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Abstract

Itis generally thought that the promoters of non-segmented, negative strand RNA viruses
(nsNSVs) direct the polymerase to initiate RNA synthesis exclusively opposite the 3" termi-
nal nucleotide of the genome RNA by a de novo (primer independent) initiation mechanism.
However, recent studies have revealed that there is diversity between different nsNSVs with
pneumovirus promoters directing the polymerase to initiate at positions 1 and 3 of the
genome, and ebolavirus polymerases being able to initiate at position 2 on the template.
Studies with other RNA viruses have shown that polymerases that engage in de novo initia-
tion opposite position 1 typically have structural features to stabilize the initiation complex
and ensure efficient and accurate initiation. This raised the question of whether different
nsNSV polymerases have evolved fundamentally different structural properties to facilitate
initiation at different sites on their promoters. Here we examined the functional properties of
polymerases of respiratory syncytial virus (RSV), a pneumovirus, human parainfluenza
virus type 3 (P1V-3), a paramyxovirus, and Marburg virus (MARYV), a filovirus, both on their
cognate promoters and on promoters of other viruses. We found that in contrast to the RSV
polymerase, which initiated at positions 1 and 3 of its promoter, the PIV-3 and MARYV poly-
merases initiated exclusively at position 1 on their cognate promoters. However, all three
polymerases could recognize and initiate from heterologous promoters, with the promoter
sequence playing a key role in determining initiation site selection. In addition to examining
de novoinitiation, we also compared the ability of the RSV and PIV-3 polymerases to
engage in back-priming, an activity in which the promoter template is folded into a secondary
structure and nucleotides are added to the template 3" end. This analysis showed that
whereas the RSV polymerase was promiscuous in back-priming activity, the PIV-3 polymer-
ase generated barely detectable levels of back-primed product, irrespective of promoter
template sequence. Overall, this study shows that the polymerases from these three nsNSV
families are fundamentally similar in their initiation properties, but have differences in their
abilities to engage in back-priming.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010151

December 16, 2021 1/20


https://orcid.org/0000-0002-5621-8151
https://orcid.org/0000-0002-6616-5866
https://orcid.org/0000-0003-0783-7498
https://doi.org/10.1371/journal.ppat.1010151
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010151&domain=pdf&date_stamp=2021-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010151&domain=pdf&date_stamp=2021-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010151&domain=pdf&date_stamp=2021-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010151&domain=pdf&date_stamp=2021-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010151&domain=pdf&date_stamp=2021-12-30
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010151&domain=pdf&date_stamp=2021-12-30
https://doi.org/10.1371/journal.ppat.1010151
https://doi.org/10.1371/journal.ppat.1010151
http://creativecommons.org/licenses/by/4.0/
https://www.janssen.com/ireland/
https://www.janssen.com/ireland/
https://www.niaid.nih.gov/
https://www.niaid.nih.gov/

PLOS PATHOGENS

Initiation by non-segmented negative strand RNA virus polymerases

collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: | have read the journal’s
policy and the authors of this manuscript have the
following competing interests: The work was
funded in part by Alios Biopharma (now Janssen
Sciences) and PJ and JD were employees of Alios/
Janssen at the time that the work was performed.
PJ is currently an employee of Codexis, JD is
currently an employee of Alios, RF currently has
sponsored research agreements with F. Hoffmann-
La Roche Ltd. and Enanta Pharmaceuticals.

Author summary

The non-segmented negative strand RNA viruses are a large group of viruses that includes
a number of significant human pathogens. Their viral genome is transcribed and repli-
cated by a virally-encoded polymerase, which is considered to be a good target for inter-
vention with antiviral drugs. Defining the similarities and differences between the
polymerases of different viruses could be helpful for developing inhibitors with potency
against a broad spectrum of related viruses. In this study, we examined the RNA synthesis
initiation properties of polymerases of viruses from three different non-segmented nega-
tive strand RNA virus families and showed that they are fundamentally similar in the ways
that they can initiate RNA synthesis. However, we also found that polymerases from two
different virus families differed significantly in their ability to perform another activity,
referred to as back-priming, which suggests that there might be structural differences
between them. Thus, this study identifies similarities and differences between the poly-
merases in this group of viruses.

Introduction

The order Mononegavirales, otherwise known as the non-segmented, negative strand RNA
viruses (nsNSVs), is a large and diverse group of viruses that are united by having a genome
consisting of a single strand of RNA that is transcribed to produce a series of mRNAs, and rep-
licated via a positive-sense antigenome intermediate to produce new RNA genomes [1]. They
also all encode a multi-functional polymerase to perform transcription and genome replication
[2,3]. The nsNSVs encompass several viral families and the order includes several significant
pathogens, such as vesicular stomatitis virus (VSV) and rabies virus (family Rhabdoviridae),
Zaire ebolavirus (EBOV) and Marburg (MARV) viruses (family Filoviridae), human parainflu-
enza virus type 3 (PIV-3) (family Paramyxoviridae), and respiratory syncytial virus (RSV) and
human metapneumovirus (HMPV) (family Pneumoviridae). Because the nsNSV polymerases
are enzymes that are essential for viral replication and have properties that are distinct from
cellular enzymes, they are good targets for intervention with small molecule inhibitors [4,5].
Although the nsNSVs share many mechanistic aspects of transcription and genome replica-
tion, and their polymerases have a high degree of conservation, there are some differences
between them [3]. A greater understanding of the similarities and differences between these
polymerases and their functional properties can help us to appreciate the biology of the nsNSV
order and could potentially be leveraged in the development of broad-spectrum inhibitors.

