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ABSTRACT

Genome replication of positive strand RNA viruses requires the production of a complementary negative strand RNA that
serves as a template for synthesis of more positive strand progeny. Structural RNA elements are important for genome
replication, but while they are readily observed in the positive strand, evidence of their existence in the negative strand
is more limited. We hypothesized that this was due to viruses differing in their capacity to allow this latter RNA to adopt
structural folds. To investigate this, ribozymes were introduced into the negative strand of different viral constructs; the
expectation being that if RNA folding occurred, negative strand cleavage and suppression of replication would be
seen. Indeed, this was what happened with hepatitis C virus (HCV) and feline calicivirus (FCV) constructs. However, little
or no impactwas observed for chikungunya virus (CHIKV), human rhinovirus (HRV), hepatitis E virus (HEV), and yellow fever
virus (YFV) constructs. Reduced cleavage in the negative strand proved to be due to duplex formation with the positive
strand. Interestingly, ribozyme-containing RNAs also remained intact when produced in vitro by the HCV polymerase,
again due to duplex formation. Overall, our results show that there are important differences in the conformational con-
straints imposed on the folding of the negative strand between different positive strand RNA viruses.
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INTRODUCTION

Positive strand RNA viruses infect all forms of life and im-
pose significant environmental, economic and social hard-
ship due to the diseases that they cause. For those viruses
that infect higher eukaryotic organisms, viral genome rep-
lication occurs in membrane rich compartments within the
cytosol often referred to as replication complexes (RCs)
(den Boon and Ahlquist 2010). These compartments are
thought to concentrate the viral and host proteins needed
for genome replication (den Boon and Ahlquist 2010; Li
and Nagy 2011) as well as protect the viral RNAs produced
in them from intrinsic immune sensors and the action of an-
tiviral proteins (Uchida et al. 2014; Kovalev et al. 2017).
The basic principles of viral genome replicationwere first

determined by pulse chase experiments that allowed RNA

synthesis to be followed over time (Montagnier and Sand-
ers 1963; Baltimore et al. 1964; Brown and Cartwright
1964; Friedman et al. 1966; Baltimore 1968; Cleaves
et al. 1981; Chu and Westaway 1985). The current para-
digm, based on these studies, is that genomic RNA ([+]
RNA) is first recruited to theRCbefore serving as a template
for production of a complementary negative strand RNA
([−] RNA) intermediate. This [−] RNA is closely associated
with the [+] RNA from which it was synthesized, forming a
double-stranded RNA (dsRNA) complex on extraction
from cells that is referred to as the replicative form (RF)
(Montagnier and Sanders 1963; Baltimore et al. 1964).
The [−] RNA within the RF subsequently serves as a tem-
plate for [+] RNA synthesis. Production of [−] and [+] RNA
is asymmetric, withmultiple copies of the [+] RNAat various
stages of synthesis typically being found associated with a
single [−] RNA template. In this state, the RNA species
present is known as a replicative intermediate (RI) and4These authors contributed equally to this work.
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when extracted from cells appears as a double-stranded
structurewithmultiple single-strandedbranches extending
from it, with each branch representing a partially synthe-
sized nascent [+] RNA (Brown and Cartwright 1964; Fried-
man et al. 1966; Baltimore 1968; Cleaves et al. 1981; Chu
and Westaway 1985). Although formal demonstration of
RF and RI formation has typically been restricted to those
viruses that show robust replication, this process is believed
to be the same for all positive strand RNA viruses infecting
higher eukaryotic organisms but adapted or extended for
those viruses producing subgenomic RNAs (sgRNAs) in ad-
dition to their full length genome.

Intramolecular RNA structures encoded within the viral
genome play a key role in the viral replication cycle.
Many viruses use an internal ribosome entry site (IRESes)
as a substitute for a 5′ cap to ensure translation of their viral
proteins (Jang et al. 1988; Pelletier and Sonenberg 1988).
Use of stem–loops within coding regions to control frame-
shifting is also common (Brierley et al. 1989; ten Dam et al.
1990; Chung et al. 2010). Importantly, RNA structure is an
integral part of many cis-acting replication elements
(CREs); RNA elements that play a more direct role in ge-
nome replication itself. The function of theseCRE elements
ranges from controlling the switch between translation to
replication (Gamarnik and Andino 1998; Tuplin et al.
2015; Liu et al. 2016; Sanford et al. 2019), acting as cofac-
tors in enzymatic processes such as viral protein uridylation
(Paul et al. 2000) and serving as promoters to direct initia-
tion of viral polymerase activity (Song andSimon1995;Ols-
thoorn and Bol 2002; Filomatori et al. 2006; Yunus et al.
2015).

The single-stranded nature of the viral genome provides
the CREs within it the relative freedom to fold. However,
once [−] RNA synthesis has occurred, constraints are en-
countered. This is because the complementary nature of
the [−] and [+] RNAs promotes dsRNA formation. Despite
this several viruses harbor structured CREs in their [−] RNA;
CREs that act as promoters for genomic and subgenomic
RNA production (Grdzelishvili et al. 2000; Li et al. 2002;
Friebe and Bartenschlager 2009; Yunus et al. 2015; Schult
et al. 2019). Thus, at some point the duplex base pairing
masking these CREs has to be separated in such a way
that intramolecular base pairing is promoted while inter-
molecular base pairing is prevented. To date, the only
way used to monitor RNA folding in the [−] RNA has
been to use CRE-dependent replication as a readout
(Friebe and Bartenschlager 2009; Yunus et al. 2015; Schult
et al. 2019). As CRE function is specific to the virus, this
does not offer a uniform way to examine RNA folding
across the [−] RNA of different viruses. Indeed, to our
knowledge, the issue of whether sequences other than
CRE elements are able to adopt an RNA fold within the
[−] strand has never been addressed. Part of the reason
is that many RNA structural analysis techniques require dis-
ruption of the RC, an action which facilitates the collapse of

RF and RI forms into a double-stranded state (Richards
et al. 1984; Fujimura et al. 2005). Furthermore, the few
techniques that allow RNA structure to be examined in
situ (Richards et al. 1984; Spitale et al. 2013) are hampered
by the typical low abundance of the RF and RI in the infect-
ed cell. Thus, any technique that offers the ability to mon-
itor RNA folding in situ, and to be able to extend this
analysis to structures beyond the confines of CRE ele-
ments, has the potential to provide valuable insight into
the inner workings of the viral RC.

Ribozymes are self-cleaving RNAs whose activity
depend on both RNA secondary structure and other high-
er ordered RNA interactions (Cochrane and Strobel 2008).
There are many different classes of ribozyme (Rbz), each
exhibiting a different catalytic structure, with hammerhead
Rbzs and the hepatitis delta Rbz arguably being both the
most intensively used for research purposes and studied
(Peng et al. 2021). We reasoned that embedding a Rbz
in the [−] RNA and monitoring the extent to which this
strand is subsequently cleaved would provide a direct in
situ readout of RNA folding. In this study we used Rbzs
to assess RNA folding within the [−] RNA of hepatitis C vi-
rus (HCV), feline calicivirus (FCV), chikungunya virus
(CHIKV), hepatitis E virus (HEV), human rhinovirus (HRV)
and yellow fever virus (YFV). Our results confirm that the
[−] strands of some positive strand RNA viruses are able
to form functional RNA structures. Excitingly, we also dem-
onstrate that this is not conserved across all positive strand
RNA viruses but is specific to different divergent families
and genera. Finally, our data suggest that for sequences
in the [−] RNA to adopt a structural fold, active participa-
tion of host and/or viral proteins is required.

