucose 50%/F-12
50% mix supplemented with 1! penicillin-streptomycin-glutamine (PSG) and 10%
newborn calf serum (NCS) at 37ºC and 5% CO2.

Virus production
Infectious wild type or mutant poliovirus 1 (Mahoney) RNA was produced by in vitro
transcription of linearized prib(+)XpA plasmid[16], or plasmids derived therefrom (see
above). HeLa S3 cells were trypsinized, washed three times with D-PBS, and adjusted to
5!106 cells/mL. 800 µL cells were transfected with 20 µg RNA in 0.4 cm cuvettes using
an Electro Cell Manipulator 600 (BTX Inc.) with voltage of 300 V, capacitance of 1000
µF, and resistance of 24 $. Cells were recovered in 7.5 mL tissue culture medium
supplemented with 1! PSG and 2.5% NCS, transferred to tissue culture flasks, and
incubated overnight at 37ºC and 5% CO2. The P0 virus stock was then obtained after
three freeze/thaw cycles followed by centrifugation at 3500 rpm for 5 min in a Legend T
Centrifuge (Sorvall) and stored at -20ºC. Virus stocks were titered by standard plaque
assay and/or TCID50. Subsequent (P1 and later) virus stocks were obtained by washing
HeLa S3 cell monolayers with PBS and infecting with the previous stock diluted to the
desired MOI in tissue culture medium supplemented with 1! PSG for 30 min at 37ºC
with occasional rocking. The inoculum was then removed and the cells recovered in
tissue culture medium supplemented with 1! PSG and 2.5% NCS and incubated at 37ºC
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and 5% CO2 until cytopathic effect (CPE) was observed, when the virus stock was
harvested as described for P0.

Plaque assays
Plaque assays were performed using plaque-purified stocks of mutant and wild type
virus. 10 cm plates of confluent (~1.5!107 cells) HeLa S3 cells were washed with PBS
and infected with ~40 PFU or ~ 40,000 PFU in 1.5 mL tissue culture medium
supplemented with 1! PSG. Plates were incubated for 30 min at 37ºC or 39ºC and 5%
CO2 with occasional rocking. Cells were overlaid with growth medium containing 1%
(w/v) agarose and incubated at 37ºC or 39ºC and 5% CO2. At 48 h post-infection, plaque
assays were fixed through the overlays with 2% (v/v) formaldehyde for 15 min at 20ºC.
The overlays were removed and the cells stained with 0.1% (w/v) crystal violet. For
plaque area quantification, plates were individually scanned and plaques measured as
described (Lauring, et al., in preparation).

Luciferase replicons
Wild type or mutant PLuc RNA was produced by in vitro transcription of linearized prib
(+)RLucpA plasmid[16], or plasmids derived therefrom (see above). HeLa S3 cells were
trypsinized, washed three times with D-PBS, and adjusted to 1!107 cells/mL. 800 µL
cells were transfected with 20 µg RNA in 0.4 cm cuvettes using an Electro Cell
Manipulator 600 (BTX Inc.) with voltage of 300 V, capacitance of 1000 µF, and
resistance of 24 $. Cells were recovered in 13-15 mL tissue culture medium
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supplemented with 1! PSG and 10% NCS and split into two equal parts. Guanidine
hydrochloride (GdnHCl) was added to one part to a final concentration of 2 mM, and
cells were incubated at 37ºC. Time points were taken every 30-60 min. At each time
point, 0.5-1.0 mL of cells was removed and centrifuged at 6000 rpm for 1 min in a 5415
C centrifuge (Eppendorf). The cells were resuspended in 60-120 "L 1! Cell Culture Lysis
Reagent (Promega) and incubated for 1 min at 20ºC. The lysate was then centrifuged at
14,000 rpm for 1 min, and 50-100 "L of supernatant removed and stored at -20ºC.
Luciferase activity was assayed by mixing 10 "L of lysate with 100 "L Luciferase Assay
Reagent(Promega). Luminescence was read on either an Optocomp I Luminometer
(MGM Instruments) or an Ultra Evolution plate reader (Tecan).

