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SUMMARY
Viral RNA-dependent RNA polymerases (RdRps) are a target for broad-spectrum antiviral
therapeutics. Recently, we demonstrated that incorporation of the T-1106 triphosphate, a
pyrazine-carboxamide ribonucleotide, into nascent RNA increases pausing and backtracking
by the poliovirus RdRp. Here, by monitoring Enterovirus A-71 RdRp dynamics during RNA
synthesis using magnetic tweezers, we identify the “backtracked” state as an intermediate used
by the RdRp for both copy-back RNA synthesis and homologous recombination. Cell-based
assays and RNAseq experiments further demonstrate that the pyrazine-carboxamide

ribonucleotide stimulates these processes during infection. These results suggest that pyrazine-
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carboxamide ribonucleotides do not induce lethal mutagenesis or chain termination, but
function by promoting template switching and formation of defective viral genomes. We
conclude that RdRp-catalyzed intra- and intermolecular template switching can be induced by
pyrazine-carboxamide ribonucleotides, defining an additional mechanistic class of antiviral

ribonucleotides with potential for broad-spectrum activity.

INTRODUCTION

It is still not possible to predict the emergence of viruses capable of founding an epidemic, a
fact that has been reconfirmed many times over the past few decades. Since the outbreak of
West Nile virus in 1999, one RNA virus after another has emerged, causing significant
morbidity and mortality. In 2019, yet another outbreak occurred and rapidly spread globally.
While the world is under constant threat of an influenza pandemic (Carrasco-Hernandez et al.,
2017), the ongoing pandemic was caused by a coronavirus, specifically severe acute respiratory
syndrome coronavirus-2 (SARS CoV-2) (Ghanbari et al., 2020; Zhu et al., 2020). An increase
of enterovirus D-68 (EV-D68) infections in the US, associated with acute flaccid myelitis in
young children, has been registered in the past years, and future outbreaks are anticipated (Park
et al., 2021). With recurrent outbreaks of enterovirus A71 in the Asia-Pacific region come
hand-foot-and-mouth disease and severe acute flaccid paralysis (Puenpa et al., 2019). This state
of affairs demands the availability and rapid development of broad-spectrum antiviral
therapeutics to address the next unanticipated and/or unknown viral pathogen.

Viral polymerases have emerged as tractable and highly efficacious antiviral targets (Tsai
et al., 2006). Past and present protocols to treat virus infections have included compounds
targeting the viral RNA-dependent RNA polymerase (RdRp). To date, clinically approved
antiviral nucleosides have functioned either by terminating nucleic acid synthesis (chain
terminators) or by increasing mutational load on the viral genome (lethal mutagenesis) (Seley-
Radtke and Yates, 2018; Yates and Seley-Radtke, 2019). Resistance to antiviral nucleotides
usually comes with a fitness cost, thus increasing the long-term utility of these classes of
antiviral agents (Irwin et al., 2016). The major obstacle to the development of antiviral
nucleotides is off-target effects, caused primarily by cellular polymerase utilization of the
compounds in question (Arnold et al., 2012). However, the specificity of antiviral nucleotides
continues to improve (Coats et al., 2014).

Recently, pyrazine carboxamide nucleoside analogs were approved in Japan to treat
influenza virus infection (Mifsud et al., 2019). The drug, commercially known as favipiravir,

is also known as T-705. It is employed in several countries as a potential antiviral drug against
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SARS CoV-2 infection based on evidence for its effectiveness in the treatment thereof (Joshi
et al., 2021; Shannon et al., 2020). Favipiravir is a fluorinated pyrazine carboxamide base
analog and requires the cellular nucleotide salvage pathway to convert the base into a
nucleoside triphosphate. A version of favipiravir lacking fluorine, known as T-1105, is also
active, but its conversion to the triphosphate is less efficient (Furuta et al., 2009). The
nucleoside version of T-1105 is referred to as T-1106, and the metabolism of this compound
to the triphosphate yields a drug with efficacy superior to favipiravir (Furuta et al., 2009). The
results of studies probing the mechanism of action of these compounds have been ambiguous.
Some studies were consistent with chain termination (Sangawa et al., 2013), while recent
results were consistent with lethal mutagenesis (de Avila et al., 2017). Of course, such
uncertainty in the mechanism of action complicates worldwide approval beyond Japan.

To gain insights into the underlying mechanism of action of T-1106, we previously used a
single-molecule magnetic-tweezers platform to monitor individual poliovirus (PV) RdRp
elongation complexes over thousands of nucleotide-addition cycles and observed the ability of
T-1106-TP (superior to that of ribavirin-TP) to cause the RdRp to pause and then backtrack
(Dulin et al., 2017). The elongation complex was able to recover from the backtracked state,
but recovery required tens to thousands of seconds. As a result, traditional polymerase
elongation assays would view these backtracked states as prematurely terminated products
(Dulin et al., 2017). This backtracking phenomenon has to date not been observed with either
prototypical chain terminators or mutagens. These studies therefore provided very compelling
evidence for the existence of a third mechanistic class of antiviral ribonucleoside analogs.

While the structure of the backtracked state of PV is not known, the nascent RNA was
likely displaced from template to yield a single-stranded 3’ end with lengths greater than tens
of nucleotides (Dulin et al., 2017). Such a structure is now known for the SARS CoV-2 RdRp
(Malone et al., 2021). The ability of an RdRp to produce free single-stranded 3’ ends was
intriguing, because such an end could undergo an intermolecular template switch by annealing
to a second template, with resumed synthesis producing a recombinant RNA product.

The goals of the present study were to determine the extent to which the backtracked state
represented an intermediate on path for recombination, and to identify the mechanism of action
of the pyrazine carboxamide nucleoside analog T-1106. To do so, we introduced the RdRp
from EV-AT1, a virus prone to recombination in nature (Woodman et al., 2018), into our
pipeline with the idea that perhaps such backtracked states might also be prevalent with this
enzyme. By comparing the EV-A71 and PV RdRps, we provide evidence that the backtracked

state is indeed a common intermediate for template switching. Unexpectedly, for EV-A71
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RdRp we observed a high frequency of intramolecular template switching, which has been
coined “copy-back RNA synthesis” in the literature (Vignuzzi and Lopez, 2019). Importantly,
the capacity for T-1106 to promote recombination was also observed in cells based on RNAseq
data from cells infected with EV-A71 in the presence or absence of the drug. Our study
therefore makes a clear mechanistic connection between copy-back RNA synthesis and
homologous recombination, and provides compelling evidence that an enhancement of the
probability of template switching results in an antiviral effect. The experimental paradigm
reported here should prove useful in dissecting the contributions and determinants of the RdRp
and the template to formation of defective viral genomes, a newly emerging strategy for
interfering with virus multiplication and attenuating viral pathogenesis (Vignuzzi and Lépez,
2019).

RESULTS

Pausing of EV-A71 RdRp promotes copy-back RNA synthesis

The development of a magnetic-tweezers platform to monitor nucleotide addition by nucleic
acid polymerases is unmasking the stochastic behavior of viral polymerases and illuminating
states of the polymerase induced by pausing and drugs (Dulin et al., 2015, 2017; Seifert et al.,
2021). Inthis assay (Figure 1A), single-stranded RNA is tethered to the surface and a magnetic
bead. A template ssSRNA, including a 24 nt hairpin structure at its 3” end, is annealed to the
tethered ssSRNA strand, creating a predominantly double-stranded RNA. Primer-extension
from the 3’-end of template RNA will lead to displacement of the template RNA from the
tethered RNA. At forces >8 pN, the conversion of dsSRNA to sSRNA causes a corresponding
increase in the distance of the bead from the surface, thus permitting measurement of nucleotide
incorporation with few nucleotide resolution over thousands of cycles of nucleotide addition
(Dulin et al., 2015, 2017; Seifert et al., 2021).

In a previous study with PV RdRp, we showed that one consequence of prolonged pausing
by the enzyme is backtracking, where the enzyme unwinds the 3’-terminus of nascent RNA
(Dulin et al., 2017). It was possible that this state was an intermediate for homologous
recombination by an intermolecular template-switching mechanism. Such a template switch
would occur by annealing the 3’-terminus of the backtracked, product RNA to a second
(acceptor) template. In the magnetic tweezers, there is no acceptor template; therefore,
intermolecular template switching cannot occur. In most instances, the nascent RNA

reannealed to the original template and RNA synthesis resumed (Dulin et al., 2017).



Here, we evaluate EV-A71 RdRp as it might provide additional insight into the backtracked
state. As illustrated in Figure 1B, pauses of differing duration interrupted processive nucleotide
addition by EV-A71 RdRp (quantified in Figure S1C). For PV RdRp, we previously observed
an inverse correlation between nucleotide concentration and pause probability (Dulin et al.,
2017). In this context, EV-AT71 behaved similarly (Figures 1C, S1A-B). Pausing is thought to
occur in response to misincorporation and happens more often at low nucleotide concentration
(Dulin et al., 2017). Such a response might facilitate correction by pyrophosphorolysis (Dulin
etal., 2017; Jin et al., 2013a).