All nsNSV genomes contain a single promoter element located at the genome 3" end called
the leader (le) promoter, which engages the polymerase to initiate both transcription and repli-
cation (note that throughout this paper, the promoter and other cis-acting element names are
italicized, whereas sequence complementary to the promoter is not). The antigenome RNA
replication intermediate also has a promoter at its 3" end, called the trailer (tr) promoter [6],
which directs initiation of genome RNA synthesis. While there is evidence that the nsNSV
polymerase recognizes the viral genome and antigenome templates as nucleoprotein (N or
NP) -RNA complexes, the initiation complex is almost certainly assembled on naked RNA
from which N or NP protein has been locally dissociated. This is evident from the fact that the
nsNSV polymerase structures that are available show that there is insufficient space in the tem-
plate channel to accommodate an N-RNA structure [7-13], indicating that RNA synthesis ini-
tiation occurs after the RNA has dissociated from N and entered the polymerase active site. In
addition, the RSV and VSV le promoters each contain several adjacent specific nucleotides,
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which would not all be exposed in N-RNA [14-18]. The le and tr promoters typically have a
high degree of similarity within each virus but differ in sequence between different viruses.
They also differ in the locations of initiation sites within the promoter [19]. Previously, we per-
formed studies to determine the mechanism of RSV transcription and replication initiation.
Analysis of RNA from RSV-infected cells and biochemical studies of RSV polymerase activity
on a naked RNA promoter template revealed that the RSV le and tr promoters each have two
initiation sites, at positions 1U and 3C [20-22]. RNA initiated at 1U can be encapsidated and
extended, consistent with this being the replication initiation site. RNA initiated at position 3C
is released after ~25 nt [22,23]. In the case of the le promoter at the 3" end of the genome, the
short ~25 nt transcript represents the first step of transcription and following its release the
polymerase can then go on to transcribe the RSV genes [22,23]. In the case of the tr promoter,
the function of the short RNA is not known, but it might have a role in subverting cellular
stress granule formation [24]. Initiation at the 1U and 3C sites of the RSV promoters is pre-
cisely controlled (i.e. the polymerase does not initiate at other sites on the promoters) [22,25],
but the mechanisms underlying this control are not completely understood. Studies of the
HMPYV polymerase have shown that it initiates at positions 1U and 3C on its le promoter, indi-
cating that HMPV has a similar mechanism of transcription initiation as RSV [13]. Ebolavirus
polymerases can also initiate at an internal site [26]. Specifically, ebolavirus genome and anti-
genome RNAs were found to be variable at their 3" ends, with some RNAs having an addi-
tional 3" A or G residue that was not reflected at the 5" end of the encoded RNA. Experiments
using an EBOV minigenome showed that the polymerase could initiate RNA replication at the
motif 3 CCUGU, regardless of the presence or absence of the additional 3" A or G residue
[26]. In contrast to the RSV, HMPV and EBOV polymerases, other nsNSV polymerases do not
appear to initiate at an internal site on the promoter [17,27]. In the case of VSV polymerase,
even addition of one to three nucleotides to the 3" end of the promoter inhibited its activity
[17,27]. This indicates that the VSV polymerase has structural features that prevent the 3" end
of the template from overshooting the active site, whereas the RSV, HMPV and EBOV poly-
merases allow for more flexibility in template positioning.

In addition to using the tr promoter as a template for de novo RNA synthesis, in vitro stud-
ies of the RSV polymerase showed that it also engaged in a back-priming activity in which the
RNA template was folded into a secondary structure and the 3" end extended in a templated
fashion to add the sequence GUC (and a smaller proportion of longer additions) [21]. Analysis
of the 3" end of antigenome-sense RNA isolated from RSV-infected cells showed that approxi-
mately one-third of these RNAs contained 1 to 3 nucleotides of the GUC sequence, indicating
that tr promoter back-priming occurs in infected cells and is not simply an artifact of the in
vitro assay [21]. Back-priming activity was also detected for the HMPV polymerase [13] and
analysis of RNA from ebolavirus-infected cells suggested that the additional nucleotide present
at the 3" ends of the replicative RNAs could be added by a back-priming mechanism [26]. A
back-priming activity has also been reported as an essential step of the genome replication
mechanism of Borna disease virus [28]. In Borna disease virus, back-priming activity compen-
sates for a viral endonuclease activity that renders the viral replicative RNAs free of a 5" tri-
phosphate moiety. The function of back-priming in the pneumoviruses and ebolaviruses is not
well understood. In the case of EBOV, the additional nucleotide causes a slight increase in
RNA synthesis initiation efficiency [26]. In the case of RSV, the GUC addition dampens pro-
moter activity from a naked RNA template, and we have speculated that back-priming might
represent a mechanism to regulate fr promoter activity under conditions in which N protein is
limiting [21]. However, to date, it has not been possible to devise a strategy to inhibit back-
priming in the context of ebolavirus or pneumovirus infection, without also inhibiting RNA
synthesis initiation, and so its role during infection remains enigmatic. Any additional
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information that could be gained regarding back-priming could shed light on its significance.
Back-priming activities have not been described for other nsNSV promoters, but they are not
always easy to detect. In in vitro assays, the ability to detect the activity depends on the length
of the template sequence and the identity of the radionucleotide used as the tracer. Evidence of
the activity in RSV- and EBOV-infected cells depended on detailed analysis of relatively rare
viral RNAs. Therefore, it is not clear if back-priming is an activity that is shared amongst many
nsNSVs or is restricted to a subset of viruses.

A polymerase feature that might differ between nsNSVs and affect initiation of RNA syn-
thesis and back-priming is a priming loop. This is a feature that is typically found in RNA
dependent RNA polymerases that initiate RNA synthesis by a de novo (rather than primer-
dependent) initiation mechanism [29]. The priming loop can help buttress the 3" end of the
template [30,31]. In addition, priming loops contain a ring-based or aromatic priming residue
that can form base-stacking interactions with the initiating NTPs to help stabilize them in the
active site for initiation [32-38]. In the case of influenza virus, the polymerase initiates oppo-
site the 3" terminal nucleotide to begin cRNA synthesis, but at position 4 to initiate VRNA syn-
thesis (by a prime-realign mechanism) [39,40]. Correlating with this, the influenza virus
polymerase priming loop adopts different conformations depending on which promoter it is
associated with [37,40,41]. The fact that some nsNSV polymerases can initiate internally and
engage in back-priming whereas others initiate exclusively at the 3" end of the promoter could
suggest that they might have different priming loop properties, with those polymerases that
initiate internally and/or engage in back-priming having a very flexible priming loop (or no
priming loop) and those that initiate exclusively at the 3" end having a more fixed priming
loop structure in the pre-initiation conformation.

To explore the similarities and differences between nsNSV polymerases, we expressed and
purified RSV, PIV-3, and MARYV polymerase complexes, to have representation from three
different families, and examined their properties both on their cognate promoters, and pro-
moters from other viruses. The results obtained showed that although different polymerases
have different initiation preferences, all polymerases tested could efficiently initiate either at
the 3’ terminal nucleotide of a template or an internal site, indicating that for these three
viruses, the promoter sequence is a major factor determining which initiation site is utilized.
However, there was a clear distinction between a polymerase that could engage in back-prim-
ing versus another that could not, indicating that this property is not shared by all nsNSVs.