RESULTS

Cleavage of an HCV replication intermediate
by a cis-acting hepatitis delta virus (HdV) Rbz

To assess the potential for Rbzs to fold and cleave the [−]
RNA of a positive strand RNA virus in cis, we initially chose
to focus on HCV. The basis for this decision was because of
evidence that HCV allows folding of relatively complex na-
tive structures in its [−] RNA (Friebe and Bartenschlager
2009; Schult et al. 2019). Additionally, weopted to use sub-
genomic replicon-based constructs because they enable
the relevant stages of virus genome replication to be stud-
ied in isolation from other stages of the virus replicative
cycle—such as entry, packaging and egress. A monocis-
tronic HCV genotype 2a (gt2a) replicon (JFH1DVR-mono)
was selected that expressed both a Renilla-FMDV2A lucif-
erase reporter fusion protein and the HCV viral replicase
(NS3-5B) needed for RNA replication. It was subsequently
modified to introduce a reverse complemented HdV Rbz
sequence (84 nt) between the Renilla and FMDV2A coding
regions, generatingHCVgt2a_HdV(wt) (Fig. 1A). Amutated
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HdV Rbz, with nucleotide substitutions designed to disrupt
the foldingof this RNAandhence its activity, was introduced
into the [−] strand of an otherwise identical replicon to gen-
erate a second control construct, HCVgt2a_HdV(ko). Both
constructs had the reverse complemented HdV sequence
positioned within their coding region in such a way that the
ORF was maintained, and the foreign peptide encoded by
the insertionswas identical.Cellswere transfectedwith these
two constructs as well as the original JFH1DVR-mono con-
struct and a polymerase-defective control construct, and lu-
ciferase activity was measured over time as a readout of
replication activity (Fig. 1B).
Four hours post-transfection (hpt), when the luciferase

activity arises from translation of the input RNAs alone,
the signal was twofold lower for both the HdV constructs
compared to JFH1DVR-mono and replication-defective
control constructs.Given that no replicationwould haveoc-
curred at this point, as illustrated by the signal being the
same between the replication-competent and -defective
controls, this difference likely comes from partial disrup-
tion of luciferase activity arising from the insertion of the
reverse complemented HdV Rbz sequence into the
Renilla-FMDV2A fusion protein. After this 4 h time point,
HCVgt2a_HdV(wt), HCVgt2a_HdV(ko), and JFH1DVR-

mono all produced an initial increase in luciferase over
time compared to a decrease seen for the polymerase-de-
fective control construct, demonstrating that all three for-
mer RNAs were replication-competent. However, the
luciferase signal from the repliconwith the activeRbz signif-
icantly diverged from its inactive Rbz counterpart as the lat-
ter produced a more rapid rise in luciferase activity, with
luciferase levels peaking at 48 versus 96hpt. This coincided
with the observation that replication of HCVgt2a_HdV(wt)
was suppressed, with luciferase levels at 32% and 44% of
those produced by its HdV(ko) counterpart at 24 and 48
hpt.While at96hpt this trendwas reversed, the likelyexpla-
nation is that this was due to HCVgt2a_HdV(ko) transfected
cells exhibiting earlier cytopathic effects and luciferase lev-
els in this experimental group starting to drop.
If Rbz activity was suppressing replication, then cleavage

of the [−] RNA would be anticipated. To establish whether
this was the case, RNA was recovered from these same ex-
periments and assessed by northern blot (Fig. 1C). Strand-
specific probes directed at the Renilla coding region were
unable to detect the input RNA at 4 hpt. However, full
length [+] and [−] RNA could be detected at 24 and 48
hpt for all replication-competent constructs but not the rep-
lication-defective control. Consistent with the luciferase

A

B

C

FIGURE 1. Placing the HdV Rbz in the [−] RNA of HCV cleaves this RNA and suppresses replication. (A) Schematic depiction of the HCV gt2a
replicon encoding the HdV Rbz in its [−] RNA. Image includes the region of both [−] and [+] strands recognized by the strand-specific probes
used for northern blotting. (B) Replication of constructs carrying either an active (wt) or inactive (ko) HdV Rbz in their [−] RNA. Included are rep-
lication-competent and replication-defective controls lacking the inserted Rbz sequence. Significant differences between HdV(ko) and (wt) con-
structs are highlighted ([∗] P<0.05; paired t-test; n=6). (C ) Northern blot of RNA from transfected cells. The arrow highlights the position of full
length transcripts and the arrow heads the position of products produced as a result of Rbz activity.

Folding of [−] RNA in positive strand RNA viruses
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replication data, the abundance of these two RNAs were
somewhat reduced in the HCVgt2a_HdV(wt) compared
to HCVgt2a_HdV(ko) and JFH1DVR-mono transfected
cells. The appearance of detectable levels of replicon tran-
script in HCVgt2a_HdV(wt) transfected cells at 24 h onward
also coincided with the appearance of two other smaller
RNAproducts that were absent from all other experimental
groups. Importantly, the size of the most prominent of
thesematched the size of the [−] RNA fragment thatwasex-
pected should Rbz cleavage be occurring. Interestingly, a
similar size band also appeared in the genomic blot, indi-
cating that the cleaved [−] RNA might serve as a template
for RdRp activity. The identity of the second minor RNA
species is not clear and interestingly it was not always ob-
served. However, given that it was approximately twice
the size of the cleaved 3′ end of the [−] RNA, and was pick-
ed up by both probes, it may represent a copy-back
product.

Improved cleavage of the [−] RNA strand using
hammerhead Rbzs

Having used the HdV Rbz to show that functional structure
was able to form in the HCV [−] RNA, wewere interested in
whether other smaller Rbzs with complex secondary struc-
ture could be used to further enhance cleavage efficiency.

The monocistronic HCV gt2a replicon, JFH1DVR-mono,
was again adapted so as to contain one of two different re-
verse complemented hammerhead Rbzs placed between
the Renilla and FMDV 2A coding regions. As before, the
ORF of the replicon was maintained and control constructs
encoding inactive versions of the same Rbz sequence in
their [−] RNA were generated by introduction of synony-
mous mutations. The two Rbz sequences selected for anal-
ysis were from satellite RNA Tobacco Ringspot Virus
(sTRSV; 49 nt) (Khvorova et al. 2003) and another derived
from S. mansoni that had been further engineered for en-
hanced cleavage activity (N79; 83 nt) (Yen et al. 2004).
The four constructs generated were HCVgt2a_sTRSV(wt),
HCVgt2a_sTRSV(ko), HCVgt2a_N79(wt), and HCVgt2a_
N79(ko). Based on luciferase measurements, replication
of constructs carrying the active versions of these Rbzs
was significantly suppressed (Fig. 2A,B), more so than con-
structs bearing the HdV Rbz. In contrast, the inactive Rbz
control constructs demonstrated robust replication, which
after normalizing to the input signal at 4 h matched that
of JFH1DVR-mono (data not shown). Renilla values pro-
duced from HCVgt2a_sTRSV(wt) were 5%, 20%, and 78%
of those produced from HCVgt2a_sTRSV(ko) at 24, 48,
and 72 h. More marked was the suppression seen with
the N79(wt) Rbz where luciferase activity was found to be
0.1%, 0.2%, and 0.4% of the N79(ko) control levels at 24,

A

B

C

FIGURE 2. Hammerhead Rbzs are highly effective at cleaving the [−] RNA of HCV replicon constructs. (A) Schematic depiction of the HCV gt2a
replicons used in this experiment. (B) Replication of constructs carrying either an active (wt) or inactive (ko) sTRSV or N79 hammerhead Rbz in their
[−] RNA. Included are replication-competent and replication-defective controls lacking the inserted Rbz sequence. Significant differences be-
tween sTRSV(ko) and (wt) constructs, and between N79(ko) and (wt) constructs, are highlighted ([∗] P<0.05; paired t-test; n=3). (C ) Northern
blot of RNA from cells transfected with replicon constructs 48 h earlier. The arrow highlights the position of full length transcripts and the arrow-
heads the position of products produced as a result of Rbz activity. Other bands on the gel (∗) coinicident with the position of ribosomal RNAs,
represent background artifacts.
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48, and 72 h, respectively. Northern blot analyses of RNAs
taken from cells 48 h post-transfection and hybridized to
probes complementary to the Renilla encoding region of
the [+] and [−] strands identified sTRSV Rbz cleaved prod-
ucts (Fig. 2C). The relative abundance of these products
compared to their full length uncleaved [+] and [−] RNA
counterparts was notably increased compared to that
seen with the HdV Rbz, confirming that the sTRSV Rbz
was indeed more efficient at cleaving the [−] strand of
HCV. Also consistent with the luciferase data, the overall
levels of transcript were much lower in cells transfected
with HCVgt2a_sTRSV(wt) versus HCVgt2a_sTRSV(ko). No
replicon RNA signal was detected in cells transfected
with HCVgt2a_N79(wt). Given that replication of
HCVgt2a_N79(ko) was robust, this is presumably because
of efficientN79Rbz cleavage suppressing replication levels
to below that detectable by northern blot.