At some frequency for PV RdRp, however, the paused state undergoes backtracking (Dulin
et al., 2017). Surprisingly, under the same conditions, EV-A71 RdRp undergoes reverse
translocation (referred to as “reversals™), based on the decrease in position of the bead relative
to the surface (Figure 1D). Pauses induced by low nucleotide concentrations, found to be
drivers of backtracking by PV RdRp (Dulin et al., 2017), are also drivers of reversals by EV-
AT71 RdRp (Figure 1E-F). While it was not possible to identify sequence motifs at locations
where reversals occurred, GC-rich regions favored reversals (Figure S2). Given the assay
design, the only ways for the bead to approach the surface would be for the EV-A71 RdRp to
dissociate and initiate primer extension via the accessible 3’ sSRNA end of the bead handle, or
to reanneal the displaced template sSRNA to the tethered ssRNA. Our control experiments
excluded the former possibility, as in absence of the template sSRNA strand the RdRp was not
able to perform primer-extension (Figure S1E-F). For the latter scenario to occur, nascent
sSRNA would have to be displaced from the template sSRNA. We hypothesized that this could
occur as a result of pausing by EV-A71 RdRp followed by backtracking, which produces a
single-stranded 3’-end that can be used by EV-A71 RdRp as a primer for copy-back RNA
synthesis (Figure 1G). This hypothesis was tested in the following experiments. That a single
polymerase could carry out both the initial round of RNA synthesis and copy-back RNA
synthesis is supported by the good agreement of the kinetic behavior of the polymerases during

both processes (Figure S1D).

A recombination-deficient EV-A71 RdRp variant attenuates virus population

The availability of a recombination-defective EV-A71 RdRp derivative would prove very
useful in making the strongest case for a relationship between the observation of backtracking
or reversals and recombination. In PV RdRp, Y275H was identified as a substitution that
impaired recombination substantially, although the molecular basis for the reduced

recombination efficiency is yet not known (Acevedo et al., 2018; Kempf et al., 2020). We
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engineered the orthologous Y276H substitution into RdRp-coding sequence of EV-AT71. In the
context of a subgenomic replicon, Y276H EV-AT71 had no growth defect when compared to
WT (Figure 2A), in agreement with previous observations (Tee et al., 2019). By plaque assay
and RT-gPCR, Y276H and WT EV-A71 were indistinguishable (Figure 2B-C). To assess the
recombination efficiency, we transfected the subgenomic replicon RNA described above
(donor template) and an EV-A71 genomic RNA deleted for 3DP°'-coding sequence (acceptor
template) into cells; recombination between these RNAs produced viable virus (Figure 2D).
The yield of recombinant virus was reduced by nearly 100-fold (Figure 2E).

Previous studies have indicated that the ability of PV RdRp to catalyze recombination is
required for PV to cause disease in a mouse model, even though growth of recombination-
defective PV mutants in cell culture appears equivalent to or better than WT. We evaluated the
virulence of Y276H EV-AT71 in a mouse model that supports infection by oral inoculation.
These mice express human SCARB2 protein, which is a receptor for EV-A71 (Yamayoshi et
al., 2009). The population of viruses carrying the Y276H EV-A71 was highly attenuated in this
model relative to WT (Figure 2F), in agreement with a recently published study (Tee et al.,
2019).

Recombination deficiency of Y275(6)H RdRps originates from enhanced binding to
nascent RNA and diminished backtracking

Based on the data gathered in the past for PV RdRp and those described above for EV-A71
RdRp, our mechanism for template switching begins with RdRp pausing, followed by
backtracking, and ending with either resolution of the backtrack (PV) or reversals (EV-A71).
The availability of a recombination-defective EV-A71 RdRp, Y276H RdRp, should facilitate
establishment of a correlation between reversal events observed using the magnetic tweezers
and the requirements of the template-switching process.

The kinetics of correct nucleotide addition were unchanged for Y276H RdRp relative to
WT (note the overlap of probability density in the dwell-time distributions up to 3 s in Figure
3A). In contrast, the rate of processive nucleotide addition for the recombination-defective
derivative appeared compromised by a 2-fold increase in pausing frequency (Figure 3B) and
a 4-fold increase in the duration of the pause (Figure 3C). The overall processivity of this
derivative was also reduced by 4-fold (Figure 3D). The reversals observed with Y276H RdRp
derived from a pause-dependent mechanism as observed for WT (Figure 3E). Interestingly,
because the typical duration of pauses beyond which reversals were observed increased by five-

fold (~123 s vs. ~26 s, compare Figures 1F, 3E), more than the typical duration of pauses
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themselves, we predicted that the incidence of reversals would decrease for Y276H RdRp
relative to WT. Such a decreased occurrence of reversals (by 4-fold, Figure 3F) was indeed
observed experimentally. With pausing elevated and reversals diminished, the backtrack
intermediate should accumulate. This was not observed, suggesting that an inability to
backtrack is the functional defect associated with the Y276H RdRp derivative that interferes
with recombination.

We next questioned the reason for the inability of Y276H RdRp to form a backtrack
intermediate. For backtracking to occur, the paused polymerase needs to release the 3’-end
from the active site. The stability of the RdRp at the 3’-end can be inferred from the steady-
state rate constant for single-nucleotide incorporation (Arnold and Cameron, 2000). A
reduction in the value of this rate constant implies increased affinity for the terminus. Indeed,
the Y276H RdRp elongation complex was 3-fold more stable than that formed by WT RdRp
on the synthetic template developed to monitor elongation by enteroviral RdRps (Figure 3G)
(Arnold and Cameron, 2000; Shi et al., 2020). It is therefore likely that the increase in pausing
frequency and pause duration originate from the enhanced affinity of the Y276H RdRp for the
3’-end of nascent RNA, which ultimately leads to the observed inability of the Y276H RdRp
to backtrack.

The availability of the orthologous derivative in PV, Y275H RdRp, provided the
opportunity to determine if the mechanism causing the recombination defect is conserved for
both viral polymerases. As shown in Figure 4A-D, Y275H RdRp and Y276H RdRp behaved
similarly relative to their respective WT RdRp (based on features of the dwell-time distribution,
including pause probability and average pause duration, as well as processivity). In contrast to
EV-AT71 RdRp, backtracking of PV RdRp is readily detectable (Figure 4E, inset) due to the
fact that the backtracked intermediate is its end point and not followed by a reversal. Similar
to the trigger of reversals in EV-A71 RdRp (Figure 1F), backtracking of PV RdRp derived
from a pause-dependent mechanism (Figure 4E). Therefore, for Y275H RdRp, a decrease in
the incidence of backtracking should be discernible, providing empirical validation of our
hypothesis that recombination defects in both polymerases may originate from a conserved
backtracked intermediate. Indeed, the probability of backtracking was reduced for Y275H
RdRp relative to WT RdRp (Figure 4F). The significant reduction in backtracking probability
for Y275H RdRp may reduce the incidence of template-switching-proficient backtracks.
Similar to the recombination-defective EV-A71 polymerase, Y275H RdRp exhibits a
substantially more stable elongation complex than WT (Figure 4G).



Conformational dynamics of the RNA-binding channel as a determinant of the type and
efficiency of RdRp-catalyzed template switching

It has become increasingly clear that the biochemical properties of enzymes are governed as
much by their conformational dynamics as by their three-dimensional structure (Cameron et
al., 2009; Malone et al., 2021; Moustafa et al., 2011). The conformational dynamics of PV
RdRp is an important contributor to the specificity and efficiency of its polymerase function
(Cameron et al., 2016). The availability of structures of the RdRp from PV and EV-A71 (Gong
and Peersen, 2010; Shu and Gong, 2016), and models of the PV Y275H and EV-A71 Y276H
RdRps produced for this study, permitted us to determine whether structure and/or dynamics
explain the differences observed in the propensity for a RdRp to catalyze copy-back RNA
synthesis or the impact of the Y275(6)H substitution on backtracking or intramolecular
template switching. Structural differences provided little, if any, insight (Figure 5A-C);
therefore, we turned to dynamics.

We have previously established a pipeline for evaluating the conformational dynamics of
picornaviral polymerases by using molecular dynamics simulations (MD) (Moustafa et al.,
2011, 2014). This pipeline evaluates correlated motions of the conserved structural motifs and
in reports on the dynamics of the open and occluded states of the catalytic site that drive
specificity of nucleotide selection (Moustafa et al., 2014). The pipeline also evaluates dynamics
of the RNA-binding channel. Here, we have monitored the time-dependent changes in the
distance of two residues lining opposite sides of the RNA-binding channel: H113 and D413 in
case of EV-AT71 (Figure 5D), and S112 and D412 in case of PV. The average size of the RNA-
binding channel of PV WT RdRp was smaller (by ~4 A) than that of EV-A71 WT RdRp
(Figure 5E).

Interestingly, introduction of the EV-A71 Y7276H substitution decreased the average
size of the RNA-binding channel by ~3 A over the duration of time sampled (Figure 5E) to a
similar size observed for PV WT RdRp. In contrast, PV Y275H exhibited a ~2 A increase,
rendering the channel size similar for both Y275(6)H RdRp variants.

The observed differences in the conformational dynamics of the RNA duplex channel
strongly suggest that this parameter could influence the ability and degree of copy-back RNA
synthesis. In particular, copy-back RNA synthesis of the nascent RNA strand by EV-A71 WT
RdRp may be facilitated by increased spatial dynamics in the active center that allow the newly

synthesized RNA strand to form a new primer by “snap-back” priming after backtracking.



RdRp backtracking in response to incorporation of the pyrazine carboxamide, T-1106,
promotes intra- and intermolecular template switching in vitro and in cells.