One-step growth curves
Wild type and 3D4A virus (P1 stocks) were diluted to 1.25!108 PFU/mL in tissue culture
medium supplemented with 1! PSG, treated with 10 "g/mL RNase A for 1 h at 20ºC to
remove unpackaged viral RNA, and frozen at -20ºC overnight. Confluent (~5!105 cells/
well) HeLa S3 cells in 24-well plates were washed with cold PBS and infected in
hextuplicate with wild type or 3D4A virus (P1 stock) at an MOI of ~25 for 30 min at 4ºC
with occasional rocking. The inoculum was then removed and the cells washed twice in
cold PBS and recovered in tissue culture medium supplemented with 1! PSG and
incubated at 37ºC or 39ºC and 5% CO2. Time points were taken every hour. At each time
point, the plate was frozen at -80ºC. RNA was extracted from three of the six replicate
wells using the PureLink RNA Micro Kit (Life Technologies) and diluted for strand-
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specific qPCR based on expected RNA levels. After three freeze/thaw cycles, the
remaining three replicates were centrifuged at 14,000 rpm for 1 min in a 5415 C
centrifuge (Eppendorf) and supernatants stored at -20ºC. Each replicate was titered by
TCID50.

Strand-specific RT-qPCR
Strand-specific qPCR was based on a published protocol[20]. Briefly, cDNA was
synthesized from diluted total RNA using SuperScript III Reverse Transcriptase (Life
Technologies) and 125 nM strand-specific RT primer (+strand_RT: 5'GGCCGTCATGGTGGCGAATAATGTGATGGATCCGGGGGTAGCG-3'; -strand_RT:
5'-GGCCGTCATGGTGGCGAATAACATGGCAGCCCCGGAACAGG-3') in a 5 "L
reaction. Separate RT reactions for positive and negative strands were performed for each
sample. RT products were treated with 0.5 units of Exonuclease I (Fermentas) to remove
excess RT primer prior to qPCR. cDNAs were diluted tenfold and analyzed by qPCR
using 2! SYBR FAST Master Mix (Kapa Biosystems), 200 nM strand-specific qPCR
primer (+strand_For: 5'-CATGGCAGCCCCGGAACAGG-3'; -strand_Rev: 5'TGTGATGGATCCGGGGGTAGCG-3'), and 200 nM Tag primer (5'GGCCGTCATGGTGGCGAATAA-3') in a 10 "L reaction. A 10! dilution series of in
vitro transcribed positive and negative strand RNA standards was run alongside
experimental samples and used to construct a standard curve.
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Virion Immunoprecipitation
Supernatant from the 8 h post-infection time point of the one-step growth curves were
applied to 10 "L Protein A-coupled Dynabeads (Life Technologies) bound to 2 "g antipoliovirus type 1 monoclonal antibody (Pierce Biotechnology). Immunoprecipitation was
performed according to the manufacturer's protocol. RNA was extracted from eluates
using the PureLink RNA Micro Kit (Life Technologies) and subjected to positive strand
RT-qPCR.

Western blots
50% confluent (~1!106 cells/well) HeLa S3 cells in 6-well plates were washed with PBS
and infected with 3D4, 3D4A, 3D4A, SL IV 298[19], or wild type virus (P1 stock) at an
MOI of ~20, or mock-infected, for 30 min at 37ºC and 5% CO2 with occasional rocking.
The inoculum was then removed and the cells washed three times with PBS and
recovered in 1 mL/well tissue culture medium supplemented with 1! PSG and 10% FBS
and incubated at 37ºC and 5% CO2. At 5 h post-infection, cells were collected and
centrifuged at 3000 rpm for 2 min in a 5415 C centrifuge (Eppendorf). The cells were
resuspended in 50 "L Lysis Buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5%
NP-40, 10 mM DTT, and 1! Complete Mini Protease Inhibitor Cocktail [Roche]) and
incubated for 30 min on ice with occasional mixing. The lysate was then centrifuged at
14,000 rpm for 1 min in a 5415 C centrifuge (Eppendorf), and the supernatant removed
and stored at -20ºC. 5 "L of lysate was run for each sample. Samples were run and
transferred on standard gels, membranes, and equipment (Biorad). Membranes were
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probed with primary mouse anti-3D[25, 26] and secondary ECL anti-mouse IgG (GE
Healthcare) or primary rabbit anti-2C[27] and secondary ECL anti-rabbit IgG (GE
Healthcare). HRP activity was assayed using Pierce ECL Plus Western Blotting Substrate
(Thermo Scientific). Membrane was then stripped with Restore PLUS Western Blot
Stripping Buffer (Thermo Scientific) and re-probed with primary rabbit anti-GAPDH
(IMGENEX) and secondary ECL anti-rabbit IgG (GE Healthcare).