Rbz mediated suppression of HCV replication is
positionally independent

In order to confirm the availability of the [−] RNA strand to
form functional RNA structure in other regions of the virus
genome during HCV replication, the positional indepen-
dence of the Rbz was investigated. To achieve this, a sec-
ond reverse complemented active N79 or inactive N79
sequence was introduced into the NS5A/5B boundary of
both HCVgt2a_N79(wt) and HCVgt2a_N79(ko) (Fig. 3A).
This was done in such a way that the NS3-5B replicase
would still be expressed and the peptide resulting from
this insertion would be cleaved away from both NS5A
and NS5B. The resulting four constructs thus carried two
separate copies of the N79 reverse completed ribozyme
sequence, such that none [HCVgt2a_2xN79(ko/ko)] one
[HCVgt2a_2xN79(wt/ko) and HCVgt2a_2xN79(ko/wt)], or
both [HCVgt2a_2xN79(wt/wt)] were functional. All four
RNAs alongwith controls were transfected into cells and lu-
ciferase activity monitored. Consistent with the N79 Rbz
being active at both sites, transfection with either
HCVgt2a_2xN79(wt/ko) or HCVgt2a_2xN79(ko/wt) result-
ed in a profound drop in luciferase activity over time, with
this being more pronounced in the latter construct such
that luciferase values were comparable to those of the rep-
lication-defective control (Fig. 3B). HCVgt2a_2xN79(wt/wt)
also produced comparable luciferase values to the nega-
tive control whereas HCVgt2a_2xN79(ko/ko) showed in-
creasing luciferase activity for the first 48 h of the assay
that was significantly raised above that of the other
2xN79 constructs. Normalizing the signals to the 4 h time
points suggested that HCVgt2a_2xN79(ko/ko) had slightly
reduced replication capacity to that of JFH1DVR-mono,
likely resulting from the inserted sequenceplacedbetween
the duplicated NS5A/5B boundary (data not shown). How-
ever, given itwas still clearly replication-competentwecon-
clude that the lack or near lack of replication seen with

HCVgt2a_2xN79(wt/ko), HCVgt2a_2xN79(ko/wt), and
HCVgt2a_2xN79(wt/wt) is a direct consequence of N79
Rbz activity.

Assessing the impact of the N79 Rbz on the
replication of other positive strand RNA virus
constructs

Having established that the N79 Rbz effectively sup-
pressed replication of the HCV gt2a replicon, we assessed
its impact on replication when placed in the [−] RNA of oth-
er positive strand RNA virus constructs. A variety of HCV
genotype replicons exist although they display reduced
levels of replication compared to JFH-1 gt2a constructs.
Introduction of a functional N79 reverse complemented
sequence into a HCV gt1b replicon abolished replication
whereas an inactive N79 Rbz did not (Fig. 4A).
We next examined Rbz activity in the [−] RNA of a mem-

ber of the Caliciviridae family; viruses which harbor rela-
tively large stem–loops in this strand that function as a
subgenomic promoter (Simmonds et al. 2008). Because

A

B

FIGURE 3. Rbzs embedded in the [−] RNA of HCV suppress replica-
tion irrespective of the position they are located at. (A) Schematic
depiction of HCV gt2a replicons carrying two copies of the N79 Rbz
positioned at two different locations within their [−] RNA.
(B) Replication data from the constructs depicted in A as well as
from replication-competent and replication-defective controls lacking
the inserted Rbz sequence. Significant differences between the (ko/
ko) construct and other 2× N79 containing constructs are highlighted
([∗] P<0.05; one-way ANOVA; n=3). No significant differences were
observed between other 2× N79 experimental groups.
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D

FIGURE 4. Embedding Rbzs in the [−] RNA of a diverse set of positive strand RNA virus constructs results in different replicative outcomes. A
schematic depiction showing the positioning of the reverse complemented N79 Rbz or sTRSV Rbz sequence is provided for an (A) HCV gt1b rep-
licon, (B) FCV virus, (C ) YFV replicon, (D) CHIKV replicon, (E) HRV replicon, and (F ) HEV replicon. The regions ΔE and ΔVP1 in the YFV and HRV
schematics represent the carboxy-terminal ends of the E protein and VP1 protein, needed for proteolytic processing at the amino terminus of the
NS1 and P2 boundaries, respectively. Also shown are luciferase replication data from those same isolates, and in the case of the FCV virus exper-
iments representative images illustrating differences in cpe development over time. The number of experimental repeats for each luciferase assay
is indicated next to the respective graph. Significant differences between inactive (ko) and active (wt) Rbz constructs are highlighted ([∗] P<0.05;
paired t-test).
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Caliciviridae replicons have limited replicative capacity, re-
verse complemented sTRSV and N79 sequences were in-
stead introduced into the leader of the capsid protein
sequence of an infectious clone of FCV, a location previ-
ously shown to tolerate foreign sequence (Abente et al.
2010). A NanoLuc coding region was also introduced at
this location to simplify monitoring of replication.
Transfection of these constructs into cells produced differ-
ent results depending on the Rbz sequence used (Fig. 4B).
For constructs carrying either an active or inactive sTRSV
Rbz, transfected cells exhibited cytopathic effects (cpe),
suggestive of infectious virus production. Importantly, for
sTRSV(ko) transfected cells the appearance of cpe always
occurred sooner than in sTRSV(wt) transfected cells, al-
though the exact timings of when it was seen did vary be-
tween experiments. This earlier appearance in cpe seen for
the sTRSV(ko) construct paralleled what was observed for
the luciferase activities, with this same construct producing
significantly higher levels than sTRSV(wt) at all time points
up to and including 48 h. In contrast, FCV constructs carry-
ing the N79 Rbz sequences in their [−] RNA failed to pro-
duce cpe, although there was a suggestion that cell
growth was perhaps suppressed, more so for the N79(ko)
construct. Monitoring luciferase activity demonstrated
that genome replication was occurring, at least for the
N79(ko) construct, as luciferase levels increased over the
first 16 h to ∼100-fold above background levels and then
slowly decreased. In contrast, luciferase activity of the
N79(wt) and the replication control construct were similar,
demonstrating that the active N79 Rbz predominately
blocked replication; a result comparable to what had
been observed in the HCV constructs.
Having established that the reverse complemented N79

Rbz effectively blocked replication of HCV and FCV, we in-
troduced it into other positive strand virus replicons in or-
der to investigate the conservation of [−] RNAs ability to
form functional RNA structures across divergent viruses.
Interestingly, for a replicon derived from the 17D vaccine
strain of YFV, no difference in replication could be dis-
cerned between constructs carrying the functional versus
nonfunctional N79 sequence (Fig. 4C). A similar observa-
tion was made with the CHIKV replicon, where the Firefly
luciferase signal (indicative of subgenomic RNA produc-
tion) and the Renilla signal (indicative of genomic RNA
transcription) were the same for both the functional and in-
active N79 constructs at all time points tested (Fig. 4D).
The situation was slightly different for HRV, where intro-
duction of a functional N79 Rbz caused a consistent drop
(55%–88%) in luciferase activity at 12 h in cells transfected
compared to an inactive N79 control construct (Fig. 4E).
However, this difference between the two constructs did
not reach significance and disappeared at the 24 h time
point when luciferase activities had peaked. In contrast,
replication of the HEV replicon carrying the functional
N79 Rbz was significantly impaired, generating a luciferase