Our study thus far makes a very compelling case for the ssSRNA 3’-end produced by RdRp
backtracking serving as an intermediate for both intra- and intermolecular template switching.
Our interest in backtracking, however, was motivated by our previous observation that
incorporation of T-1106 ribonucleoside triphosphate (T-1106-TP) into nascent RNA induced
backtracking in PV (Dulin et al., 2017). In the context of our current findings, we would expect
T-1106 ribonucleotide to promote copy-back RNA synthesis and/or homologous
recombination in EV-AT7L. If this is the case, then T-1106 may actually represent an antiviral
ribonucleoside whose antiviral activity could be attributed to a post-incorporation event
unrelated to termination or mispairing, in this case template switching.

We compared EV-A71 RdRp elongation dynamics in the magnetic tweezers in the absence
and presence of T-1106-TP. Incorporation of T-1106 ribonucleotide induced elevated levels of
pausing (Figure 6A-C), diminished processivity (Figure 6D), and led to an increased
incidence of reversals (Figure 6E) whose dynamics (Figure 6A) were, as in the absence of
drug, comparable to those of forward translocation. Together, these behaviors reflect increased
intramolecular template switching (copy-back RNA synthesis) in the presence of T-1106-TP.
We also verified that the outcome of T-1106-TP utilization by PV RdRp was as expected based
on our previous study (Figure S3) (Dulin et al., 2017). Indeed, T-1106-TP induced detectable
backtracking by PV RdRp (Figure S3D), consistent with a greater likelihood for intermolecular
template switching (homologous RNA recombination).

T-1106 inhibits EV-A71 multiplication in cells (Figure S4A). However, in the presence of
T-1106 concentrations between 200 uM and 600 M, a clear increase in recombination was
observed (Figure 6F). Notably, the resulting IC50 value of 340+140 uM for EV-AT71 is
comparable with those previously found (T-1106: 510£30 uM; clinically used ribavirin:
550+£30 uM) for PV RdRp (Dulin et al., 2017). Using a subgenomic replicon expressing
luciferase (Figure 6G), we showed that T-1106 did not affect reporter expression in the
presence of the replication inhibitor guanidine hydrochloride (GuHCI), consistent with the drug
having no effect on translation of the viral polyprotein. Replication-dependent, reporter
expression was inhibited (Figure 6H). Antiviral ribonucleosides that function by lethal
mutagenesis do not significantly reduce replication-dependent, reporter expression (Crotty et
al., 2000). It is therefore possible that the observed inhibition reflects a reduction in the amount
of replication-competent replicon RNA resulting from enhanced copy-back RNA synthesis in

the presence of T-1106-TP, and concomitant production of truncated (defective) replicons.



Our results are so far consistent with the idea of ribonucleotide analogs promoting copy-
back RNA synthesis and homologous RNA recombination. We performed the same
experiments with the recombination-defective variant, Y276H EV-A71. With this variant, T-
1106 failed to increase recombination (Figure S4C), consistent with the RdRp serving as the
mediator of the effect of T-1106. Using the Y276H-encoding subgenomic replicon, we showed
that translation was not impacted by the presence of T-1106, as observed for WT EV-A71
(Figure S4D). Replication-dependent reporter expression was not impaired by the presence of
T-1106 as observed for WT EV-A71 (Figure S4E). This observation confirms that the
reduction in replication-dependent reporter expression for WT EV-A71 (Figure 6H) was
indeed caused by a backtracking-induced phenomenon like the production of defective viral
genomes (Vignuzzi and Lépez, 2019).

Given that the impact of the drug on template switching-dependent mechanisms underlying
copy-back and homologous recombination is alleviated for the recombination-defective variant
Y276H, does this mean that a facile route to the development of resistance to this mechanistic
class of antiviral ribonucleotides exists? To address this possibility, we evaluated the sensitivity
of Y276H EV-A71 to T-1106. There was no more than a 2-fold change in the observed
sensitivity of this derivative to T-1106 relative to WT (compare panels A, B in Figure S4).
Therefore, elimination of the template-switching dependent activity is insufficient for
resistance to T-1106 and perhaps all members of the pyrazine-carboxamide class of antiviral
ribonucleosides.

To directly assess the impact of T-1106 on the sequence of the viral genomes produced by
WT EV-AT1, we performed next-generation RNA sequencing on RD cells infected with EV-
A71 WT in the absence and presence of T-1106. RNA sequencing revealed that T-1106 drug
dosages between 400-600 uM increased the frequency of genomes with sequences consistent
with copy-back RNA synthesis (Figure 61) and homologous recombination (Figure 6J). We
did not observe any evidence for triggers of template switching being related to sequence
motifs in the absence or presence of T-1106 (Figure S5), in agreement with our magnetic
tweezers results and our previous observations made in EV-AT71 cell-based assays (Woodman
et al., 2018). Interestingly, copy-back RNA synthesis occurred with higher probability in
guanine- and cytosine-rich regions of the genome (Figure S5D), consistent with our in vitro
single-molecule observations (Figure S2).

Collectively, these studies make an unambiguous mechanistic link between intra- and
intermolecular template-switching processes by showing that they share the same backtracked

intermediate produced by the same triggers. Notably, with respect to the potential mechanism
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of action of pyrazine carboxamide ribonucleoside analogs, the RNA sequencing results did not
exhibit any change in the mutational load (Figure 6K) or termination of RNA synthesis.
Instead, the mechanism of action of this class of antiviral ribonucleotides appears attributable
to the induction of intra- und intermolecular template-switching leading to production of

defective viral genomes.

DISCUSSION

Among the last frontiers in RdRp enzymology is a mechanistic description of RNA
recombination. In most RNA viruses, recombination is primarily an RdRp-mediated process.
In PV, which is one of the best studied RNA virus models, it has been shown that recombination
involves an RdRp-mediated template-switching mechanism in cells (Kirkegaard and
Baltimore, 1986) and that RdRp is sufficient to catalyze the template-switching reaction in
vitro (Arnold and Cameron, 1999). Recently, a renaissance in the study of RNA recombination
has begun, as evidenced by the development of cell-based assays to probe the incidence of
recombination (Kempf et al., 2019; Lowry et al., 2014; Woodman et al., 2016, 2018).

In our earlier work that monitored PV RdRp elongation dynamics at the single-molecule
level in vitro, we observed extensive RdRp pausing followed by backtracking in response to
incorporation of diverse ribonucleotide analogs. This phenomenon was especially pronounced
in the presence of the pyrazine carboxamide, T-1106 (Dulin et al., 2017), which is known now
to also induce pauses and backtracking in SARS CoV-2 RdRp (Seifert et al., 2021). In a typical
single-molecule experiment, we observed the extrusion of tens of nucleotides of SSRNA by PV
RdRp in response to backtracking, the probability of which increased in response to T-1106-
TP utilization (Dulin et al., 2017) (Figure S5E). Given sufficient time, the drug-induced
SSRNA reannealed, the RdRp rebound to the primer-template junction, and elongation
resumed.

Observation of such spatiotemporal dynamics of the nascent RNA-template-RdRp complex
was unprecedented and motivated further study. Intriguingly, cell-based recombination studies
in PV and other RNA viruses have shown that favipiravir and its derivate T-1106 increase
recombination frequency (Figure 6E) (Abdelnabi et al., 2017; Arnold and Cameron, 2004;
Eyer et al., 2018; Gowen et al., 2010; Julander et al., 2007). Since PV RdRp backtracking
propensity represented the sole change in RNA synthesis dynamics in response to T-1106
treatment, it could represent a recombination intermediate. With that possibility in mind, this
study added the EV-A71 RdRp, because EV-AT71 has been suggested to undergo high rates of
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recombination in nature (Woodman et al., 2018). EV-A71 recombination is a major cause of
the recurring outbreaks in Asia (Lee et al., 2018; Puenpa et al., 2019).

The first major conclusion of this study is that the viral RdRp has evolved to sense and
to respond to incorporation of an incorrect nucleotide or nucleotide analogue by pausing and
backtracking, thereby producing a recombinogenic 3’-end. Nucleotide misincorporation will
be increased at lower nucleotide concentrations and in the presence of skewed nucleotide pools
(Dulin et al., 2017). Under these conditions, both EV-A71 and PV RdRps exhibit an increase
in the probability and duration of pausing (Figures 1C, S1B, respectively) (Dulin et al., 2017).
Similarly, utilization of T-1106-TP increases the pause probability and duration for both
polymerases (EV-A71: Figure 6B-C; PV: Figure S3B-C). The average pause duration is
measured in the tens of seconds for both enzymes (EV-A71: Figure S2B; PV: Figure S3C),
not milliseconds as typically observed for nucleotide addition (Dolan et al., 2018). We suggest
that the consequence of a misincorporation- or ribonucleotide analogue-induced pause is
backtracking in both systems. In the case of PV RdRp, there is no debate because the
backtracked state was observed to accumulate during the course of an experiment (Figure 4F)
and does so more frequently upon utilization of T-1106 triphosphate (Figure S5E) (Dulin et
al., 2017). In contrast, several known chain terminators did not induce backtracking of PV
RdRp (Dulin et al., 2017). With EV-A71 RdRp, the backtracked state does not accumulate.
Instead, the probability of reversals increases (Figures 1D, 6D), which reflects the use of the
3’-end of nascent RNA as a new primer for copy-back RNA synthesis (Figure 1G).
Backtracking would thus be the simplest mechanism for liberating the 3’-end for use as a
primer.