Results

The RSV and PIV-3 polymerases differ in initiation properties on their
respective promoters

As noted in the Introduction section, our previous studies have shown that the RSV polymer-
ase initiates at positions 1U and 3C on both the le and tr promoters [20,22]. The results from a
representative in vitro assay are shown in Fig 1. In this experiment, purified RSV L-P com-
plexes of either wild type sequence, L(wt)-P, or with a D-to-A substitution in the GDN motif
of the active site of the RNA dependent RNA polymerase domain, L(mut)-P (Fig 1A) were
incubated with a 14 nt RNA oligonucleotide template, consisting of either RSV le or tr pro-
moter sequence, in the presence of 1 mM each ATP, CTP and GTP, with a low concentration
of [0-*?P]-UTP included as a radioactive tracer (Fig 1B). In the case of the tr promoter, the
first UTP incorporation site is at the 5 end of the template at position 14. RNA synthesis reac-
tions using this template yielded products of 12 and 14 nt in length, representing initiation at
positions 3C and 1U, respectively, with initiation at position 3 being dominant (Fig 1C, lane
8). In the case of the Je promoter template, the first UTP incorporation site is at position 12.
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Fig 1. The RSV polymerase initiates at positions 1U and 3C of the RSV le and tr promoters. (A) SDS-PAGE analysis of wt and variant RSV L-P preparations detected
by colloidal Coomassie blue staining. The variant L protein contains a substitution in the active site of the RNA polymerization domain. The first lane contains a
Benchmark ladder. (B) Schematic diagram illustrating the RSV le 1-14 and tr 1-14 templates, the NTP concentrations used, and the full-length products that could be
generated from the 1U and 3C initiation sites. The underlined residues indicate the sites of radiolabel incorporation. (C) RNA synthesis products generated by the wt and
variant polymerase, analyzed by denaturing polyacrylamide gel electrophoresis. The 1-25 and 3-25 ladders were generated by alkali hydrolysis of >*P end-labeled RNAs
representing the full-length complementary products generated from positions 1U and 3C of an RSV #r 1-25 template. Note that the ladders in lanes 1 and 2 were at the
edge of the gel and migrated slightly more slowly than the ladders in lanes 5, 6, 9 and 10; the ladder size annotation is aligned to the internal ladder lanes.

https://doi.org/10.1371/journal.ppat.1010151.g001

Therefore, initiation at position 3C would yield radiolabeled products of 10-12 nt in length,
whereas initiation at position 1U would yield radiolabeled products ranging from 12-14 nt.
Analysis of RNAs produced from the RSV le 1-14 promoter showed that under equimolar
ATP, CTP, and GTP conditions, products of 10-12 could be readily detected, consistent with
initiation at position 3, but longer products from initiation at position 1 were much fainter
(Fig 1C, lane 4). It should be noted that the levels of products from the le and tr promoters can-
not be directly compared; all the polymerases examined in this paper were relatively inefficient
at incorporating a (low concentration) radiolabeled nucleotide if this incorporation site corre-
sponded to the 5 end of the template. Thus, the signal from the tr promoter was much weaker
than from the le promoter. When le promoter reactions were performed with biased NTP con-
centrations of 1 mM ATP, 2 mM CTP and 50 uM GTP, to increase efficiency of initiation
from position 1, the 14 nt band could be detected more readily than in the unbiased NTP con-
ditions, although the 10-12 nt bands were still dominant (Fig 1C, compare lanes 4 and 12).
These findings are consistent with the RSV promoters directing the RSV polymerase to initiate
at positions 1U and 3C, with initiation at 3C being highly dominant, especially in the case of
the le promoter. These results mirror findings from analysis of RNA from RSV-infected cells
[22].

We next assessed the initiation properties of the PIV-3 polymerase using a similar experi-
mental design (Fig 2). The purified PIV-3 L-P complex (Fig 2A) was incubated with either a
PIV-3 le 1-20 or tr 1-19 RNA template and NTPs. Because the PIV-3 polymerase was
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Fig 2. The PIV-3 polymerase initiates at position 1U of the PIV-3 le and tr promoters. (A) SDS-PAGE analysis of wt and variant PIV-3
L-P preparations detected by colloidal Coomassie blue staining. The variant L protein contained a D-to-A substitution in the GDN motif of
the RNA polymerization domain. The first lane contains a Benchmark ladder. (B) Schematic diagram illustrating the PIV-3 le 1-20 and tr
1-19 templates, the NTP concentrations used, and the full-length products that would be generated following initiation at position 1U of
each template. The underlined residues indicate the sites of radiolabel incorporation. (C) RNA synthesis products generated by the wt and
variant polymerase, analyzed by denaturing polyacrylamide gel electrophoresis. The 1-19 ladder was generated by alkali hydrolysis of an **P
end-labeled RNA representing the complementary full-length product generated from position 1U of the PIV-3 tr 1-19 template.

https://doi.org/10.1371/journal.ppat.1010151.9002

inefficient at incorporating a low concentration radiolabeled nucleotide opposite the 5 end of
the template, we used [0-**P]-GTP as the radioactive tracer together with 500 uM each of
ATP, CTP and UTP (a low concentration of 50 uM unlabeled GTP was also included in the
reactions to facilitate elongation). The first GTP incorporation site on both PIV-3 promoters is
opposite position 10C (Fig 2B). Therefore, if the polymerase initiated at position 1, the smallest
detectable product would be 10 nt; if it initiated internally, we would expect smaller products
to be detected. On the le 1-20 template, the PIV-3 polymerase generated readily detectable
products of 10 to 20 nt in length and on the tr 1-19 template, it generated products of 10 nt to
19 nt in length (Fig 2C, lanes 3 and 5, respectively). These results indicate that in contrast to
the RSV polymerase, the PIV-3 polymerase initiated primarily at the 1U position.

The PIV-3 polymerase can recognize the RSV promoter, but does not
engage in back-priming
Previous studies have shown that RSV and PIV-3 polymerases have a stringent promoter