signal at 24, 48, 72, and 96 h post-transfection that was
92%, 60%, 53%, and 44% of the signal produced from
the inactive N79 control (Fig. 4F). Notably, these experi-
ments showed that irrespective of whether an active N79
Rbz suppressed replication in these four viruses, the reduc-
tion in replication, if any, was slight in comparison to either
FCV or HCV where N79 imposed a complete or near-com-
plete block on replication.
Rbz folding and hence activity can be influenced by adja-

cent sequences. Care had been taken to minimize the
chanceof surrounding sequences interferingwithN79activ-
ity by placing “insulator” sequences either side of the Rbz
boundaries. However, it remained possible that mis-folding
could account for some of the differences observed be-
tween the viral constructs regardingN79 activity. To investi-
gate this, we first looked at folding using in silico free energy
minimizationpredictionusing theUNAFold software version
3.4 (Markham and Zuker 2008). In all cases N79 folding was
robust, with the critical single-stranded loops and regions
that form the ribozyme pseudoknot being well predicted al-
beit in the case of the HRV replicon where the extended
stem I region containing the additional loop was missing
(see Supplemental Fig. S2). We also introduced an RNA po-
lymerase promoter immediately downstream from the 3′

end of the genome in the plasmids encoding five of the
N79-containing virus replicons to allow in vitro production
of full length (gt2aHCV,HRV,HEV,CHIKV)ornear full length
(YFV) [−] RNA. Analysis of these RNAs showed that they ex-
perienced no more than a twofold difference in rates of
cleavage, with cleavage ranging from 30% to 60% (Fig.
5A). Equally importantly, these relatively small differences
did not correlate with how effectively the N79 Rbz sup-
pressed replication in cellulo, given that the [−] strand of
HCV was the second least efficiently cleaved RNA species.
Another scenario that might have accounted for poor

cleavage is mutation of the Rbz sequence such that activity
is rapidly lost. To exclude this possibility, cells were trans-
fectedwithN79-containingHRVandYFV replicons andcel-
lular RNA was recovered 48 h later. Samples were heat
denatured to melt all dsRNA, then diluted and cooled to
promote RNA folding. Half of each sample was supple-
mented with 1 mM Mg2+ to enable Rbz catalysis while
the other half was not. Subsequent northern blot analysis
using a probe complementary to the [−] RNA was used to
assess cleavage of this RNA (Fig. 5B). In the absence of
Mg2+ supplementation, both YFV N79(wt) and N79(ko)
transcripts appeared uncleaved and were equally abun-
dant. The relative abundance of full length HRV [−] RNA
N79(wt) andN79(ko) transcripts was also broadly similar, al-
though unlike YFV a low level of cleavage of the N79(wt)
transcript was also observed, consistent with the transient
inhibition of replication observed at early time points in
the replication assay. Importantly, the addition of Mg2+ re-
sulted in an increase in cleavage of the HRV N79(wt) [−]
transcript and cleavage of a proportion of the YFV N79
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(wt) [−] transcript not seen for the equivalent RNAs carrying
theN79(ko) Rbz.We conclude a functional Rbz sequence is
maintained in the [−] RNA strandofHRVandYFVduring the
time that genome amplification is occurring, but its activity
is suppressed by dsRNA formation.

Duplex formation blocks Rbz-mediated cleavage
of NS5B synthesized products in vitro

The extent that Rbz induced cleavage of the [−] RNA of
HCV was much greater than most other constructs tested.
To investigate whether RNA synthesized by the HCV viral
polymerase in vitro was equally prone to Rbz cleavage

and thus able to sample secondary
structure, we performed a series of
RNA polymerase reactions. HCV
NS5B RNA-dependent RNA polymer-
ase reactions were set up to produce a
544 nt RNA transcript containing ei-
ther an active (wt) or inactive N79 (ko)
Rbz (Fig. 6A). Parallel control T7
DNA-dependent RNA polymerase re-
actions were set up to produce these
same two transcripts as single-strand-
ed RNA molecules. Products were
transcribed at both room temperature
and 37°C. Analysis by denaturing
polyacrylamide gel electrophoresis
revealed that the full-length transcript
produced by T7 had an apparent mo-
lecular weight that was∼ 500 nt (Fig.
6B; Supplemental Fig. S3). Important-
ly, about half of the N79(wt) RNA pro-
duced by T7 was cleaved into
products of a size consistent with that
expected from N79 activity (444 and
100 nt). Indeed, this was specifically
due to Rbz activity as theN79(ko) tran-
script produced by T7 remained
uncleaved. In contrast, no obvious dif-
ference was observed between RNA
products generated in the NS5B reac-
tions when comparing between N79
(wt) and N79(ko) experimental groups
irrespective of the temperature of the
transcription reaction; the RNAs pres-
ent consisting of an approximately
unit length (∼500 nt) product identical
in size to the uncleaved RNA pro-
duced in the T7 reactions, as well as
several smaller RNAs mostly ranging
in size between 300–400 nt and likely
to represent internal initiation prod-
ucts. To assess the double-stranded
nature of the various polymerase reac-

tions, all productswere incubatedwith RNase A under high
salt conditions. No degradation of the NS5B products was
seen, indicating that they were duplexed with their
template and therefore double-stranded. In contrast, the
T7-derivedproductswerehighly sensitive toRNaseA treat-
ment. Finally, to confirm that dsRNA formation was pre-
venting Rbz cleavage, the surviving RdRp product from
the RNase treatment was subjected to heat denaturation
and renaturation. In the N79(wt) experimental group, this
resulted in a decrease in size of all RNAs by ∼100 nt as
well as the appearanceof anadditional∼90nt band. In con-
trast, there was no change in appearance of the N79(ko)
containing RNAs. Taken together these data show that in

B

A

FIGURE 5. The N79 Rbz is not restricted in its ability to cleave the [−] RNA of positive strand
RNA virus constructs when this RNA is in a single-stranded state. (A) Single-stranded [−] RNAs
from replicons containing a reverse complemented N79 sequence were generated by in vitro
transcription and their cleavage was assessed by gel electrophoresis and image capture.
Significant differences between experimental groups are highlighted ([∗] P<0.05; one-way
ANOVA; n=3). (B) RNAs from cells transfected 24 h earlier with YFV or HRV replicons carrying
a reverse complemented N79 sequence were collected. They were subsequently subject to
treatment designed to release the [−] RNA from its double-stranded state and enable it to
fold before Mg2+ was added to activate Rbz activity. Experimental groups lacking Mg2+ addi-
tion were included as controls. Cleavage was assessed by northern blot analysis . The arrows
represent the position of full length transcripts and arrowheads the position of N79-cleaved
product.
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the absenceof anyother host or viral encodedactivity, RNA
produced by HCV NS5B is unable to even transiently ac-
cess secondary structures that might be encoded within it.

DISCUSSION

Knowledge of the different structural states that RNA can
adopt in the replication complexes of positive strand