While it has been speculated that RNA recombination and copy-back RNA synthesis are
mechanistically related based on observations that circumstances which elevate RNA
recombination also elevate copy-back RNA synthesis (Vignuzzi and Lopez, 2019), how these
processes were connected was unknown. Our study is consistent with two fates for the sSRNA
produced by backtracking. The first is intermolecular template switching, which is homologous
RNA recombination. The second is intramolecular template switching, which is copy-back
RNA synthesis. This conclusion is supported by RNAseq analysis of EV-A71 genomes
produced during replication in cells in the absence or presence of T-1106 (Figure 61-J).
Therefore, this study makes an unequivocal mechanistic link between these two template-
switching processes by demonstrating that they share the same backtracked intermediate and

triggers.
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Why are there two different outcomes for the backtracked state? This state accumulates
with the PV RdRp, but does not accumulate with the EV-A71 RdRp. For copy-back RNA
synthesis to occur, the nucleic-acid-binding site needs to be sufficiently large to accommodate
a three-stranded intermediate at the time of initiation (Figure 1G). Analysis of the dynamics
of the nucleic-acid-binding site of EV-A71 RdRp demonstrated a clear ability of this enzyme
to accommodate such an intermediate with an approximate diameter of ~24A. (Figure 5D).
The corresponding site in PV RdRp is on average 4 A smaller (Figure 5D). Presumably, the
dimensions of PV RdRp are too small to accommodate such an intermediate. If so, then the
dimensions of the RNA-binding site sampled by an RdRp may predict the capacity of a virus
polymerase to catalyze copy-back RNA synthesis.

The product of copy-back RNA synthesis will lead to a truncated dsRNA that is defective
in its coding capacity and/or a potent activator of innate immune responses (Vignuzzi and
Lopez, 2019). Whether or not production of copy-back RNA is deliberate is unclear but may
be for some viruses because the copy-back RNA can dampen the intensity of the infection
(Vignuzzi and Lépez, 2019). During replication in the cell when the backtracked state arises,
templates complementary to the single-stranded 3’-end would be present. Under these
conditions, perhaps intermolecular template switching would perhaps be favored for both
enzymes.

Over the past few years, a connection has been made between RdRp fidelity and
recombination (Korboukh et al., 2014; Lee et al., 2018; Li et al., 2019; Lowry et al., 2014;
Poirier et al., 2016; Woodman et al., 2018). With more incorporation errors and/or
consumption of nucleotide analogs by the RdRp comes an increase in the frequency of
recombination both in cells and in test tubes (Lee et al., 2018). The reason for this has not been
clear. Our studies provide a mechanism. Recombination is thought to provide a means to
suppress the impact of deleterious mutations (Dolan et al., 2018; Kempf et al., 2019; Xiao et
al., 2016). Our data would suggest that a balance between mutation and recombination must
exist, because increasing the frequency of recombination exhibits antiviral activity in cells
(Figures 6F,1, S4C) attributable to production of defective genomes (Figure 6G). Consistent
with too much recombination being inhibitory to virus genome replication, not every event that
could trigger recombination (Figures 1C, 6B, and S3B) actually does so; only a fraction of
paused polymerases actually undergo copy-back synthesis (Figures 1E, 6D) or accumulate in
the backtracked state (Figure S3E). Our previous study of PV RdRp suggested that only a
subset of elongation complexes were competent for misincorporation or incorporation of

certain nucleotide analogs (Dulin et al., 2017). If this is the case, then these misincorporation-
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competent elongation complexes may be the only complexes competent for backtracking and
template switching.

For an event to trigger template switching, that event must first trigger backtracking. Our
studies have focused on the perception of nucleotide addition as correct or incorrect as a
mechanism to induce backtracking and consequentially template switching. However, other
mechanisms to induce backtracking may exist. One intriguing possibility is that certain
template sequences may direct the RdRp to pause and/or backtrack. Sequence- and factor-
dependent pausing is well represented in the DNA-dependent RNA polymerase literature
(Kang et al., 2019). In the case of the respiratory syncytial virus (RSV), it is known that
guanine- and cytosine-rich regions promote copy-back RNA synthesis (Sun et al., 2019). In
this system, these sequences alter polymerase elongation capacity. It is intriguing to speculate
that these sequences promote backtracking. While our single-molecule and RNAseq
experiments did not correlate backtracking to specific sequences, the incidence of copy-back
RNA synthesis increased in guanine- and cytosine-rich regions of template (Figures S3, S5).

Our interpretation that the backtracked state and copy-back synthesis contributing to
recombination are of biological relevance is supported by mechanistic evaluation of RdRp
derivatives known to be defective for recombination in cells (Figure 2) (Acevedo et al., 2018).
PV Y275H RdRp exhibits one of the strongest recombination-defective phenotypes described
(Acevedo et al., 2018), but the molecular basis for the defect is not known for this mutant or
the others reported in the PV system or other viral systems (Kempf et al., 2019, 2020; Xiao et
al., 2016). Here, we show that EV-A71 Y276H RdRp exhibits an equally strong recombination
defect in cells (Figure 2). Both the PV and EV-AT71 recombination-defective derivatives retain
the ability to sense and respond to errors based on their ability to pause even more frequently
(and with longer duration) than WT (Figures 3B-C, 4B-C). The increased pausing did not
translate to an equal increase in backtracks or copy-back synthesis (Figures 3F, 4F). The
inability to produce the 3’ ssSRNA intermediate following backtracking appeared to be caused
by an increase in the stability of these enzymes with the 3’-end of nascent RNA-template
duplex (Figures 3G, 4G). We conclude that release of the nascent RNA-template duplex by
the RdRp is an obligatory step in converting the paused RdRp elongation complex into a
backtracked state with a recombinogenic, single-stranded 3°-end. This level of detail for the
mechanism of RdRp-mediated RNA recombination is unprecedented. Several recombination-
defective/impaired RdRp variants are known (Kempf et al., 2019; Kim et al., 2019; Xiao et al.,
2016), and it is possible that the mechanistic basis for the defects will be different (Kempf et

al., 2020). Therefore, evaluation of these derivatives may enable a genetic dissection of the
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mechanism of template switching and illumination of steps and/or intermediates masked by
analyzing WT RdRp.

Given the details on the mechanism of template switching elucidated by this study, it is
now clear that the conformational dynamics of the RdRp required to support template switching
are substantial. For intramolecular template switching (copy-back synthesis) to occur, the
enzyme has to flip to move in the opposite direction and expand the RNA-binding channel to
accommodate an additional strand of RNA. For intermolecular template switching
(homologous recombination) to occur, the enzyme would have to relocate from the site of
backtracking to the new primed-template junction without dissociating into solution. Such
polymerase acrobatics are well documented for HIV RT (Abbondanzieri et al., 2008; Liu et
al., 2008, 2010). Interestingly, nucleotide analogs also promote substantial changes in the
conformational dynamics of HIV RT, as observed here for the EV-A71 RdRp (Liu etal., 2010).

The pyrazine carboxamide ribonucleoside analog T-1106 does not appear to induce chain
termination (Figures 6E, S3D) or lethal mutagenesis (Figure 6K), in contrast to previous
accounts (de Avilaetal., 2017; Jin et al., 2013b; Sangawa et al., 2013). For structurally similar
analogs like ribavirin, which contains a triazole carboxamide pseudo base, lethal mutagenesis
represents the main underlying mechanism of action (Dulin et al., 2017; Vignuzzi et al., 2005).
While both analogs induce backtracking intermediates (EV-A71: Figure 6D; PV: Figure S3E),
the antiviral mechanism of action of T-1106 appears to be limited to induced template-
switching (Dulin et al., 2017). Perhaps the ability of the T-1106 pseudo base to form a transient
basepair within nascent RNA enables priming of copy-back synthesis, a point to further
examine in future studies.

Both past observations and recent investigations suggest that the identified recombination
mechanism and its susceptibility to drugs may be conserved across RNA viruses. Historical
findings described defective virus genomes (DVG) that likely originated from copy-back RNA
synthesis for vesicular stomatitis virus (Lazzarini et al., 1981), Sendai virus (Re et al., 1983),
measles, and parainfluenza (Calain et al., 1992; WHISTLER et al., 1996; Yount et al., 2006).
Recent findings have confirmed this hypothesis for several viruses (Vignuzzi and Lépez,
2019), and searched for underlying mechanism and trigger(s): in RSV, G:C-rich genome
regions (rather than genome motifs) were found to promote copy-back RNA synthesis (Sun et
al., 2019), a similar trigger to the one we identify here for EV-A71, and in SARS CoV-2 a
sequence motif-independent RdRp pause/backtracking intermediate susceptible to T-1106 was
identified (Malone et al., 2021; Seifert et al., 2021).
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In conclusion, our studies reveal the power of magnetic tweezers for the mechanistic
characterization of RdRp-catalyzed RNA recombination. The ability to detect an important
recombinogenic intermediate and follow the fate of that intermediate provides the first direct
mechanistic connection between RNA recombination and copy-back RNA synthesis. We have
further elaborated the mechanism of action of the pyrazine carboxamide class of compounds
and discovered that T-1106 functions by promoting formation of the recombinogenic
intermediate. This leads us to suggest that this class of compounds may be particularly
efficacious against those viruses either known to produce defective viral genomes by copy-
back RNA synthesis or associated with high rates of recombination. An important aspect of
this class of antiviral compounds is that the barrier to resistance for the virus may be
insurmountable. Mutants that were resistant to T-1106-induced template switching remain
highly sensitive to the drug, presumably due to an inability to combat the deleterious effects of
accumulated mutations (Dolan et al., 2018; Kempf et al., 2019; Xiao et al., 2016). Altogether,
our results define inducible intra-and intermolecular template switching (Figure 6K) as a tractable

mechanistic target with broad-spectrum appeal.