sequence requirements [14,15,42]. However, although they are distinct, the RSV and PIV-3
promoters have sequence similarities: they begin with 3" UG and include a pyrimidine-rich
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stretch. This suggested that the polymerase-promoter interactions might be sufficiently similar
that the RSV and PIV-3 polymerases could recognize each other’s promoters. To test this pos-
sibility, we examined if the PIV-3 polymerase could initiate RNA synthesis from the RSV pro-
moters. First, we tested its activity on the RSV le 1-14 nt template (Fig 3A). Similar to the data
shown in Fig 1, almost all the detectable products of the RSV polymerase are initiated at posi-
tion 3, with 1U-initiated RNA being barely detectable under equimolar ATP, CTP, and GTP
conditions (Fig 3B, lane 8), and only a small amount of 1U-initiated RNA detectable under
NTP concentrations biased to favor position 1 initiation (Fig 3B, lane 11; note that the gel in
Fig 3B is less exposed than the gel in Fig 1C and so the 14 nt band generated under unbiased
conditions is more difficult to detect). The RNAs initiated at position 3 could be clearly distin-
guished from those initiated at position 1 by comparison to products generated from a le pro-
moter template bearing substitution at position 2, which prevents the RSV polymerase from
initiating RNA synthesis from position 1 (Fig 3B, lanes 9 and 12). Likewise, the PIV-3 poly-
merase synthesized products of 10 to 14 nt in length from the RSV le promoter template, con-
sistent with it also initiating at positions 1U and 3C (Fig 3B, lane 6). Although the PIV-3
polymerase utilized the same initiation sites as the RSV polymerase, the relative abundances of
the products that it generated were different. The PIV-3 polymerase clearly generated a 14 nt
product (indicative of initiation at position 1) under unbiased NTP conditions, and initiation
at position 3C was relatively less dominant (compared to 1U initiation) than for RSV polymer-
ase (Fig 3B, lanes 6 and 9). These findings show that the PIV-3 polymerase can recognize the
RSV promoter, and that this promoter directs the polymerase to initiate at positions 1U and
3C. The ability of the PIV-3 polymerase to initiate at 3C was surprising, but could potentially
be explained by alignment of the RSV and PIV-3 promoter sequences. As shown in Fig 3C, the
U tract, which is common to the RSV and PIV-3 promoter sequences, is in alignment when
position 1 of the PIV-3 promoters is aligned to position 3 of the RSV promoters. If this U-tract
is part of the polymerase binding site, it could align the active site opposite position 3C of the
RSV promoter. Thus, the PIV-3 polymerase could initiate at position 3C, similarly to the RSV
polymerase, but has properties that favor initiation at position 1 to a greater extent than the
RSV polymerase.

These data indicate that the PIV-3 polymerase has sufficient flexibility to initiate at an inter-
nal site. We then tested if this correlated with an ability to engage in a back-priming activity.
To test this, we examined its behavior on an RSV tr 1-25 template, which serves as a substrate
for an efficient back-priming reaction, resulting in products that are longer than the input tem-
plate (Fig 3D). The RSV or PIV-3 L-P complex was incubated with RSV tr 1-25 template, and
NTPs, including [o->*P]-UTP as a radioactive tracer. Under these conditions, the RSV poly-
merase generated a ladder of products 12-25 nt in length, consistent with initiation at posi-
tions 1U and 3C and elongation to the end of the template. The most prominent band
amongst these products is at 21 nt, indicative of premature termination, consistent with previ-
ously published data [21]. In addition, products longer than 25 nt were readily detected, indic-
ative of back-priming (Fig 3E, lane 5) [21]. These longer products were not detected if the
template contained a puromycin group at the 3" end, confirming that they resulted from
nucleotide addition to the 3" end of the template (Fig 3E, lane 6). Analysis of the RNA pro-
duced by the PIV-3 polymerase showed that it generated products up to 25 nt in length, but
only very low levels of products longer than 25 nt, regardless of whether the template had a 3
puromycin block (Fig 3E, lanes 11 and 12). The fact that the products generated by the PIV-3
polymerase from the RSV tr promoter migrated similarly to the 12-25 nt products synthesized
by the RSV polymerase is consistent with the PIV-3 polymerase having initiated at positions
1U and 3C of the RSV promoter, as shown in Fig 3B. However, the fact that products longer
than 25 nt were only barely detected indicates that the PIV-3 polymerase did not readily
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Fig 3. The PIV-3 polymerase initiates at positions 1U and 3C of the RSV promoter. (A) Schematic diagram illustrating the RSV le 1-14 template, the
NTP concentrations used, and full-length products generated following initiation at 1U and 3C. The underlined residues indicate the sites of radiolabel
incorporation. (B) RNA synthesis products generated by the wt and variant PIV-3 and RSV polymerases, analyzed by denaturing polyacrylamide gel
electrophoresis. Lanes 9 and 12 show products generated from a template with a 2G-to-A substitution. Lanes 5-9 show products generated in the
presence of equimolar ATP, CTP and GTP; lanes 10-12 show products generated under conditions with high CTP and low GTP concentrations. The
1-14 and 3-14 ladders represent the complementary products generated from position 1U and 3C of an RSV le 1-14 template. (C) Alignment of the RSV
le, RSV trand PIV-3 le and tr promoter sequences, with the U tract that is common to the promoters underlined. (D) Schematic diagram illustrating the
RSV tr 1-25 template, the NTP concentrations that were used in the reactions, and the two RNA synthesis reactions that can occur from the RSV #r 1-25
promoter. In de novo RNA synthesis, RNA is generated by polymerase initiating at the promoter. In back-primed RNA synthesis, the tr RNA template
folds into a secondary structure, with nt 1U and 2G base-pairing with nt 13C and 14A, and the 3" end of the RNA is elongated in a templated fashion (as
indicated with italicized residues). Sites of radiolabel incorporation in the de novo and back-primed RNA synthesis products are underlined. The
sequence of the non-specific template is also shown. (E) RNA synthesis products generated by the wt and variant RSV and PIV-3 polymerases, analyzed
by denaturing polyacrylamide gel electrophoresis. The 1-25 and 3-25 ladders represent the complementary products generated from positions 1U and
3C of an RSV tr 1-25 template. Lanes 6 and 12 show RNA generated from an RSV #r 1-25 template containing a 3” puromycin (PMN) rather than
hydroxyl group.

https://doi.org/10.1371/journal.ppat.1010151.9003

engage in back-priming, even if provided a template with the potential of adopting a back-
priming structure. In contrast to the RSV polymerase, the PIV-3 polymerase generated some
products from a non-specific RNA template (Fig 3E, compare lanes 4 and 10), which could
represent RNAs initiated at an internal UG motif at positions 10 and 11 or 12 and 13 (Fig 3D),
which could suggest that it is somewhat promiscuous in initiation site selection. On this tem-
plate, it also generated some longer products that could be due to back-priming, but these
were relatively faint. Together, these data confirm that the PIV-3 polymerase is capable of rec-
ognizing the RSV promoter to initiate de novo RNA synthesis but show that it does not use it
as efficiently as the RSV polymerase as a substrate for back-priming activity.