RNA viruses remains incomplete. For members of the Lev-
iviridae family which infect prokaryotes, and for members
of Narnoviridae which infect fungi and insects, the [+] and
[−] RNAs are kept in a predominately single-stranded state
(Blumenthal and Carmichael 1979; Fujimura et al. 2005). In
contrast, many other positive strand RNA viruses readily
generate dsRNA when replicating (Weber et al. 2006;
Son et al. 2015). Indeed, this is such a ubiquitous property
that plants and animals have evolved detection systems for
dsRNA, recognition bywhich stimulates an array of antiviral
responses (Gantier and Williams 2007; Niehl and Heinlein
2019). However, whether the viral [−] RNA is in a predomi-
nately single-stranded or double-stranded state when con-
tained within an active replication complex has only been
effectively answered for a few select viruses because of
technical challenges addressing this question. One issue
is that infection produces dsRNA through processes other
than those involved in productive genome replication
(Richards et al. 1987). Both this and the presence of ex-
hausted replication complexes have thepotential to gener-
ate dsRNA decoys containing [−] RNA. Another difficulty is
that active replication complexes are protected by lipid
membranes. Typically, these need to be disrupted to
gain experimental access to the RF and RI; a process which
frustrates RNA structural analysis by promoting collapse of
complementary RNAs into a double-stranded state
(Richards et al. 1984). Nonetheless, for some viruses there
is good evidence to suggest that the [−] RNA within RF
and RI is in a double-stranded state (Panavas et al. 2006;
Kovalev et al. 2014; Ertel et al. 2017; Klein et al. 2020).
What is less clear is whether this is always the case. In this
study, we sought to gain insight into this process by using
Rbzs to assess RNA folding in the [−] RNAof various viruses.
Our data show that the ability of a Rbz to cleave the [−] RNA
of different viruses varies enormously. The simplest model
explaining this observation is that the [−] RNA varies in the
extent to which it is double-stranded in different viral RCs
and it is this that correlates with both cleavage and the sup-
pression of replication. Certainly, recent electron cryoto-
mography studies on CHIKV replication spherules would
support the notion that this virus [−] RNA is sequestered
away in a double-stranded state, consistent with the lack
of cleavage we observed in our studies (Laurent et al.
2022; Tan et al. 2022). Interestingly, these same studies
suggest that the viral helicase nsp3 is either not associated
with the replicase proteins found at the neck of the spher-
ule, or if it is then this association in on the cytoplasmic rath-
er than the lumen face. Thus the location of either host or
viral helicases with respect to where the [−] RNA is seques-
tered could be behind much of the observations we have
made. However, additional processes can be envisaged
that could modulate cleavage independently of the dou-
ble-stranded status the [−] RNA finds itself in. For instance,
early cleavage of the [−] RNA during its synthesis, or while
contained within the RF, could potentially have a more

B

A

FIGURE 6. Rbz-containing RNAs are not cleaved when synthesized in
vitro by the HCV RNA polymerase NS5B due to extensive base-pair-
ing with the template strand. (A) Schematic depicting how NS5B
and T7 polymerase transcription reactions were used to produce an
N79 Rbz containing RNA. Templates were such that both sets of reac-
tions were expected to transcribe identical RNAs, either encoding an
active N79 Rbz sequence or one with a single nucleotide substitution
in the active site [N79(wt) and N79(ko) respectively]. The expected siz-
es of RNAs produced, whether cleaved by Rbz activity or not, are
shown. (B) All four [α-32P] labeled RNAs produced from the transcrip-
tion reactions outlined in Awere subjected to a series of treatments as
detailed in the provided diagram before being run on a denaturing
polyacrylamide gel. The high-salt RNaseA treatment step was used
to selectively degrade single-stranded RNAs. The heat denatura-
tion/renaturation step was used to melt dsRNA and allow single-
stranded RNA folding. The asterisks indicate RNAs produced as a re-
sult of Rbz cleavage. Additional smaller bands in the NS5B transcrip-
tion reactions likely arise from internal initiation. Results shown are
representative of one of two experiments where initial transcription re-
actions were carried out at room temperature.
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marked impact on replication compared to if it occurred
once it was contained with the RI; dependent on the
amount of new full length [+] RNA produced before cleav-
age of the [−] RNAwithin the RI took place. Both structural
studies and our own in vitro transcription experiments (Fig.
6) suggest nascent RNA is bound to its template as it leaves
the viral polymerase, and that this association is stable.
However, we cannot exclude the possibility that coassocia-
tion of the viral polymerase with other viral and host pro-
teins with strand separating properties could change this
(Tuteja et al. 1995; Hirano et al. 2003; Kusakawa et al.
2007; Jennings et al. 2008). The physiological environment
within the RC may also be different to that encountered in
our in vitroexperiments. Thus, transient samplingof encod-
ed secondary structure may yet be possible for nascent [−]
RNA as it exits the viral polymerase and if so our observa-
tions could reflect the extent to which this occurs. Under
such circumstances, delaying passage of the viral polymer-
ase through secondary structure presentwithin the [+] RNA
could then also modulate the extent to which cleavage oc-
curs. Finally, it should be acknowledged that the lackof Rbz
cleavage does not necessarily mean that a [−] RNA is in a
double-stranded state, as constraints may still be placed
on its foldingwhen it is single-stranded. Indeed, the limited
cleavage of the HRV [−] RNA by the N79 Rbz that we ob-
served may reflect this, as the RI from poliovirus has previ-
ously been reported to be predominately single-stranded
(Richards et al. 1984). Constraints on folding of the [−]
RNA could arise from it being bound by viral proteins and
explain why enterovirus such as poliovirus and HRV use
structural elements at the 5′ of their [+] RNA as a promoter
for [+] strand synthesis (Vogt and Andino 2010). Irrespec-
tive of the reasons, the fact that Rbz cleavage requires sep-
aration of [+] and [−] RNA means that where extensive
cleavage is observed, the most likely explanation is that
the [−] RNA either must be predominately single-stranded
or be constantly fluctuating between a single- and double-
stranded state.

TheHCVRdRp,NS5B, produces dsRNA in vitro (Oh et al.
1999). Structural studies also suggest that newly synthe-
sized products of NS5B leave the polymerase base-paired
to their template (Appleby et al. 2015). Our results confirm
that nascentNS5Bproducts produced in vitro fail to sample
secondary structure as a result of this base pairing. Conse-
quently, folding within the [−] RNA of HCV most likely de-
pends on additional viral or host encoded activities such
as the HCV helicase, NS3. Helicase activity is achieved by
the protein binding to a stretch of single-stranded RNA
and migrating in a 3′–5′ direction, displacing any comple-
mentary RNA (Tai et al. 1996). Assuming NS3 is involved
in opening up duplex structures in the RF and RI, one ques-
tion that arises is how it accesses a region of single-strand-
ed RNA to enable binding. Perhaps access is gained at the
ends of theseRNAs, possibly as a result of duplexbreathing
or mediated by terminal transferase activity of NS5B pro-

viding a single-stranded extension to one or other strands
(Ranjith-Kumar et al. 2001). If so, NS3 helicase processivity
within the RC must be considerable to allow sampling of
RNA structure as far into the [−] strand as the position at
which the Rbzs were placed. Another consideration is that
once access is gained, any region of duplexed RNA
opened up by the passage of NS3 still has the potential
to reanneal onceNS3 hasmoved on. As reannealingwould
reimpose a block on the [−] strand being able to fold, slow-
ing or preventing it could also be important. It is possible
that scaffolding activities provided by single-stranded
RNA binding proteins such as NS4B and NS5A (Huang
et al. 2005; Einav et al. 2008), as well as NS3 working as a
functional oligomeric array (Sikora et al. 2008) play a role
here. As RF and RI formation have yet to be formally dem-
onstrated in HCV, it may even be possible that reannealing
is prevented by physical separation of the [−] strand from
its [+] counterpart. Indeed, in situ hybridization findings sug-
gest that [−] RNA fails to colocalize with [+] RNA in HCV in-
fected cells (Shulla and Randall 2015; Liu et al. 2019).
However, it is difficult to reconcile such physical separation
with the accepted model of HCV replication, that of an ER-
derived double membrane vesicle harboring both [+] and
[−] RNA strands (Paul et al. 2014). Whatever mechanisms
HCV and other viruses use to enable sampling of complex
structures within their [−] RNA, a better understanding of
these could provide novel therapeutic angles for treatment.