Limitation of the study

A limitation of the study is the inability to interrogate directly the RNA products of RdRp
activity that are produced in the magnetic tweezers. Therefore, we have relied on the
intersection of the biophysical and biochemical experiments to associate reverse RNA
synthesis signatures with copy-back RNA synthesis, and to demonstrate that copy-back
synthesis and homologous recombination respond to similar triggers that result in Kinetic

intermediates of the RARp.
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FIGURE TITLES AND LEGENDS

Figure 1. Magnetic tweezers assay of EV-A71 RdRp reveals pause-dependent copy-back
RNA synthesis. (A) Schematic of the single-molecule (+)-strand RNA synthesis assay,
showing the binding of an RdRp to a hairpin at the 3’-end of the (-)-strand (grey) of the surface-
attached RNA construct. A magnetic bead attached to the RNA construct is subject to a constant
force of 25 pN during RNA synthesis (blue). (B) Sample EV-A71 RdRp trajectories showing
stochastic pausing behavior over time, inferred via the change of the diffraction pattern of the
attached magnetic bead (inset) at a rate of 50 Hz. Within individual trajectories, the data in blue
highlight single pauses of different duration and template position during processive RNA
synthesis. (C) Comparison of the average pause frequency (xSD) at different rNTP
concentrations extracted from dwell-time distributions (Figure S1A). Dataset statistics and
experimental parameters for each condition are provided in Table S1. (D) Sample individual
RdRp elongation trajectories showing the occurrence of reversal events following extended
pausing (yellow). (E) The average occurrence probability (£SD) of reversals per RdRp for all
measured conditions. (F) The probability of observing pauses of specified pause durations

during RNA synthesis (blue) co-plotted with the probability of reversals (yellow); the crossover
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point is found at ~26 s. (G) Proposed model underlying the reversal events, in which pause-
induced elongation complex is followed by copy-back RNA synthesis of the newly synthesized
(+)-strand RNA (blue). Synthesis of a new (-)-strand (yellow) results in reannealing of the
original (+)-strand template (grey) to the complementary ssRNA tether (black), leading to an
overall decrease in RNA tether extension. Statistical analyses were performed using ANOVA
with comparative Tukey post-hoc test (significance levels p: *** =0.001; ** = 0.01; * = 0.05).

See also Figures S1 and S2.

Figure 2. EV-A71 Y276H RdRp variant exhibits significance decrease in recombination
efficiency and virulence. (A) Replication efficiency of the EV-A71 wild type (WT) and
Y276H variant subgenomic replicons in RD cells as a function of time post transfection. GUHCI
refers to the presence of guanidine hydrochloride, a potent inhibitor of replication. Luciferase
activity is reported in relative light units (RLU; AVGxSD) per microgram of total protein (n =
3 replicates per time point). (B) EV-A71 WT (black) and Y276H variant (red) single-step
growth curves (£SD; n = 3) confirm similar plaque formation. (C) EV-A71 WT (black) and
Y276H variant (red) single-step growth curves (AVG =SD; n = 3 for each time point). RD cells
were infected with virus equivalent to 200 genomes/cell. Samples were taken at the indicated
times and the genome amount of virus titer was quantified via RT-qPCR. (D) Cell-based
recombination assay. EV-A71 C2-strain firefly luciferase-encoding sub-genomic replicon
(donor) and full-length EV-A71 C2-MP4 strain genome (acceptor) carrying a lethal deletion of
the 3DP° region are co-transfected in RD cells. Only upon co-transfection can replication-
competent virus be generated by RdRp-mediated template switch from donor to acceptor
(indicated by dashed black arrow). (E) The Y276H mutation in the EV-AT1 replicon inhibits
recombinant yield. Resulting recombinant virus were quantified by pfu/ml (AVGzSD; n = 3).
(F) EV-A71 C2-MP4 WT and Y276H virulence in hSCARB2 mice. 21-day old mice were
orally inoculated with either WT or Y276H virus (n = 10 per virus) at a dose equivalent to
2x107 genomes and scored for survival post-infection. Effect of Y276H variant is severely
attenuated relative to WT. Statistical analysis consisted of an unpaired, two-tailed t-test

(significance level p: *** <0.001)

Figure 3. EV-A71 Y276H RdRp variant is impaired for copy-back RNA synthesis. (A)
Superimposed dwell-time distributions for EV-A71 Y276H RdRp (red) and WT (black) RdRp.
The dwell times used for the construction of the distributions are the time needed for the RdRps

to synthesize four consecutive nucleotides. The Y276H variant exhibits a broad increase in the
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probability and duration of long pauses compared to WT. The error bars (AVG+SD) result from
bootstrapping with 1,000 iterations. (B-D) Quantification of the data in panel (A). In
comparison to WT RdRp, the Y276H variant shows a significant increase in (B) average
pausing probability (+xSD) and (C) average apparent pause duration (=SEM). The processivity
(D) is significantly decreased for the Y267H RdRp variant compared to WT. (E) The
probability of observing pauses of specified durations during RNA synthesis (red line) co-
plotted with the probability of observing reversals (red dashed line); the crossover point
amounts to ~123 s. (F) The Y276H RdRp (red) variant causes significantly fewer reversal
events (AVG£SD) than WT RdRp (grey). (G) In vitro bulk RNA synthesis assay results
(AVG£SD; n = 3 repetitions) showing the amount of extended Sym/SubU template for EV-
A71 WT and Y276H RdRp over time. Dashed lines represent linear regressions fitted to the
data, revealing significantly lower approximated rates of RNA extension (values above the
dashed lines) and turnover (values below the dashed lines; unit: RNA min-! RdRp™") for the
Y276H RdRp variant compared to WT. Statistical analyses were performed using unpaired,

two-tailed t-tests (significance level p: *** <0.001).

Figure 4. PV Y275H RdRp is impaired for backtracking. (A) Superimposed dwell-time
distributions of poliovirus Y275H RdRp variant (green) and WT (brown) RdRp. The 275H
variant exhibits a broad increase in the probability and duration of long pauses compared to
WT. The dwell-time window was set to 4 nt, and the error bars (AVG £SD) result from
bootstrapping with 1,000 iterations. (B-D) Quantification of the data in panel (A). In
comparison to WT RdRp, the Y275H variant shows a significant increase in (B) average
pausing probability (xSD) and (C) average apparent pause duration (£SEM) during RNA
synthesis. The processivity (D) is significantly decreased for the Y265H RdRp variant
compared to WT. (E) The probability of observing pauses of specified durations during PV
WT RNA synthesis (dark brown) co-plotted with the probability of observing backtracking
(light brown dashed line); the crossover point is found at ~14 s. (F) The Y275H variant (green)
shows a significantly decreased backtracking probability (AVGxSD) than WT RdRp (brown).
(G) In vitro bulk RNA synthesis assay results (AVG£SD; n = 3 repetitions) showing the amount
of extended Sym/SubU template for PV WT and Y275H RdRp over time. Dashed lines
represent linear regressions fitted to the data, revealing significantly lower approximated rates
of RNA extension (values above the dashed lines) and turnover (values below the dashed lines;
unit: RNA min! RdRp™!) for the Y275H RdRp variant compared to WT. Statistical analyses

were performed using unpaired, two-tailed t-tests (significance level p: *** <0.001).
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Figure 5. RNA-duplex channel dimensions and conformational dynamics of EV-A71 and
PV RdRps. (A) Superimposed crystal structures of EV-A71 WT (blue) and PV WT (grey)
shown as cartoons. (B) Superimposed crystal structures of EV-A71 WT (blue) and major
conformation of its Y276H mutant (red). (C) Superimposed crystal structures of PV WT (grey)
and major conformation of its Y275H mutant (cyan). The major conformation of the Y275(6)H
mutants resulted from MD simulations. (D) Cut-through volume rendering of EV-A71 WT
crystal structure (PDB 3N6L), where the RNA duplex channel can be observed in the center of
the structure. The channel width was assessed by measuring the distance between His-113 at
the fingers and Asp-413 at the thumb domains in EV-AT71, or their equivalent residues Ser-112
and Asp-412 in the PV WT crystal structure (PDB 1RAG6). (E) RNA duplex channel widths
measured for EV-A71 WT (blue) and PV WT (black) from their crystal structures, and from
MD simulations for the EV-A71 Y276H variant (red).

Figure 6. Pyrazine carboxymide T-1106 induces an increase in intra- and intermolecular
template switching in vitro and in cell. (A) Superimposed dwell-time distributions of EV-
A71 RdRp forward RNA synthesis activity in the presence (magenta) or absence (grey) of the
nucleotide analogue T-1106-TP. The reverse RNA synthesis dwell-time distribution in absence
of T-1106-TP (blue) is superimposed. The dwell-time window was set to 4 nt, and the error
bars (xSD) result from bootstrapping with 1,000 iterations. (B-E) The addition of T-1106-TP
changed significantly the pausing behavior of WT RdRp, exhibiting significantly increased (B)
pausing probability (xSD) and (C) average pause duration (xSEM), which led to a (D)
significantly decreased in RNA synthesis processivity, and (E) vastly increased copy-back
RNA synthesis probability. (F) Cell-based recombination assays conducted in presence of
different concentrations of T-1106. Relative viable WT recombinant yield, normalized as a
percentage of a carrier (DMSO) treated control (AVG +SD; N = 3 replicates for each
condition). Calculated I1Cso amounts to 340+140 uM T-1106; the HeLa cell toxicity (CC50) of
T-1106 was found to be >2 mM (Dulin et al., 2017). (G, H) EV-AT71 donor translation (G) and
replication (H) efficiency (AVGxSD) for WT RdRp. (I-K) The frequency of identified (1)
copy-back RNA synthesis and (J) homologous recombination events, extracted from RNAseq,
were significantly increased upon T-1106 addition, while (K) no change in mutation
occurrence within the EV-A71 genome was observed. (L) Model mechanism of pyrazine
carboxymide nucleotide analogue causing stall in RNA synthesis leading to copy-back RNA

synthesis, intermolecular template switching, or abortive genome synthesis by RdRp
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dissociation. Statistical analyses were performed using ANOVA with comparative Tukey post-
hoc test (significance levels a: *** = 0.001; ** = 0.01; * = 0.05; n.s. = non-significant), and

unpaired, two-tailed t-tests (significance level p: *** <0.001). See also Figures S3 and S4.