Plaque purification and sequencing
Plaque assays were performed using a P0 stock of 3D3 virus as described above. At 72 h
post-infection with the 3D3 mutant, plaques were identified through the agarose overlay,
marked, and "picked" using a 10 "L pipette tip. Plates were then incubated a further 24 h
and plaques that had not been visible earlier were picked. Picked plaques were amplified
by infecting individual wells of 24-well tissue culture plates containing confluent
(~5!105 cells/well) HeLa S3 cells in 0.25 mL tissue culture medium supplemented with
1! PSG. Plates were incubated at 37ºC and 5% CO2 until CPE was observed, ~48 h postinfection. After three freeze/thaw cycles, samples were centrifuged at 14,000 rpm for 1
min in a 5415 C centrifuge (Eppendorf) and supernatants stored at -20ºC. RNA was
extracted from 100 "L plaque-purified supernatant and eluted in 10 "L water (ZR Viral
RNA Kit; Zymo Research). cDNA was synthesized from 9"L RNA template primed with
oligo-dT (ThermoScript RT-PCR System for First-Strand cDNA Synthesis; Life
Technologies). PCR was performed using primers 6736For (5'GATGGTGCTTGAGAAAATCGGATTCGGAGACAGAGTT-3') and 7400Rev (5'-
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CCAATCCAATTCGACTGAGGTAGGG-3'). PCR products were purified (NucleoSpin
Extract II; Machery-Nagel) and sequenced using the PCR primers (Elim Biopharm).
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Chapter 4:

Conclusion
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Commentary on recent findings
Shortly after the research for this dissertation was completed, a paper was
published that identified RNA elements in the 3Dpol coding region of the open reading
frame, which overlap substantially with the RIS element identified in Chapter 2 and
characterized in Chapter 3. The authors report that they identified "two unique
functionally redundant RNA elements (! and "), each about 75 nt long and separated by
150 nt, in the 3'-terminal coding sequence of RNA polymerase, 3Dpol"[1]. Their "e lement
(nucleotides 7220-7294) corresponds to the most 3' structure identified in our SHAPE
analysis of both virion RNA and total viral RNA, and its conservation is consistent with
our pairing probability analysis of that region as well (Chapter 2, Tables 1 and 2 and
Figure 2). They further narrow the region of functional importance in " to a conserved
hairpin (nucleotides 7227-7264) that had been previously identified[2] and attribute their
previous failure to identify a mutant phenotype when disrupting the hairpin to its
functional redundancy with the ! element. Although we identified this element in our
analyses, we did not further characterize it, and cannot comment on its general function.
Their ! element (nucleotides 6995-7069) corresponds quite closely with our RIS
element. They narrow the functionally important part of the ! element to a conserved 48nucleotide stretch (6999-7045). This is consistent with the nucleotides we identified as
functionally important - 7006, which is subject to rapid selection in the 3D3 mutant, and
7010-7027, which is the region altered in the 3D4A mutant (Chapter 3). The phenotypes
of their mutants are also similar to ours, although less extensively characterized. They
report minute plaques at 37ºC, no translation defect, and a replication defect in a
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luciferase replicon, although they do not report the time post-transfection at which they
observed the defect, or whether it is transient, which we found to be the case. They also
do not report whether their mutants have reduced infectivity, as ours do, or if the plaque
phenotype is dramatically exacerbated at 39ºC, as ours is.
However their description of functional redundancy of the ! element with the "
element is not consistent with our characterization of 3D4A and other mutants in this
region. They find that a mutant containing 26 mutations in the ! region does not exhibit a
plaque phenotype unless a minimum of 9 additional nucleotides in the " region are also
mutated (WT-" compared to SD-"37 in [1]). In contrast, we find that as few as 10
mutations in the ! region, with no additional mutations in the " region, are sufficient to
yield dramatic defects in plaque size and infectivity (3D4A in Chapter 3). Clearly the
precise mutations engineered in the different experiments differed substantially, despite
the fact that both were synonymous with respect to the protein coding capacity of the
region. We also note that our sequencing of "large plaques" from the 3D3 mutant
(Chapter 3, Figure 3D) included the " region but did not identify any second site
suppressors there, even in isolates that lacked the A7006C substitution.
Thus, their characterization of the ! and " elements as functionally redundant is
inaccurate. It is plausible that, as they report, mutants in " do not exhibit a phenotype
unless ! is also mutated. However it is clearly possible to mutate the ! element in such a
way as to produce a dramatic phenotype without any simultaneous mutations in ". This
suggests that their "scrambled design" (SD) approach[1, 3, 4] is severely limited in its
ability to successfully disrupt RNA structures. Future experiments could uncover the
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precise nature of the relationship between these structures, if indeed there is any
relationship.