Production of a subgenomic RNA resulting from internal
initiationwithin a full length [−] RNA is a feature common to
the Caliciviridae (Yunus et al. 2015), Togaviridae (Sawicki
et al. 1978), and Hepeviridae virus families (Varma et al.
2011). In the case of the Caliciviridae family, genetic and
biochemical evidence supports the involvement of a
stem–loop found at theendofORF1asbeing critical in pro-
moter function (Simmonds et al. 2008; Yunus et al. 2015).
For the Togaviridae family and other viruses within the
so-called alphavirus super family, the role that RNA struc-
ture plays in subgenomic promoter activity is disputed (Sie-
gel et al. 1997; Adkins and Kao 1998; Haasnoot et al. 2000,
2002; Sivakumaran et al. 2004; Skov et al. 2012). Subge-
nomic RNA production by members of the Hepeviridae
family has been less extensively studied, in part because
of historically less tractable cell culture systems. Nonethe-
less, the region within the viral genome harboring the pro-
moter has been identified (Ding et al. 2018), and [−] RNA
conserved stem–loop structures can be found at this loca-
tion (Cao et al. 2010). Given the lack of impact N79 had
onCHIKV, our study lendsweight to thehypothesis thatge-
nomic and subgenomic promoters within the [−] RNA of
alphaviruses and Togaviridae more generally are recog-
nized by their primary sequence. In contrast, the notable
suppression of FCV by N79 and sTRSV Rbzs is consistent
with the use of stem–loop structures in the [−] RNA of the
Calicivirdae family serving as subgenomic promoters. Sup-
pression ofHEV replication by theN79Rbz leaves open the
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possibility that structural elements harbored within the [−]
RNA of Hepeviridae family members also serve as subge-
nomic promoters. However, it is notable that the extent
to which HEV appears to sample RNA structure in this
strand is far less than that of FCV.
Replication of West Nile Virus (WNV) has been suggest-

ed to depend on host cell proteins TIA-1 and TIAR binding
to a 75 nt stem–loop found within the 3′ end of the [−]
strand (Emara et al. 2008). The helicase expressed by this
and other flaviviruses also belongs to the same DEAD-
box helicase superfamily as that expressed by HCV (Byrd
and Raney 2012). Therefore, it was notable that introduc-
tion of the N79 Rbz, a RNA of similar size to the stem–

loop in the 3′ end of the [−] strand of YFV, had no impact
on the replication of this virus. One of several reasons
could account for this finding. Firstly, YFV and other flavivi-
ruses may only be able to effectively sample RNA structure
at the very ends of their [−] RNA because of reduced heli-
case processivity (Jennings et al. 2009; Xu et al. 2019).
Alternatively, reliance on TIA-1 and TIAR binding may
not be a universal feature of flaviviruses. Finally, it is possi-
ble that the predicted terminal stem–loop found at the end
of the [−] RNA is not functional. Reverse genetics ex-
periments looking at functional importance of putative
stem–loop functions at the terminal ends of the [−] RNA
of positive strand viruses is fraught with difficulties.
These complications arise because of the risk of off-target
effects on structures within the genomic strand as well as
the need to avoid synonymous changes in coding regions.
While the lack of Rbz activity in the [−] RNA strand cannot
be used to disprove the existence of structural elements
elsewhere in this same RNA, when Rbz cleavage does oc-
curs it provides valuable supportive evidence that struc-
tural elements elsewhere are likely to form.
Our observations of Rbz activity within the [−] RNA of

HCV is consistentwith the virus relyingon a large structured
promoter at the 3′ end of this same RNA species. Even so it
was noticeable how much more active Rbzs were in the
HCV constructs compared to many of the other viral con-
structs. This begs the question, why does HCV expend
what is likely to be a considerable amount of resources
and energy driving duplex separation within its replication
complex when it does not produce subgenomic RNAs?
Indeed, it seems strange that any virus would evolve a large
structured promoter within its [−] RNA unless there was al-
ready preexisting evolutionary pressure driving stand sep-
aration. Perhaps by keeping its [+] and [−] strands in amore
separated state, HCV reduces the chances of it being de-
tected by dsRNA antiviral sensors. While the replication
complex membranes protect the RF and RI from antiviral
sensors in the cytosol, turnover/destruction of these organ-
elles does expose them to endosomal TLR3, something
thatHCValready seeks tominimizebypromotingRC secre-
tion (Grünvogel et al. 2018). By being single-stranded
when introduced into the endosome, complementary

RNAs could be degraded before they form a more
RNase-resistant double-stranded state and therefore avoid
TLR3 recognition. It is also possible that the protection af-
forded by the RC against dsRNA sensors is not absolute
(Uchida et al. 2014). Under such circumstances, having [−]
and [+] RNAs in amore single-stranded statewould certain-
ly be beneficial. AlthoughHCV and other hepaciviruses are
unusual among positive strand RNA viruses in their ability
to establish chronic infections with active viral replication
in their immunocompetent hosts, they are not alone.
Indeed, FCV achieves this (Wardley 1976), as does a num-
berof other positive strandRNAviruses includingmembers
of the norovirus family (Thackray et al. 2007), pegiviruses
(Thomas et al. 1998; Tomlinson et al. 2020), and pestivi-
ruses (Becher and Tautz 2011). In the future it would be in-
teresting todetermine theextent towhichRbzs areactive in
the [−] RNA of a broader range of these viruses, as well as
examinewhether changes to RNA structural samplingwith-
in this strand might impact on host dsRNA sensing.

MATERIALS AND METHODS

Cell culture

HeLa (Ohio), CRFK and BHK21 cells were maintained in DMEM
(Invitrogen) supplemented with 50 units penicillin, 50 mg strepto-
mycin and 10% (v/v) fetal calf serum at 37°C and 5% CO2. Huh7.5
cells were maintained under similar conditions but with an addi-
tional supplementation of nonessential amino acids made to
the media.

DNA constructs

The location where the reverse complemented ribozyme se-
quence was positioned in each viral genomewas based on practi-
cal considerations predominately focused around choosing an
insertion point that was not going to disrupt viral replicase protein
function or key structural RNAelements in the genome. The JFH-1
based monocistronic replicons, JFH1DVR-mono and JFH1mono
(GAA), have been described (Gomes et al. 2015) and served as
HCV gt2a replication functional and polymerase-defective con-
trols lacking Rbzs. To insert the positive strand HdV Rbz sequence
into JFH1DVR-mono, PCRs using primer pairs 1+2 (see
Supplemental Table S1 for primer and synthetic DNA sequences)
with template pMNV∗ (Ward et al. 2007), and primer pairs 3+ 4
and 5+6 with template JFH1DVR-mono were used to generate
three overlapping products that were then combined in a second
round PCR reaction with primer pairs 3 and 6. This product and a
comparable DNA containing an inactive HdV Rbz, introduced us-
ing primer pairs 7+8, were cloned into the JFH1DVR-mono
containing plasmid via BglII and RsrII restriction sites to
generate plasmid constructs encoding HCVgt2a_HdV(wt) and
HCVgt2a_HdV(ko).
To exchange the HdV Rbz for the sTRSV Rbz (Khvorova et al.

2003) and the cleavage optimized Shistosoma mansoni N79
Rbz (Yen et al. 2004), PCRs were performed with primer pairs
9 + 10 and 11+12 using HCVgt2a_HdV(wt) as a template. The
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two DNA products generated were used as templates alongside
Ultramer oligonucleotides TRSV or N79 (Integrated DNA Tech-
nologies) in a second round of PCR using primer pairs 9+ 12. Re-
sultant products were cloned directly into the HCVgt2a_HdV(wt)
plasmid via BglII and RsrII restriction sites to generate
HCVgt2a_sTRSV(wt) and HCVgt2a_N79(wt) containing plasmids.
The same products were also further modified using another
round of two-step PCR mutagenesis using internal primer pairs
13+14 or 15+16 alongside 9 and 12, before again cloning
into the HCVgt2a_HdV(wt) plasmid to generate HCVgt2a_
sTRSV(ko) and HCVgt2a_N79(ko) containing plasmids.

To add a second copy of the N79 Rbz between the NS5A and
NS5B coding region of the HCVgt2a replicon, three first round
PCRs were set up using primer pairs 17+18, 19+20, and 21+
22. The template used in each reaction was either HCVgt2a_
N79(wt) or HCVgt2a_N79(ko). All three products were combined
in a second roundPCRusing primer pairs 17+ 22 and the resultant
DNA cloned into both the HCVgt2a_N79(wt) or HCVgt2a_N79
(ko), containing plasmids via SacII and SalI restriction sites to gen-
erate plasmids containing HCVgt2a_2xN79(wt/wt), HCVgt2a_
2xN79(ko/ko), HCVgt2a_2xN79(wt/ko) and HCVgt2a_2xN79
(ko/wt).