The RSV polymerase can recognize the PIV-3 promoter

We then tested if the RSV polymerase could recognize the PIV-3 tr 1-19 promoter (Fig 4). Ina
reaction containing [o-**P]-GTP as the radioactive tracer, the PIV-3 polymerase generated a
ladder of radiolabeled products from 10 to 19 nt in length, consistent with initiation from posi-
tion 1 of the template, as shown in Fig 2, and some faint bands representing products >20 nt
in length (Fig 4B, lane 3). Using this PIV-3 promoter template, the RSV polymerase also syn-
thesized products up to 19 nt in length, although the band representing full length product was
very weak. Products longer than 19 nt were also generated and were much more dominant
than in the case of the PIV-3 polymerase (Fig 4B, compare lanes 3 and 5). Given the propensity
of the RSV polymerase to engage in back-priming, we visually examined the PIV-3 promoter
sequence to determine if it has the potential to form a hairpin structure that could be used as a
substrate for back-priming. As shown in Fig 4C, the potential for a hairpin structure exists,
specifically, nucleotides 1U, 2G, 3G have the potential to base-pair with nucleotides 5U, 6U
and 7G. Subsequent elongation of the 3" end of this RNA would result in radiolabeled prod-
ucts ranging from 22 to 31 nt in length (Fig 4C). Previous studies with the RSV polymerase
have shown that it can also perform back-priming with hairpin mismatches [21]. The
products > 19 nt produced by the RSV polymerase from the PIV-3 promoter ranged from 21
to ~ 30 nt in length. It seems likely that the > 22 nt products were generated by back-priming
activity according to the model in Fig 4C, and that the 21 nt radiolabeled RNA was either gen-
erated by back-priming from a hairpin with a mismatch or by a terminal transferase activity.
To confirm that the products longer than 19 nt were generated by elongation of the 3" end of
the template, we tested a template sequence containing a 3" puromycin group. In this case, the
RSV polymerase yielded products up to 19 nt in length, but no longer products (Fig 4B, lane
11). Thus, the RSV polymerase was capable of initiating RNA synthesis on the PIV-3 promoter
and efficiently using it as a substrate for back-priming.
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Fig 4. The RSV polymerase can utilize the PIV-3 promoter, but initiates at multiple sites. Schematic diagram illustrating the PIV-3 tr 1-19
template, the NTP concentrations used, and the full-length product that would be generated following initiation at position 1U. The underlined
residues indicate the sites of radiolabel incorporation. (B) RNA synthesis products generated by the wt and variant RSV and PIV-3 polymerases,
analyzed by denaturing polyacrylamide gel electrophoresis. The 1-19 ladder represents the complementary products generated from position 1U
of the PIV-3 tr 1-19 template. Lanes 10 and 11 show RNA generated from a PIV-3 tr 1-19 template containing a 3" puromycin (PMN) group. (C)
Schematic diagram illustrating the proposed back-priming reaction in which the PIV-3 tr 1-19 template forms a hairpin structure, and its 3" end
is elongated in a templated fashion to yield products < 31 nt in length. The italicized nucleotides represent those added during extension of the
back-primed RNA, which would include radiolabeled G residues (underlined).

https://doi.org/10.1371/journal.ppat.1010151.9004

Close inspection of the products generated by the PIV-3 and RSV polymerases revealed
that whereas the smallest product that could be detected above background generated by the
PIV-3 polymerase was 10 nt, consistent with initiation at position 1, the RSV polymerase gen-
erated products smaller than 10 nt (indicated with asterisks), and several products between
10 and 15 nt in length migrated as doublets. This suggested that the RSV polymerase was capa-
ble of initiation at one or more internal sites, in addition to position 1, yielding a mixture of
RNA products with slightly different migration properties (Fig 4B, compare lanes 3 and 5). We
reasoned that, given that there are multiple U residues near the 3" end of the PIV-3 promoter,
the RSV polymerase might be using an internal U residue as an initiation site, in addition to
the 3’ terminal U residue. To test if this was the case, we investigated the effect of reducing the
concentrations of ATP and CTP. As described above, the RSV polymerase requires high
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concentrations of the initiating NTPs, ATP and CTP to initiate opposite the 3" terminal UG of
its own promoter. If the RSV polymerase initiated exclusively at position 1U of the template,
we would expect that reduction of either ATP or CTP would inhibit de novo RNA synthesis; if
it initiated at an internal U residue in addition to, or instead of at 1U, we would expect that
reduction of ATP would inhibit de novo RNA synthesis from the 1U site and the internal U
site, but reduction of CTP would only inhibit initiation from the 1U site. When the ATP
concentration was decreased to 50 UM, de novo synthesis from the promoter was almost
completely inhibited (Fig 4B, compare lanes 5 and 7), consistent with ATP being one of the
initiating nucleotides. The faint 18 and 19 nt bands that could be detected are likely due to low
level degradation of the abundant back-priming product. When the CTP concentration was
decreased to 50 uM, the RSV polymerase synthesized RNA products but the longest readily
detectable product (aside from the back-priming products) was 16 nt in length (Fig 4B, lane 9).
This is unlikely to be due to premature termination because the only CTP incorporation site
following incorporation of the radiolabeled GTP tracer is at position 18; if reducing CTP con-
centration were inhibiting elongation at this incorporation site, it would be expected thata 17
nt product would be generated. Thus, this result is consistent with the RSV polymerase initiat-
ing at position 4 (and possibly other internal sites) in addition to the 1U site. Taken together,
these findings indicate that the RSV polymerase could utilize the PIV-3 promoter as a tem-
plate, and that it had similar properties as on its own promoter, initiating at position 1 and an
internal position and likely engaging in a back-priming activity.

MARY polymerase initiates at position 1 of its own promoter, but from
position 2 on the EBOV promoter

We next examined the properties of the filovirus promoters using the MARV polymerase. A
previous study of ebolavirus promoters had shown that within the same infection, the 3
nucleotide of the promoter sequence can be variable, being either an A or G or absent [26].
Minigenome studies revealed that templates containing an additional 3" nucleotide are viable
and that the EBOV polymerase initiates at position 2, relative to the 3" A or G residue (i.e. at
the first C residue of the promoter). In contrast, MARV genome RNA lacks this additional 3
nucleotide [43]. This raised the question of where does the MARV polymerase initiate on its
own promoter, and where would it initiate on the EBOV promoter? To examine this, the
L-VP35 complex of MARV was expressed and purified (Fig 5A) and incubated with a template
representing either nucleotides 1-17 of the MARYV tr promoter or 1-18 of the EBOV tr pro-
moter, together with NTPs, including radiolabeled CTP (Fig 5B). The first incorporation site
for CTP is at position 4 of the MARV tr 1-17 template and the radiolabeled products of the
MARYV polymerase ranged from 4-11 nt in length with some faint longer bands (Fig 5C, lanes
2 and 4). The identity of the 4 nt product was confirmed using a marker generated by T7 RNA
polymerase (Fig 5C, lane 7). This result indicates that the MARV polymerase can initiate at
position 1 of its own promoter. Analysis of the RNAs generated from the EBOV tr promoter
showed that these were identical in length to those from the MARV promoter (Fig 5C, com-
pare lanes 2 and 4 with lane 6). This showed that the MARV polymerase initiates at position 2
of the EBOV promoter, similarly to the EBOV polymerase. Thus, even though it initiates at the
3’ terminus of its own promoter, the MARYV polymerase is readily capable of internal
initiation.