STARXMETHODS

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the
lead contact, Prof. Nynke H. Dekker (n.h.dekker@tudelft.nl).

Materials availability

This study did not generate new unique reagents.

Data and code availability
¢ RNA-seq data have been deposited at GEO and are publicly available as of the date of
publication. The accession number is listed in the key resources table. The single-
molecule data reported in this study have been deposited at a publicly accessible
repository. The DOI is listed in the key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human embryonic rhabdomyosarcoma cell culture

Human embryonic rhabdomyosarcoma RD cells (ATCC CAT#CCL-136, RRID: CVCL_1649)
were grown in Dulbecco’s Modified Eagle Medium (DMEM; ThermoFischer). Media was
supplemented with 100 U/ml penicillin (ThermoFischer), 100 pg/ml streptomycin
(ThermoFischer), and 10% Heat Inactivated (HI)-FBS (ThermoFischer). All cells were
passaged in the presence of trypsin-EDTA. Cell were maintained at 37°C/5% CO:.. Prior to the
experiments, RD cells were tested for mycoplasma using the MycoAlert Mycoplasma

Detection Kit (Lonza) and were negative: B/A ratio < 1; no mycoplasma reads were detected.
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Generation of transgenic human hSCARB2-expressing mice

Transgenic mice expressing hSCARB2 were generated as described previously (Fujii et al.,
2013), and kindly provided by Dr. Satoshi Koiki (Tokyo Metropolitan Institute of Medical
Science, Japan). The mice were housed and fed at the National Laboratory Animal Center
(NLAC), NARLabs, Taiwan. Experiments were carried out in accordance with the ‘Guide for
the care and use of laboratory animals’, the recommendations of the Institute for Laboratory
Animal Research and Association for Assessment and Accreditation of Laboratory Animal
Care International standards. The animal experiment protocol was approved by the Institutional
Animal Care and Use Committee in the Chang Gung University (CGU 106-117), Taiwan. The
hSCARB2-expressing mice were housed at room temperature ranging between 20 and 23 °C
with a relative humidity between 55 and 60%, and kept under a 12/12 h light/dark cycle. For
the experiments, three-week-old female and male pathogen-free hSCARB2 mice were

randomly distributed in the experimental groups of animals.

METHOD DETAILS

Plasmids

The mouse adapted EV-A71 C2-MP4 infectious clone was kindly provided by Dr. Jen-Reng
Wang (Cheng Kung University, Taiwan) and modified by insertion of a ribozyme sequence
between the T7 promoter and viral genome sequence in a pBR-derived plasmid (Kung et al.,
2010; Petrushenko et al., 2006).The EV-A71 C2 replicon was modified from a previously
described EV-A71 C2-2231 replicon by addition of a T7-ribozyme and polyA sequence
inserted at the 5” and 3’ end of the replicon sequence in a pBR-derived plasmid (Tang et al.,
2016). The EV71A3D template was constructed from the full-length EV-A71 C2-MP4
infectious clone by removal ~800 nt between the blunt cutting restriction sites (Scal and Nrul)
within the 3DP% coding region. The Y276H mutant replicon and infectious clone were
constructed by using site-directed mutagenesis. The sequences of the primers (Integrated DNA
Technologies, Inc.; IDT) used for the plasmid construction are described in the Key Resources
Table.

Purification, 5'-?P Labeling, and Annealing of sym/sub

22



RNA oligonucleotides were purified, labeled, and annealed as described previously (Cameron
et al., 2009). Poliovirus RNA-dependent RNA polymerase (3D*): Assembly of stable,

elongation-competent complexes by using a symmetrical primer-template substrate (sym/sub).

Expression and purification of Enterovirus A-71 RdRp

Mutation of the Y276 codon was performed by standard PCR mutagenesis. Expression and
purification of WT and mutant 3DP°! enzymes followed previous procedures with some minor
modifications (Arnold and Cameron, 1999; Arnold et al., 2006; Gohara et al., 1999). 3D is
expressed as a fusion protein to SUMO and an N-terminal polyhistidine tag that increases
protein production, eases purification and allows for production of 3DP°' with the naturally
occurring Glyl (Arnold et al., 2006; Gohara et al., 1999).

Protein purification: buffer B (100 mM potassium phosphate, 500 mM NaCl, 5 mM
imidazole, 5 mM B-mercaptoethanol, 60 uM ZnClz, 20% w/v glycerol, pH 8.0) and buffer C
(100 mM potassium phosphate, 500 mM NaCl, 60 uM ZnCl2, 5 mM B-mercaptoethanol, 20%
wi/v glycerol, pH 8.0) were prepared. Cell pellets were resuspended in 50 ml lysis buffer (50
ml buffer B, 1.4 pg/ml pepstatin A, 1 pg/ml leupeptin, 1 mM PMSF, 0.1% N-P40) and
subjected to sonication. Cell lysates were centrifuged at 30,000 g and 4°C for 30 min.
Supernatant was applied to Ni-NTA (Invitrogen) columns pre-equilibrated with buffer C1
(buffer C, 5 mM imidazole and 0.1% N-P40). The resin was washed with three bed volumes
each of buffer C1 and buffer C2 (buffer C, 5 mM imidazole), and protein was eluted using high
imidazole buffers C3 (buffer C, 50 mM imidazole) and C4 (buffer C, 500 mM imidazole). The
polyhistidine tag and SUMO protein domain were cleaved from 3DP°' using the protease Ulp1.
Protein solutions were dialyzed against 80 mM Tris-HCI, 500 mM NaCl, 20% wi/v glycerol,
10 mM B-mercaptoethanol, 60 uM ZnClz, pH 8.0 overnight (optimal buffer for protease
cleavage), and then dialyzed against 100 mM potassium phosphate, 20% w/v glycerol, 10 mM
B-mercaptoethanol, 60 pM ZnClz, pH 8.0 for 2-3 h. A second Ni-NTA column was used to
separate the purified 3DP°! from the cleaved polyhistidine tag/SUMO domain, using procedures
identical to the first Ni-NTA column. For WT and Tyr276His 3DP°!, additional phospocellulose
and Q-sepahrose columns were used to ensure protein solutions were free of trace contaminants
of nuclease and phosphatase activities (Arnold et al., 2006; Gohara et al., 1999). Proteins were
>95% homogeneous as estimated by coomassie-blue staining of SDS PAGE gels. Protein is
stable at 4°C for 3-4 months under high salt conditions (80 mM Tris-HCI, 500 mM NacCl, 20%
w/v glycerol, 10 mM B-mercaptoethanol, 60 uM ZnClz, pH 8.0).
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In vitro RNA synthesis, cell transfection, and recombinant virus quantification

The EV-A71 C2 replicon and C2-AIRES-replicon were linearized with Sall. The EV-A71-
MP4, EV71A3D cDNA were linearized with Eagl. All linearized cDNA was transcribed in
vitro using T7 RNA Polymerase treated with 2U DNAse Turbo (ThermoFisher) to remove
residual DNA template. The RNA transcripts were purified using RNeasy Mini Kit (Qiagen)
before spectrophotometric quantification. Purified RNA (amounts as specified elsewhere) in
RNase-free H20 were transfected into cell lines using TransMessenger (Qiagen). The mixture
was incubated according to the manufacturer’s instructions and added to RD cell monolayers
in 12-well tissue culture plates. Virus amount was quantified by plaque assay. Briefly, media
supernatant and cells were harvested at time-points post transfection (specified in the main
text), subjected to three freeze-thaw cycles and clarified. Supernatant was then used on fresh
RD cells in 12-well plates, virus infection was allowed to continue for 30 min. Media was then
removed, and cells were subjected to 2x PBS (pH 7.4) washes before a 1% (w/v) agarose-media
overlay was added. Cells were incubated for 3-4 days and then fixed and stained with crystal

violet for virus quantification.

Single-step growth curve for EV-A71 WT and Y276H full-length virus

RD cells in 12-well plates were infected by each virus at a MOI of 0.1 in triplicate in serum-
free media. After 1 h, cells were extensively washed by PBS and refreshed in 10% serum-
containing media. Virus was harvested at different time-points post infection and the virus yield

was quantified by plaque assay.