Insertion of the N79 Rbz into other replicon constructs was
achieved as follows. For the HRV replicons, PCRs were under-
taken using primer pairs 23+24 in combination with either
HCVgt2a_N79(wt) or HCVgt2a_N79(ko) as a template, as well as
primer pairs 25+ 26 in combination with pR16.11 (accession num-
ber L24917.1; agift fromT.Tuthill) as a template. The resultant sets
of DNAs were combined in a second round PCR with primers 23+
26 and the resultant product cloned into an in-house pR16.11
derived replicon (sequence available on request) via AscI and
ClaI restriction sites to generate plasmids containing HRV_N79
(wt) and HRV_N79(ko). A control replication-defective version of
HRV_N79(ko) was generated by cutting the associated vector
withNsiI, polishingwith Phusion polymerase (NEB) and religating.
For theYFV replicons, PCRswereundertakenusingprimer pairs 27
+28 and 29+30 using pACNR-FLYF-17D (Bredenbeek et al.
2003) (a gift from P. Bredenbeek) as a template, as well as primer
pairs 31+ 32 using either HCVgt2a_N79(wt) or HCVgt2a_N79(ko)
as a template. The resultant three sets of DNAs were combined in
a subsequent PCR with primer pairs 27+30 and the resultant
product cloned into pACNR-FLYF-17D via NotI and MluI restric-
tion sites to generate plasmids encoding for the YFV_N79(wt)
and YFV_N79(ko) replicons. A control replication-defective ver-
sion of YFV_N79(ko) was generated by cutting the vector with
ClaI, polishing with Phusion polymerase and religating. For the
CHIKV replicons, PCR products was generated using primer pairs
33 and34 in combinationwith either YFV_N79(wt) or YFV_N79(ko)
as templates. The resultant product was cloned into pSP6_
ChikRepI-PRlucSG-FlucWT or pSP6_ChikRepI-PRlucSG-FlucGAA
(Roberts et al. 2017) via ApaI +BlnI to produce plasmids contain-
ing CHIKV_N79(wt), CHIKV_N79(ko) and CHIKV_N79(ko)GAA
replicons.

For theHEV replicons, theGFP coding region frompSK-E2-GFP
(Emerson et al. 2004) (a gift from P. Farci) was first replaced by
nanoluciferase to generate a nanoluciferase expressing replicon.
To achieve this, PCR was used to amplify the nanoluciferase
open reading frame (ORF) using primers 35+36. The upstream
HEV sequence was amplified by PCR using 37+38. The resulting
PCR fragment was combined in a second round PCR and cloned

using Xhol and EcoRI to generate pSK-E2-nLuc. To insert the
Rbz into pSK-E2-nLuc, PCRs were undertaken using primer pairs
39+ 40 using either HCVgt2a_N79(wt) or HCVgt2a_N79(ko) as a
template. The resultant product was cloned into pSK-E2-nLuc
via EcoRI restriction sites to generate plasmids containing the rep-
licons HEV-nLucN79(wt) and HEV-nLucN79(ko). A control replica-
tion-defective version of pSK-E2-nLuc containing an inactivating
mutation to the RNA-polymerase active site (GDD>GNN) was
generated by PCR using primer 41+42 and 43+44 with pSK-
E2-nLuc as template. The resultant PCR products were combined
in a second round PCR using primers 41+44 and cloned using
Xhol and EcoRI to generate a plasmid containing the replicon
HEV-nLuc-GNN.

For the HCV genotype 1b replicon, first round PCR products
were generated using primer pairs 45+ 46 with template
HCVgt2a_N79(wt) or HCVgt2a_N79(ko) and using primer pairs
47+ 48 with template pFKI341PVIlucUbiNS3-3′dgET (Friebe
et al. 2005) (a gift from R. Bartenschlager). Resultant DNAs were
used as templates in a second round PCR using primer pairs
45 +48 and the products produced cloned into pFKI341PVIlucU
biNS3-3′dgET viaNotI andBssHI restriction sites to generate plas-
mids encoding HCVgt1b_N79(wt) and HCVgt1b_N79(ko)
replicons.

For the FCV constructs, pQ14 (Sosnovtsev and Green 1995)
(a gift from K. Green) was used as a template in a two-step PCR us-
ingprimer pairs 49+50 and51+52. The first roundproducts were
pooled and used as a template with the primer pairs 49+52 to
generate a DNA that was cloned back into pQ14 via BstBI and
SpeI restriction sites, introducing a multiple cloning site (MCS)
into the leaderof the capsid sequenceof FCV.GBlocks (Integrated
DNA Technologies) encoding a Nanoluc_antisense_sTRSV fusion
product or Nanoluc_antisense_N79 fusion product were then
cloned into this MCS via KpnI and PstI restriction sites generating
plasmids containing the viruses FCV_sTRSV(wt) and FCV_N79(wt).
TheGBlocks were also used as templates for a two-step PCR using
internal mutagenic primers 13 and 14 or 15 and 16 to generate
products that were cloned into the MCS, generating FCV_sTRSV
(ko) and pQ14_FCV_N79(ko) containing plasmids. A replication-
defective FCV construct was generated by cutting pQ14 with
XhoI, polishing with Phusion polymerase and religating.

To modify plasmids containing the N79-containing replicon
constructs so that they could be used to transcribe the [−] strand,
these DNAs were first linearized with the restriction site found
downstream and adjacent to their 3′UTR (NotI, XbaI, BglII,
BamHI, and XhoI for CHIKV, HCVgt2a, HEV, HRV, and YFV con-
structs, respectively). A pair of complementary oligos containing
either a SP6 (HCV, HEV, HRV, and YFV) or T7 (CHIKV) promoter
andwith overhanging ends compatiblewith those of the digested
plasmid DNA were ligated into these same DNAs. The presence
and orientation of the inserted DNA was confirmed by PCR and
sequencing. For the purpose of identification, the names of the
constructs produced bear the parental constructs name from
which they derive but contain an additional “as” (antisense) prefix
[e.g., asHCVgt2a-N79(wt)].

To generate constructs containing a reverse complemented
N79 sequence to be used for transcribing template RNAs for in
vitro NS5B RNA-dependent RNA polymerase (RdRp) assays, a
two-step PCR was performed. Primer pairs 53+54 and 55+56
generated amplified product from HCVgt2a_N79(wt) and
HCVgt2a_N79(ko) templates. These two reaction products were
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then combined in a second PCR reaction with primer pairs 53+ 56
and the resultant DNA cloned into pCR-Blunt (Invitrogen) before
being excised using XbaI +EcoRI and cloned into XbaI +EcoRI
cut pSGRJFH1luc, generating pT7HCV(3′-)341asN79wt and
pT7HCV(3′-)341asN79ko. Constructs were linearized with MfeI
and polished with Mung Bean nuclease prior to use in T7 tran-
scription reactions that generated RNA template for subsequent
NS5B RdRp reactions.

To generate control constructs for producing the same RNA
species to be synthesized in the NS5B RdRp reactions, but via
T7 polymerase, PCRs were performed using the primer pair 57+
54 in combination with pSGRJFH1luc as template DNA, and the
primer pair 55+58 in combination with either HCVgt2a_N79(wt)
or HCVgt2a_N79(ko) as template DNAs. First round products
were combined in a second PCR using primers 57 and 58.
Products were first cloned into pCR-Blunt, then excised with
XbaI and EcoRI and cloned into XbaI +EcoRI cut pSGRJFH1luc
to produce pT7HCV(5′+)341N79wt and pT7HCV(5′+)341N79ko.