Discussion

It is generally assumed that most nsNSVs direct RNA synthesis initiation from the 3’ terminus
of their genome and antigenome templates, and this might be true in most cases. However,
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Fig 5. The MARYV polymerase initiates at position 1 of its own promoter and at position 2 of the EBOV promoter. (A) SDS-PAGE analysis of wt and variant
MARYV L-VP35 preparations detected by colloidal Coomassie blue staining. The variant L protein contains a D-to-A substitution in the active site of the RNA
polymerization domain. The first lane contains a Benchmark ladder. (B) Schematic diagram illustrating the MARV tr 1-17 and EBOV tr 1-18 templates, the NTP
concentrations used, and the full-length products that would be generated following initiation at positions 1C or 2C, respectively. The underlined residues
indicate the sites of radiolabel incorporation. (C) RNA synthesis products generated by the wt and variant polymerase, analyzed by denaturing polyacrylamide gel
electrophoresis. Lanes 3 and 4 show RNA generated from a MARV tr 1-17 template containing a 3" puromycin (PMN) group. The 5° GGAC marker (lane 7) was
generated using T7 RNA polymerase, such that it contains a 5” triphosphate group to enable alignment with the four nucleotide RNA product.

https://doi.org/10.1371/journal.ppat.1010151.9005

studies are now revealing that different nsNSVs have evolved different RNA synthesis initia-
tion patterns, with the EBOV polymerase being able to initiate with high efficiency at position
2, and the pneumovirus polymerases initiating with high efficiency at position 3 and less effi-
ciently at position 1. Traditionally, initiation sites were determined by sequencing of the ter-
mini of viral genomes (e.g. following circularization of RNA isolated from viral particles) or
primer extension analysis of viral RNA isolated from infected cells. While analysis of RNA iso-
lated from virus particles or infected cells lends authenticity, these approaches leave open the
possibility that small and/or highly unstable RNA products might not be detected, meaning
that alternative initiation sites could be missed. The goal of this study was to use RNA oligonu-
cleotide templates, representing the region of the RNA template exposed following N or NP
dissociation for initiation complex formation, to characterize the initiation properties of the
polymerases of PIV-3, a paramyxovirus, and MARYV, a filovirus, using an in vitro RNA synthe-
sis assay to capture small and unstable products. Specifically, we asked if a paramyxovirus and
a filovirus polymerase utilized a single or multiple initiation sites, and if there are fundamental
differences between these and the RSV polymerase to facilitate different initiation strategies.
We also examined back-priming activity in an attempt to gain more information regarding

this enigmatic process.
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The data presented shows that whereas the RSV polymerase initiates at positions 1 and 3 of
its promoters (Fig 1), PIV-3 and MARV polymerases initiate exclusively at position 1 of their
own promoters (Figs 2 and 5). In the case of RSV, previous studies have found evidence that
the two initiation sites dictate different outcomes, with initiation at position 1 beginning the
process of replication and initiation at position 3 beginning the process of mRNA transcrip-
tion [22,23,44]. In the case of PIV-3 and MARY, it is possible that position 1 is the initiation
site for both transcription and RNA replication. Similarly, although the EBOV polymerase ini-
tiates at position 2 rather than position 1, it is possible that position 2 is its transcription and
replication initiation site. The evolution of promoters with a single initiation site versus two
initiation sites could be significant for understanding the mechanisms by which the balance of
transcription versus replication is regulated during infection. A long-standing model of
nsNSV transcription and replication is that the polymerase initiates at position 1 of the le pro-
moter region for both processes [45-47]. According to this model, commitment to transcrip-
tion versus replication occurs depending on whether the polymerase releases the positive sense
le transcript and reinitiates at the first gene start signal to begin transcription, or continues to
elongate the nascent RNA, to begin replication. This “decision” could be determined by N pro-
tein concentration and/or other factors. In contrast, in the pneumoviruses, where there are
two initiation sites, the commitment to transcription versus replication can occur prior to the
polymerase beginning RNA synthesis and does not appear to be governed by N protein con-
centration [25,48].

The fact that the PIV-3 and MARV polymerases initiate exclusively at position 1 of their
own promoters, whereas the RSV and EBOV polymerases can initiate at internal sites, raised
the possibility that these different polymerases might possess different structural features to
facilitate initiation. Precedence for this comes from studies of the influenza virus polymerase,
which adopts different conformations for replication initiation from the 3" terminus of the
vRNA promoter versus initiation at an internal site on the cRNA promoter [40,41,49]. Specifi-
cally, polymerases that initiate RNA synthesis at the 3" end of the template by a de novo
(primer independent) initiation mechanism typically have a priming loop and priming residue
to stabilize the initiation complex and to help position the 3" end of the template appropriately.
We envisaged that polymerases that can initiate internally might either have a more flexible
priming loop positioning or, in the case of the pneumoviruses, might have evolved a different
mechanism to enable de novo initiation from position 3. If so, these features would not neces-
sarily be shared with polymerases that initiate exclusively at position 1 of their own promoters.
Apo structures are now available for the polymerases of VSV, rabies, RSV, HMPV, and parain-
fluenza virus type 5 (PIV-5) [7-13] but at present it is not possible to relate these structures to
the data presented here because the structural features required for RNA synthesis initiation
are poorly defined for the pneumoviruses, paramyxoviruses and filoviruses. The VSV and
rabies virus polymerases have a priming loop that extends into the RNA dependent RNA poly-
merase active site, positioning a priming residue appropriately for de novo initiation [10-
12,35]. In the other polymerase structures, this loop is retracted and is more integrated with
the capping domain in which it also plays a functional role [7-9,13]. The PIV-5 polymerase
structure shows instead an intrusion loop that extends into the RNA dependent RNA polymer-
ase active site (although it is not positioned identically to the rhabdovirus priming loop) [7],
but this too is retracted in the RSV and HMPV structures [8,9,13]. The priming loop that was
identified in VSV and rabies virus polymerases is poorly conserved in primary amino acid
sequence between nsNSVs and there is no clearly conserved priming residue [13]. Further-
more, studies with RSV failed to identify a priming residue in the same position as that of VSV
and rabies virus [13]. Therefore, it is not clear where the priming loop and residue are for the
paramyxoviruses or pneumoviruses (or filoviruses). Despite the difference in positioning of
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the intrusion loop between the paramyxovirus and pneumovirus polymerases, the data pre-
sented here show that the PIV-3 polymerase is not constrained to initiate only at position 1
and can initiate efficiently from an internal site (Fig 3). Likewise, the MARV polymerase can
initiate internally on the EBOV promoter (Fig 5). Similarly, the polymerase of the paramyxovi-
rus Sendai virus can initiate internally if additional nucleotides are added to the 3" end of its
promoter [50]. In addition, although the VSV polymerase appears to be highly constrained to
initiate at the 3" terminus of its promoter, the rabies virus polymerase initiates both at the 3
end and at an internal site [17,27,35]. Thus, VSV polymerase appears to be exceptional
amongst polymerases that have been examined to date in that it cannot initiate efficiently from
an internal site, whereas the other polymerases appear to be flexible, regardless of their apo
structure conformation.