Real time gPCR analysis

Viral RNA was isolated with QiaAmp viral RNA purification kit (Qiagen), as recommended
by the manufacturer. The real time qPCR analysis was performed by the Genomics Core
Facility of The Pennsylvania State University. DNase-treated RNA was reverse-transcribed
using the High Capacity cDNA reverse transcription kit (Applied Biosystems) and the protocol
provided with the kit. Quantification by real time qPCR was done by adding 10 or 20 ng of
cDNA in a reaction with 2x TagMan Universal PCR Master Mix (Applied Biosystems, Foster
City CA) in a volume of 20 ul, with primers 5'-CGGCAGCCCAGAAG AACT-3' (forward)
and 5'-GCCACCCTATCTCCCTGGAT-3' (reverse) and probe 5'-[6-Fam]-TCACCATGAAG
TTGTGTAAGGATGCTA-3" in a 7300 real time qPCR machine (Foster City). A standard

curve was generated using in vitro transcribed RNA.
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Luciferase assays

Supernatant was removed from transfected cell monolayers, and cells were briefly washed with
PBS and lysed using 100 pl 1x Glo Lysis Buffer (Promega®) per well in a 12-well plate. The
oxidation reaction was catalyzed by the addition of 10 pl cell lysate to 10 pl room temperature
Bright-Glo Luciferase Assay System (Promega®) substrate. Luciferase activity was measured
using a luminometer with values normalized to protein content of the extract using a protocol

as previously described (Arnold et al., 2006).

Infection of transgenic human hSCARB2-expressing mice

For infection of mice expressing hSCARB2, 2x107 genome copies of WT and Y276H mutant
EV-A71 C2-MP4 viruses were intragastrically inoculated into 21-day old mice using metallic
gastric tubes. The inoculated mice were monitored daily for clinical disease symptoms,
reflected by the disease scores defined as: 1. jerky movement; 2. paralysis of one hind leg; 3.

paralysis of both hind legs; 4. death.

In vitro transcription of EV-A71 genomes for RNAseq

Mouse-adapted EV-A71 C2-MP4 cDNA was linearized with Eagl. The linearized cDNA was
in vitro transcribed using the T7 MMESSAGE mMACHINE kit (ThermoFisher) following
manufacturer’s instructions. Reactions were treated with TURBO DNase (2U/reaction) to
remove the DNA template. The RNA transcript was purified using the RNeasy MinElute
Cleanup Kit (Qiagen). Purified RNA was quantified via Qubit 4 fluorometer using the Qubit
RNA Broad Range assay kit (ThermoFisher). The quality of the transcripts was confirmed by
agarose gel electrophoresis.

Virus infection with EV-A71 and rescue

In vitro transcribed RNA was transfected into RD cells via TransIT-mRNA transfection kit
(Mirus Bio) following the manufacturer’s instructions. Briefly, RD cells were seeded in 6-well
tissue culture plates at 8.0 x 10° cells/well (DMEM-GlutaMAX, 10% FBS, 1% P/S) and
incubated overnight at 37°C/5% CO?. The day of the transfection, media was replaced with 2%
FBS-containing media and then the transfection mixture containing 2.5 pg of EV-A71 C2-MP4
RNA was added dropwise. 48 h post-transfection, at nearly full CPE, the cells were freeze-
thawed three times and then spun at 20,000 g for 10 min at 4°C to remove cellular debris. Viral
titers were determined by plaque assay. This viral supernatant (Po) was passaged once to scale

up and generate P1 virus, which was used for the subsequent RNAseq experiments.
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Drug treatment of EV-AT71-infected RD cells

RD cells were seeded in a 96-well tissue culture plate at 3.0 x 10* cells/well and incubated
overnight at 37°C/5% CO.. Afterwards, cells were treated with T-1106 for 3 h before infection
(doses are specified in Figure 6K). T-1106-treated cells were then infected at an MOI of 10
with EV-A71-C2-MP4 in triplicate. After infection, the cells were washed extensively with
PBS, and the medium was replaced with T-1106. Infection proceeded until cytopathic effect

was observed (48 h.p.i.).

Next-generation RNAseq

Total RNA was isolated with Direct-zol-96 RNA purification kit (Zymo Research) following
manufacturer’s instructions. The recommended in-column DNase | treatment was also
conducted to remove genomic DNA. Purified RNA was quantified with a microplate reader
(Tecan M200 Infinite Pro) using the Quant-iT RNA assay kit (ThermoFisher). Ribosomal RNA
was removed using the NEBNext rRNA Depletion Kit (Human/Mouse/Rat) (New England
Biolabs). Sequencing libraries were prepared using the NEBNext Ultra 1l RNA Library
preparation kit for Illumina (New England Biolabs) and the pooled library was loaded in a
NextSeq500/550 Mid Output kit v2.5 (Illumina) for sequencing in a NextSeg500 (151 cycles,

8 nucleotides of index).

Bulk RdRp turnover experiments

1 uM WT and YH variants of poliovirus or EV-A71 C2-MP4 RdRp were incubated with 32P-
labelled 20 uM RNA primer-template duplex (sym/subU) and 500 uM rNTPs. At various time
points (described in text) the reaction was quenched by the addition of 500 mM EDTA and
35% formamide. Quenched reactions were mixed with an equal volume of loading buffer (75%
formamide, 0.025% bromophenol blue and 0.25% xylene cyanol) and heated to 70°C prior to
loading on a denaturing PAGE gel. Products were resolved from substrates by denaturing
polyacrylamide gel electrophoresis (18.5% acrylamide, 1.5% bisacrylamide, 1x TBE buffer, 7
M Urea). Electrophoresis was performed in 1x TBE at 90 W. Gels were visualized using a
Phosphorlmager and quantified using ImageQuant software (GE Healthcare, RRID:
SCR_014246).

RNA constructs for single-molecule RNA synthesis experiments
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The RNA template used in our single-molecule assay is analogous to the sequences used in
previous studies of PV and ®6 RdRp RNA synthesis kinetics (Dulin et al., 2015, 2017). The
RNA tether construct consists predominantly of a dSRNA, assembled by hybridization of a 2.8
kb template ssSRNA to a 4.1 kb complementary strand, and two ~500 bases ssRNA strands
containing either biotin or digoxigenin for the tethering between magnetic beads and the
surface, as previously described in detail (Dulin et al., 2017). In contrast to the previously used
hairpin for Poliovirus RdRp RNA synthesis initiation, terminating the 3’ end of the template,
we used for the hairpin structure 24 bases with the following sequence: 5°-
AACUGUUGGUGUACGCGAAAGCGU-3". Essentially, the hairpin mimics a primer and
promotes primer-dependent RNA synthesis initiation (Arnold and Cameron, 2000).

The RNA constructs were assembled by first subjecting Plasmid pBB10 to PCR
amplification using primers AB-For, AB-Rev, CD-For, CD-Rev, Bio-For, Bio-Rev, Dig-For,
Dig-Rev, SP-For, and SP-Rev, listed in the Key Resource Listing. Single-stranded RNA
sequences were produced from these amplicons via in vitro run-off transcription using T7 RNA
polymerase from the Ribomax large-scale RNA production system (Promega). Transcription
reactions for the AB, CD and SP ssRNA fragments contained 500 ng DNA amplicon, 10 pl T7
buffer, 5 ul T7 polymerase, 1 pl 100 mM CTP, and 1 pul of 100 mM for all other NTPs (ATP,
UTP, GTP) in a reaction volume of 50 pl. For the synthesis of BIO ssRNA, the UTP amount
was reduced to half and the reaction mix was supplemented with 4.7 pl of 10 mM biotin-16-
UTP (Roche), while for DIG ssRNA the UTP amount was reduced only to 0.63 pl with
supplement of 3.7 ul or 10 mM digoxigenin-11-UTP (Roche, RRID: AB_514496). The
synthesized ssSRNA fragments were purified using a RNeasy MinElute cleanup kit (Qiagen)
and eluted in 1 mM sodium citrate buffer (pH 6.4).

These different sSRNA fragments were then assembled into a dsSRNA construct for the
single-molecule studies conducted on Poliovirus and Enterovirus A-71 RdRp via hybridization.
The ssRNA fragments were first mixed in equimolar ratio in 200 pl 0.5x SSC buffer, with the
exception of the biotin (BIO) and digoxigenin (DIG)-enriched handles, which were added in
four times molar excess in respect of the AB strand (1 pg AB, 1.4 pg CD, 360 ng SP, 450 ng
B1O, and 516 ng DIG). Afterwards, the RNA mix was heated for 1 h to 65°C, cooled with a
rate of 0.24°C/min down to 25°C. The final dsSRNA construct was purified with RNeasy
MinElute cleanup kit and eluted in 1 mM sodium citrate. All RNA concentrations were

photometrically determined (Nanodrop).

Magnetic tweezers experimental configuration
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The magnetic tweezers implementation used in this study has been described previously (Dulin
et al., 2017; Janissen et al., 2018). Briefly, light transmitted through the sample was collected
by a 50x oil-immersion objective (CFI 50XH, Plan Achromat, 50x, NA = 0.9, Nikon) and
projected onto a 12-megapixel CMOS camera (#FA-80-12M1H, Falcon2, Teledyne Dalsa)
with a sampling frequency of 50 Hz. The applied magnetic field was generated by a pair of
vertically aligned permanent neodymium-iron-boron magnets (Webcraft) separated by a
distance of 1 mm, suspended on a motorized stage (#M-126.PD2, Physik Instrumente) above
the flow cell. Image processing of the collected light allows tracking the real-time position of
both surface attached reference beads and superparamagnetic beads coupled to the dsRNA
constructs in three dimensions over time. The bead X, y, z position tracking was achieved using
a cross-correlation algorithm realized with custom-written software in LabView (2011,
National Instruments Corporation, RRID: SCR_014325). In this software, bead positions were
determined with spectral corrections to correct for camera blur and aliasing (Cnossen et al.,
2014).