Production of RNA transcripts from DNA templates

All RNAs other than HEV, FCV and radiolabeled transcripts (see
RdRp assay protocol) were generated as follows. Fivemicrograms
of linearized plasmid template were pretreated with RNAsecure
(Thermo Fisher) and used in a 50 µL transcription reaction contain-
ing 5× transcription buffer (Thermo Fisher), 8 mM rNTPs, 1.25
units RiboLock RNase Inhibitor (Thermo Fisher), and 60 units of ei-
ther T7 or SP6 RNA Polymerase (Thermo Fisher). After an over-
night incubation at 30°C, 2 units RNA-free DNase (NEB) was
added, and reactions left at 37°C for 30 min. RNA transcripts
were precipitated by addition of LiCl and the resultant pellet
washed in 70% ethanol before resuspension in RNase-free water.
Capping of YFV and CHIKV replicon RNA transcripts was per-
formed using the Vaccinia Capping System (NEB) according to
manufacturer’s recommendations. HEV and FCV transcripts
were generated using the HiScribe T7 ARCA mRNA kit (NEB) us-
ing 1 µg of linearized plasmid template following manufacturer’s
instructions. The integrity of all RNAs was verified by running
RNAs on a MOPS-formaldehyde agarose gel and visualizing
product by SYBR Gold Staining (Thermo Fisher). When required,
relative quantification of RNA species on the gels was achieved
using a ChemiDoc XRS+ Imager (Bio-Rad).

Cell electroporation and monitoring of replicon
replication

Huh7.5 cells were used to monitor replication of HCV, HEV, and
YFV replicons, BHK21 used to monitor replication of CHIKV rep-
licons, HeLa (Ohio) used to monitor replication of HRV replicons
and CRFK cells used to monitor replication of FCV. Once cells
had reached confluence they were detached, washed 2× in ice-
cold RNase-free phosphate buffered saline (PBS) and resuspend-
ed at 1×107 cells/mL in ice-cold PBS. Four hundred microliters of
the cell suspension was mixed with 2 µg replicon transcript, trans-
ferred to a 0.4 cm cuvette, electroporated at 270 V, 960 µF
(BioRad GenePulse II) and resuspended in 6 mL growth medium.
Cells were plated out in 12-well plates and maintained at 37°C
(HCV, YFV, CHIKV, HEV) or at 33°C (HRV) until harvested by wash-
ing in PBS and lysis in Passive Lysis Buffer (Promega). Luciferase

activity was determined using either the Renilla Luciferase Assay
Kit (Biotium), Nano-Glo Luciferase Assay System (Promega) or
Dual Luciferase Reporter Assay (Promega). Live cell imaging
was performed with an IncuCyte Dual Colour Zoom FLR (Essen
BioScience) within a 37°C humidified CO2 incubator scanning
hourly up to 120 h post-transfection, collecting multiple images
per well. The .mp4 files generated had individual stills extracted
from them using VLC media player.

Northern blot

To generate probes, the HCVgt2a_HdV(wt) vector was used as a
template in an asymmetric PCR reaction (Tang et al. 2006) contain-
ing a pair of outer primers (primers 59 and 60) and either an inner
forward (primer 61) or inner reverse primer (primer 62). Single-
stranded products produced by the reaction were separated from
other reaction products on an agarose gel and purified. Resultant
DNAs as well as a 316 bp GAPDH PCR product amplified from p-
Tri-GAPDH (Thermo Fisher) were biotinylated using Platinum-
BrightBIO (Kreatech) reagent. Total cellular RNAwas recovered us-
ing TriFAST reagent (Peqlabs) according to manufacturer’s
instructions, run on a 0.8% MOPS-formaldehyde agarose gel, the
gel stained using SYBR Gold to confirm rRNA integrity and the
RNAs subsequently transferred to SensiBlot Plus nylon membrane
(Fermentas). After UV-crosslinking, membranes were preblocked
bya30min incubation inULTRAhyb (ThermoFisher) at 42°C,before
an overnight incubation in Ultrahyb containing a biotinylated
probe.Anunboundprobewas removedbywashing themembrane
at 42°C in 2× SSPE+0.1% SDS and subsequently in 0.1× SSPE +
0.1%SDS.Aboundprobewasdetectedusing theBrightStarNorth-
ern Blot Detection Kit (Invitrogen). Because probes could not be
stripped frommembranes, parallel blots were probedwithGAPDH
as a control. Images were captured on film. The specificity of both
strand-specific probes was confirmed by hybridization to control
northern blot membranes containing either HCV [+] or [−] strand
in vitro RNA transcripts (Supplemental Fig. S1).

RdRp assay

Five hundred nanograms of HCV(3′-)341asN79wt and HCV(3′-)
341asN79ko RNA transcripts were heated to 90°C for 2 min in a
final volume of 16.2 µL before slowly cooling to room temperature
and placing on ice. To these RNA templates the following was
added; 2.5 µL 10× NS5B transcription buffer (200 mM Tris-HCl
[pH 7.5], 50 mM MgCl2, 10 mM DTT, 250 mM KCl, 1 mM
EDTA), 0.6 µL RNaseOUT (Thermo Fisher), 1 µL 10 mM rATP, 1
µL 10 mM rCTP, 1 µL 10 mM rGTP, 1 µL 0.1 mM rUTP, 1 µL [α-
32P]rUTP (10 µCi; 3000 Ci/mmol PerkinElmer) and 0.7 µL JFH1
NS5BΔC21 or JFH1 NS5BΔC21(GAA) at 0.3 mg/mL (Simister
et al. 2009). Parallel T7 reactions performed at the same time
used 1.25 µg XbaI linearized pT7HCV(5′+)341N79wt and
pT7HCV(5′+)341N79ko as templates in a 25 µL final reaction vol-
ume containing 2.5 µL 10× T7 transcription buffer (NEB), 0.6 µL
RNaseOUT, 1 µL 10 mM rATP, 1 µL 10 mM rGTP, 1 µL 10 mM
rCTP, 1 µL 1mM rUTP, 0.5 µL [α-32P]rUTP and 1 µL T7 polymerase
(NEB). Experiments were performed where transcription was al-
lowed to occur for 2 h at room temperature or at 37°C.
Afterwards the NS5B RdRp reactions were placed on ice while
the T7 reactions were supplemented with 1 unit RNase-free
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DNase and incubated at 37°C for 20min. All samples were centri-
fuged through MicroSpin G-25 columns (Amersham) preequili-
brated with 10 mM Tris (pH 7.5) 1 mM EDTA (TE) buffer before
further addition of TE buffer to a final volume of 100 µL, phe-
nol/chloroform extraction and ethanol precipitation in the pres-
ence of 20 µg glycogen. Half of each RNA was kept back for
subsequent analysis while the other half was subjected to diges-
tion with RNase A in a 100 µL high salt buffer (40 µg/mL RNase A,
10 mM Tris [pH7.5], 350 mMNaCl, 5 mM EDTA) for 60 min at 30°
C before addition of 4 µL 20 mg/mL proteinase K and 6.6 µL 10%
SDS and incubating at 37°C for 30 min. Reaction products were
then phenol/chloroform extracted, ethanol precipitated, resus-
pended in 8 µL H2O and again half the recovered material was
kept back for subsequent analysis. The remaining 4 µL of samples
were mixed with 4 µL of formamide and the RNAs heated to 85°C
for 2 min before being rapidly diluted by the addition of 196 µL
Rbz cleavage buffer preheated to 85°C. Samples were allowed
to cool slowly to room temperature before being subjected to
ethanol precipitation in the presence of 20 µg glycogen as a car-
rier. RNAs from both treated and untreated arms of the experi-
ment were separated on a 5% denaturing acrylamide:
bisacrylamide (19:1) gel alongside a RiboRuler Low Range RNA
Ladder (Thermo Fisher) and the gel fixed, stained with
Methylene Blue and dried onto Whatman 3 MM filter paper.
Gel images were captured by exposure to both CL-Xposure X-
ray film (Thermo Fisher) or BAS-MP IP phosphoimager plate
(Fujifilm) and scanned at 50 µm resolution at 635 nm in a
FujiFilm FLA-5100 fluorescent imager analyzer.

DATA DEPOSITION

Supplemental Table S1 and Supplemental Figures S1–S3 are pro-
vided as Supplemental Files. Raw luciferase data as well as origi-
nal .jpg, .tiff and .mp4 files produced during this study are
available at https://doi.org/10.5281/zenodo.5873054.
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Single-strand positive-sense RNA viruses replicate their genome
via a negative-sense RNA intermediate, the physical state of which

is poorly understood when present in the infected cell. In this pa-
per we used ribozymes to probe the nature of this intermediate.
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