The results showed that the promoter sequences could play a key role in determining initia-
tion site. The MARV and EBOV promoter sequences are almost identical with each other,
with position 1 of the MARV promoter clearly aligning with position 2 of the EBOV promoter
sequence (in the case where the EBOV promoter has an additional 3" nucleotide). Consistent
with this, the MARV polymerase initiates very efficiently at position 2 of the EBOV promoter.
More remarkably, the PIV-3 polymerase initiated at positions 1 and 3 of the RSV promoter,
like the RSV polymerase, with initiation at position 3 being dominant. The preference for PIV-
3 initiation at position 3 could be explained by alignment of the RSV and PIV-3 promoter
sequences, which revealed that the U stretch, which is common to both the RSV and PIV-3
promoters, is in alignment if nucleotide 1 of the PIV-3 promoter is aligned to position 3C of
the RSV promoter (Fig 3C). It is possible that this U stretch is a polymerase binding site and
that when the PIV-3 polymerase binds to the RSV promoter, this is its preferred site position-
ing the active site at nucleotide 3C. Although the U-tract appears to play a key role, when the
PIV-3 polymerase was provided a non-specific RNA template in which a U tract was not pres-
ent, it initiated from an internal site, possibly from a UG motif that mimics positions 1 and 2
of its own promoter (Fig 3E). Thus, evidence indicates that many nsNSV polymerases are flexi-
ble in their interactions with the promoter, enabling them to initiate either at the 3’ terminus
or at an internal site, with promoter sequence elements playing an important role in dictating
initiation site selection. Although the polymerases appear to be sufficiently flexible to tolerate
internal initiation sites, and the promoter sequences clearly play a key role in determining
what site will be utilized, the RSV and PIV-3 polymerases had distinctive preferences for inter-
nal versus 3’ terminal initiation. For example, although the PIV-3 polymerase initiated at the
same sites as the RSV polymerase on the RSV le promoter, the two polymerases differed in
their efficiency at initiating at position 1U, relative to position 3C (Fig 3). Likewise, whereas
the PIV-3 polymerase appeared to initiate exclusively at position 1U of its own promoter, the
RSV polymerase initiated at internal sites on this promoter (Fig 4). A caveat to the interpreta-
tion of these results is that it is possible that the PIV-3 polymerase was highly efficient at initi-
ating at internal sites, even on its own promoter, but could not elongate internally initiated
products very efficiently. If this were the case, these internally initiated products would not be
detectable if they had not incorporated the radiolabeled nucleotide. While this caveat cannot
be excluded, it seems likely that the RSV and PIV-3 polymerases do have inherent properties
that help to determine their initiation sites.

Another property of the pneumovirus polymerases is their propensity to use the template
RNA to engage in a back-priming reaction [13,21,51]. Analysis of the PIV-3 polymerase on
either its own or the RSV template revealed that it had little back-priming activity, as com-
pared to the RSV polymerase (Figs 3 and 4). One caveat to this experiment is that the PIV-3
polymerase was examined in on-bead assays and it is possible that it was more constrained
than the RSV polymerase. However, the PIV-3 polymerase was retained on beads via a tag at
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the C-terminus of P, which would normally be tethered to the N-RNA template, and it was
clearly capable of performing de novo initiation and elongation, indicating that L could adopt
different conformations. Therefore, we think that it is unlikely that this caveat would have
affected these experimental results. It should be noted that back-priming (on an RSV template)
has been reported for the polymerase of measles virus [52], which suggests that there might be
differences between different paramyxoviruses. The role of back-priming in RSV infection is
not known, but the dominance of this activity suggests that it might play an important func-
tion. It is possible that the conformation adopted by the apo forms of the RSV and HMPV
polymerases, with the priming and intrusion loops folded away from the RNA dependent
RNA polymerase active site, creates space for the back-priming template structure [8,9,13].

In conclusion, comparison of three different nsNSV families reveals that although they
have evolved to have different RNA synthesis initiation strategies, their polymerases are
remarkably flexible, with the capability of both 3" terminal and internal initiation and the pro-
moter sequences playing a key role in determining what site(s) are used. However, the poly-
merases do differ in their ability to engage in back-priming activity, at least under the
conditions tested, suggesting that this might reflect a fundamental difference in the structures
that different nsNSV polymerases can adopt.

Materials and methods
Polymerase complex expression plasmid construction

The RSV and PIV-3 L-P and MARV L-VP35 complexes were expressed using baculovirus
vectors. To construct the recombinant baculoviruses, the viral L and P or VP35 open read-
ing frame (ORF) sequences were inserted into pFastbac Dual vector (Invitrogen), with the
L ORF being inserted under the control of the polyhedrin promoter and the P or VP35
ORF being under the control of the P10 promoter. The RSV L-P pFastbac dual construct
has been described previously [21]. Briefly, the L and P coding sequences are derived from
human respiratory syncytial virus strain A2 (Genbank accession number KT992094.1).
The L ORF was codon optimized and chemically synthesized (GeneArt) whereas the P
OREF was native sequence. A terminal tobacco etch virus (TEV) protease cleavage site and
hexahistidine tag were inserted at the C-terminus of the P ORF. The PIV3 L and P coding
sequences were derived from human parainfluenza virus type 3 strain JS (GenBank acces-
sion number NC_001796.2). Codon optimized and chemically synthesized versions of L
and P (DNA 2.0) were inserted with a FLAG tag at the N terminus of L and an octahisti-
dine tag on the C-terminus of P. The MARV L and VP35 coding sequences were derived
from Lake Victoria marburgvirus strain Musoke (GenBank accession number
DQ217792.1) and were codon optimized and chemically synthesized (DNA 2.0). An HA
tag and TEV protease cleavage site were inserted at the N-terminus of L, and a TEV cleav-
age site and hexahistidine tag were inserted at the C terminus of VP35. A mutated version
of each plasmid was also generated in which the catalytic aspartic residue of the GDNQ
motif in the RNA dependent RNA polymerase domain of each of the L proteins was
substituted with alanine. The following substitutions were made (amino acid numbering
is relative to the untagged protein sequence): RSV L D811A, PIV-3 L D773A, MARV L
D745A. The protein variants generated from these clones are referred to as L(mut)-P (in
the case of RSV and PIV-3) or L(mut)-VP35 (in the case of MARYV).