Single-molecule RARp RNA synthesis assay

The flow cell preparation used in this study has been described in detail elsewhere (Dulin et
al., 2017; Janissen et al., 2018). In brief, polystyrene reference beads (#17133, Polysciences
GmbH) of 1.5 um in diameter were diluted 1:1500 in PBS buffer (pH 7.4; Sigma Aldrich) and
then adhered to the nitrocellulose-coated (Invitrogen) surface of the flow cell. Afterwards,
digoxigenin antibodies (Roche, RRID: AB_514496) at a concentration of 0.1 mg/ml were
incubated for 1 h within the flow cell, following a 2 h incubation of 10 mg/ml BSA (New
England Biolabs) diluted in PBS (pH 7.4) buffer. After washing with PBS buffer, 100 pl of
streptavidin-coated superparamagnetic beads (DynaBeads, LifeTechnologies; prior diluted
1:400 from stock) with a diameter of 1.5 um were added resulting in the attachment of the
beads to the surface-tethered dsRNA constructs. Afterwards, unbound beads were washed out
with PBS buffer.

The preparation of RARp:RNA ternary complexes was also performed as described
previously (Dulin etal., 2015, 2017). Briefly, 1 uM RdRp in 100 pl EV buffer (50 mM HEPES,
5 mM MgClz, 125 pg/ml BSA, 1 mM DTT, 1 U Superase RNase inhibitor, pH 6.6),
supplemented with 600 uM ATP, 600 uM CTP, and 1.2 mM ApC, was flushed into the flow
cells containing the dsRNA constructs. Stalled RdRp complexes were formed during 20 min
of incubation at room temperature. Afterwards, the flow cell was washed with EV buffer and

the RNA chain elongation was re-initiated by adding all four rNTP in an equimolar
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concentration of 1 mM, unless stated otherwise, and in presence or absence of nucleotide
analogs. The single-molecule measurements were conducted for 2 h at constant pulling forces

of 25 pN at 24°C with a camera acquisition rate of 50 Hz.

Molecular Dynamics simulations (MD)

The starting coordinates for the all-atom MD simulations systems prepared by the accessory
program “tleap” of AMBERIS suite (Case et al., 2018). The crystal structure 3N6L of EV71
RdRp was used to prepare the starting coordinates for MD simulations of the WT system (Wu
et al., 2010). The Y276H mutant system prepared by in silico replacement of Tyr at position-
276 by a His; the steric clashes generated in the mutant system removed by subsequent energy
minimization and equilibration. The WT PV RdRp was investigated previously by all-atom
MD simulations (150 ns), using the 1RAG6 structure as starting coordinates for the MD
simulations (Arnold and Cameron, 1999; Moustafa et al., 2014). The Y275H mutant of PV
RdRp was prepared by replacing Tyr-275 of 1RAG6 structure by histidine; energy minimization
and equilibration of the system removed any steric clashes in the mutant system.

For the performed MD simulations, the protein parameters of Amber14SB force field
was used during calculations (Maier et al., 2015). All MD simulations were performed in
explicit water (TIP3P model), imposing a minimal distance of 12 A between the edge of the
solvent box and any protein atom (Jorgensen et al., 1983). Calculations of the non-bonded
interactions used a cutoff radius of 9 A with periodic boundary conditions applied; particle
mesh Ewald method was used to treat electrostatic interactions (Darden et al., 1993). The
SHAKE algorithm was employed to constrain hydrogens bonded to heavy atoms (Ryckaert et
al., 1977). The simulations were performed by first relaxing the systems in two cycles of energy
minimization using SANDER program. Subsequently, the systems were slowly heated to 300
K using the parallel version PMEMD under NVT conditions (constant volume and
temperature); Langevin dynamics with collision frequency (y = 2) was used to regulate
temperatures (Feller et al., 1995). The heated systems were then subjected to equilibration by
running 100 ps of MD simulations under NPT conditions (constant pressure and temperature)
with 1 fs integration time steps. MD trajectories were collected over 200 ns at 1 ps interval and
2 fs integration time steps. Analyses of the trajectories from MD simulations were performed
using CPPTRAJ program (Roe and Cheatham, 2013). MD simulations were carried out on a
multi-GPU workstation with 32-core processor (AMD Ryzen Threadripper 2990WX) and four
Nvidia GTX 1080 Ti graphics cards.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Next-generation RNAseq analysis

Reads were first demultiplexed using the bcl2fastq v2.2 conversion software (Illumina, RRID:
SCR_015058). The reads were adapter- and quality-trimmed using BBDuk and the optical
duplicates removed using Clumpify, all part of the BBTools suite (RRID: SCR_016968). Reads
were aligned to EV-A71 WT reference genomes using bowtie2 (Langmead and Salzberg, 2012,
RRID: SCR_016368). To identify deletions, the unaligned reads were processed via BBMap
(a splice-aware aligner). To identify copybacks, reads were processed via VODKA, where the
entire viral genome length was used as a template to generate the copyback index (Sun et al.,

2019). In both cases, the output data was analyzed using an in-house R script.

Single-molecule data processing

RNA synthesis trajectories were processed using custom-written Igor v6.37 (RRID:
SCR_000325) and MatLab R2013b (RRID: SCR_001622)-based custom-written scripts. The
measured z-positions of magnetic beads during the RNA synthesis process were converted to
synthesized RNA products as a function of time, using the empirically determined force-
extension relationships for dSRNA and ssRNA molecules under the employed buffer conditions
(Dulin et al., 2015, 2017). Briefly, for the conversion from bead z-position to synthesized

nucleotides, we used the formula:

o L(F)=Lgs(F)
Np(F)=N Lss(F)— Lgs(F) '

where for the applied force F, N represents the number of nucleotides of the template (2,820
nt), L(F) is the measured extension of the tether, Las(F) is the full dSRNA length, and Lss(F) is
the full length of a sSRNA tether. To reduce the effect of Brownian noise in the applied
statistical analyses, all measured elongation trajectories were filtered to 1 Hz using a sliding

mean average filter.

Statistical dwell time analysis of single RdRp elongation trajectories

The stochastic RNA synthesis dynamics of EV-A71 and PV RdRp were gquantitatively assessed
by a statistical analysis of elongation and pausing using a recently described bias-free dwell-time
analysis (Dulin et al., 2015, 2017; Janissen et al., 2018). Using this approach, the times needed
for RdRp to elongate through consecutive dwell time windows of four nucleotides - defined as

dwell times - were determined for all measured RdRp trajectories under the same conditions to
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construct dwell time probability distributions (e.g. Figure S1A). The dwell times were
bootstrapped 1,000 times to estimate the standard deviation and confidence intervals of the
distributions (Dulin et al., 2017; Janissen et al., 2018). All dwell-time distributions qualitatively
exhibit the same features, such as a peak at short time scales (~200 ms) and a tail of gradually
decreasing probability in time scales ranging between 1 and 1,000 s. While the peak reflects fast
kinetic processes consisting of nucleotide addition, NTP hydrolysis, PPirelease, and translocation,
the tail originates from off-pathway pauses, consistent with the previous observations for the PV
RdRp (Dulin et al., 2017).

The quantitative description of the duration and probability of pauses during RNA
synthesis derive from these dwell time distributions. To calculate the average pause
probabilities (xSD), the dwell time distributions were integrated starting from a chosen
threshold of 3 s, where single pauses are detectable within a dwell time window of 4 nt, similar
to the value obtained in our previous single-molecule study of PV RdRp dynamics (Dulin et
al., 2017). The apparent lifetime of these pauses is determined by averaging all dwell times
(xSEM) exceeding this threshold of 3 s.

The probabilities of EV-AT71 copy-back RNA synthesis (also referred as reversals) and
PV backtracking were determined by dividing their occurrence by the total amount of RNA
synthesis trajectories per pooled data set.

The enzyme processivities reflect the measured length of synthesized RNA chains (in
nucleotides) for each measured RdRp defining their termination event, and the average velocity
(= SD) resulted from dividing individual RdRp processivities by their active RNA synthesis

duration.

Sequence analysis of copy-back locations from single-molecule and RNAseq assays

The sequence analysis was performed similar to the analysis used in the previously published
study of EV-A71 recombinants yielding from transfected cell-based assays (Woodman et al.,
2018).

From the in vitro single-molecule experiments, the sequences at which template
switching occurred were extracted for analysis. The locations of template switching on the
template RNA strand were determined by measuring the distance of the bead (in nucleotides)
where reversals occur relative to the bead position before RNA synthesis was induced with
NTPs. We used a sequence window of 31 nucleotides (-15 to +15 nucleotides around the
detected locations) for extracting the sequences that were subjected to sequence analysis. This

window size was determined based on two parameters. First, in a recently reported EV-A71
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cell-based recombination assay, ‘copy-choice’ recombination occurred in regions with a
sequence homology of between 5-11 nucleotides between the two parental template strands
(Woodman et al., 2018). Second, the accuracy of the used assay is limited by the stiffness of
the ssSRNA construct and the corresponding degree of Brownian noise which accounts for a
resolution of £10 nucleotides. The window size of 31 nucleotides therefore guarantees to
comprise any possible sequence motif that could be encountered in cells.

The analysis of the RNA sequencing data obtained from infected cells provided the
exact copy-back RNA synthesis locations. We used a sequence window of 25 nucleotides (-12
to +12 nucleotides around the detected locations) to guarantee capturing potential sequence
motifs with a length between 5 - 11 nucleotides (Woodman et al., 2018) up- and downstream
the encountered copy-back locations.

From all extracted sequences of copy-back locations, we calculated the G:C and A:U
densities, as well as the amount of successive G|C or A|U nucleotides. De novo sequence motif
search for these location sequences were performed using the MEME suite (Version 5.0.1)
(Bailey et al., 2009) with 1t-order background modelling and variable sequence motif width

between 4-11 nt.
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