Future directions
There are several future lines of research that could be pursued based on the work
described in this dissertation, as well as other recently published findings[1]. In Chapter
2, we identified seven novel putative RNA structures in the poliovirus genome that have
moderate to high median pairing probabilities, suggesting that they are functionally
conserved (Chapter 2, Tables 1 and 2 and Figure 2). Two of these structures are in the
3Dpol coding region, and represent the !/RIS element (Chapter 3) and " element described
by Song, et al.[1].
Intriguingly, the other five regions are partially or totally within the P1 portion of
the genome, which encodes the structural (capsid) proteins. It has been assumed for many
years, based on the study of defective interfering particles that lack the P1 region of the
poliovirus genome[5-7], and the successful translation and replication of poliovirus
replicons[7-9], that the P1 region does not contain any functional RNA structures. More
recently, a number of codon shuffling and de-optimization experiments have targeted the
P1 region[3, 10-12] and appear to confirm that view.
However, the discovery and characterization of the RNase L ciRNA in the 3Cpro
coding region[13-15] should serve to remind us that disruption of an evolutionarily
conserved RNA structure does not automatically result in a gross defect in viral
replication. These structures may be functionally important only in certain cell types or
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stages of systemic infection, which functions are not always apparent in a HeLa cell
culture model of infection, or even the more complex mouse model. Likewise, the fact
that the 3'-pseudoknot can be deleted without destroying poliovirus viability[16], but has
nevertheless been shown to regulate RNA synthesis[17, 18], emphasizes that the role of
RNA structures in the viral life cycle is complex.
Moreover, our findings in the 3Dpol region, when contrasted with those of Song, et
al.[1], suggest that a broad, codon-shuffling based approach to synonymous mutation can
maintain a structure well enough to at least partially preserve its function, and that a
combined approach which narrows the region of interest based on chemical probing of
RNA structure and/or evolutionary analysis, is more effective than codon-shuffling alone.
Thus the mutagenesis of the putative structures in the P1 region, and the characterization
of those mutants in a wide variety of infectious contexts, could very well reveal one or
more functionally important RNA elements.
The other major direction for future research is the further characterization of the
function of the RIS element and the mechanism by which it performs that function. We
found that, in addition to a transient RNA synthesis defect, RIS mutants had reduced viral
infectivity as well a dramatic exacerbation of the plaque phenotype (but not the RNA
synthesis or infectivity defects) at 39ºC. We suspect a role for the RIS element in virion
release, attachment, or uncoating. It would be useful to perform a sucrose gradient
analysis to determine whether the proportion of assembly or disassembly intermediates is
altered in RIS mutants compared to wild type at 37º and/or 39ºC.
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It would also helpful to determine what, if any, interaction occurs between the
RIS element and the " element described by Song, et al.[1] or any of the other RNA
structures in the poliovirus genome. Our sequencing of "large plaques" from the 3D3
mutant (Chapter 3, Figure 3D) included nucleotides 6736-7400 but did not identify any
second site suppressors there, even in isolates that lacked the A7006C substitution.
Sequencing the remainder of the genome in these isolates might identify functional
interactions further afield. Likewise serial passage of the 3D4A mutant, particularly at
39ºC, might yield either single site revertants or second site suppressors that could give
important structural insights into the RIS.
As is always the case, the results of these experiments will doubtless answer some
questions, raise others, and suggest further experiments to elucidate the precise nature of
the role played by the RIS in the poliovirus life cycle.
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