Purification of RSV and HPIV3 L-P and MARYV L-VP35 complexes

Recombinant baculoviruses expressing the L and P or L and VP35 proteins were generated
using the Bac-to-Bac system (Invitrogen). The proteins were expressed in Sf21 insect cells.
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Cell pellets were collected and lysed in lysis buffer containing 50 mM NaH,PO, (Sigma),
150 mM NaCl (Sigma), 0.5% NP40 (IGEPAL CA-630, Sigma), pH 8.0, protease inhibitors
(cOmplete Mini EDTA-free Protease Inhibitor Cocktail, Roche) and 20 mM imidazole.
RSV L-P complexes were extracted from cell lysates using affinity chromatography with
Ni-NTA agarose resin (Invitrogen). L-P complexes bound to beads were washed three
times with lysis buffer containing 60 mM imidazole and once with lysis buffer containing
100 mM imidazole. L-P complexes were eluted from the agarose resin with lysis buffer
containing 250 mM imidazole. The eluted protein complexes were dialyzed into a buffer
containing 150 mM NaCl, 20 mM Tris pH 7.4, 10% glycerol. PIV3 L-P and MARV L-VP35
complexes were extracted from cell lysates using affinity chromatography with His-tag
Isolation and Pulldown Dynabeads (Invitrogen) using the same lysis and wash buffers as
described above, except that for purification of the PIV-3 L-P complex, beads were washed
three times with 60 mM imidazole containing buffer, whereas for the MARV L-VP35 com-
plex, beads were washed two times with 60 mM imidazole and two times with 100 mM
imidazole containing buffer. The isolated HPIV-3 L-P and MARV L-VP35 protein com-
plexes were retained on beads (by virtue of the histidine tags inserted at the C-terminus of
P or VP35) in 150 mM NaCl, 20 mM Tris pH 7.4, 1 mM DTT, 10% glycerol buffer; while
the PIV-3 polymerase could be isolated in enzymatically active, soluble form, we were able
to obtain higher quality on-bead preparations; we been unable so far to identify conditions
that allow release of soluble MARV L-VP35 complexes from beads, likely due to protein
aggregation. All isolated polymerase complexes were analyzed by SDS- PAGE and Page-
Blue staining (Fermentas) and the L protein concentration was estimated by comparing
its band intensity against bovine serum albumin reference standards.

In vitro RNA synthesis assays

All reactions were performed with the following conditions: 2 uM RNA oligonucleotide
(Dharmacon), 50 mM Tris, pH 7.4, 8 mM MgCl,, 5 mM DTT, 10% glycerol and varying ATP,
CTP, GTP, UTP concentrations as indicated in the figure legends for each experiment. For the
experiment shown in Fig 1, all NTPs (except the radiolabeled UTP tracer) were included at 1
mM each to promote initiation; for the experiments in the remaining figures, NTPs (except
the NTP used as the tracer) were included at 500 uM each, a concentration that slightly
increases RSV back-priming efficiency compared to 1 mM each NTP [51]. In the experiments
shown in Figs 2-5, cold NTP corresponding to the radiolabeled NTP was included at a low
concentration that was determined to enable polymerase elongation to the end of the template
without outcompeting the radiolabeled NTP. Other NTP concentration variations to modulate
initiation from different sites are described in the text. Reactions contained 10 pCi of a radiola-
beled NTP as a tracer. Reaction mixes were incubated at 30°C for 5 minutes prior to addition
of L-P or L-VP35 complexes at a concentration of ~8 nM L protein (note that reactions with
PIV-3 L-P and MARV L-VP35 were performed as on-bead reactions). Reactions were then
incubated at 30°C for 1 h, then heat inactivated at 90°C for 3 minutes and incubated on ice for
2 minutes. The RNA was extracted with acid phenol-chloroform and ethanol precipitation.
RNA pellets were resuspended in RNase free water and stop buffer (deionized formamide, 10
mM EDTA, bromophenol blue, xylene cyanol). The purified RNA products were migrated
alongside molecular weight ladders representative of the product size on either a 20% poly-
acrylamide gel containing 7 M urea in Tris-borate-EDTA buffer (for products > 8 nt) or a
25% polyacrylamide gel containing 7 M urea in Tris-taurine-EDTA buffer (for products <7
nt). The 20% gels were vacuum dried onto 3MM paper at 80°C. All gels were analyzed using
phosphorimaging or autoradiography.
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Generation of size markers

RNA products > 10 nt were analyzed alongside size markers generated by alkali hydrolysis of
an end-labeled RNA oligonucleotide of the same sequence as the anticipated full length prod-
uct, as described previously [21]. 5 triphosphorylated RNA markers used to detect 4 nt prod-
ucts were generated using an adaption of a previously described method [53]. DNA
oligonucleotides 5'- TAATACGACTCACTATA-3" and 3" ATTATGCTGAGTGATATCCTG
5" were annealed to create an oligo duplex of the Class II T7 promoter with a template over-
hang (in bold). Annealed oligonucleotides were prepared by mixing 4 uM short oligonucleo-
tide and 4 pM long overhang (template) oligonucleotide in Tris-EDTA pH 8.0, incubated at
90°C for 3 minutes, then allowed to cool to room temperature. 40 uL in vitro transcription
reactions were prepared with the following conditions: 40 mM Tris-HCI (pH 8.0), 20 mM
MgCl,, 2 mM spermidine, 10 mM DTT, 0.1 mg/mL bovine serum albumin, 2 mM ATP, 1 mM
CTP, 1 mM GTP; 1 uCi [a->*P] CTP, 0.1 uM DNA annealed oligos and 1 unit/uL T7 RNA
polymerase (New England Biolabs). Reactions were incubated at 37°C for 5 hours. Samples
were treated with 1 pL DNase I (New England Biolabs) for 10 minutes at 37°C. Reactions were
quenched by adding 1 pL of 0.5 M EDTA. Products were subjected to phenol chloroform
extraction and ethanol precipitation prior to use as markers.

Acknowledgments

We would like to thank Dr. Elke Miihlberger and members of her group for helpful
discussions.

Author Contributions

Conceptualization: Afzaal M. Shareef, Rachel Fearns.

Data curation: Afzaal M. Shareef, Rachel Fearns.

Formal analysis: Afzaal M. Shareef, Rachel Fearns.

Funding acquisition: Rachel Fearns.

Investigation: Afzaal M. Shareef, Jerome Deval, Rachel Fearns.

Methodology: Afzaal M. Shareef, Barbara Ludeke, Paul Jordan, Jerome Deval, Rachel Fearns.
Project administration: Rachel Fearns.

Supervision: Jerome Deval, Rachel Fearns.

Writing - original draft: Afzaal M. Shareef, Rachel Fearns.

Writing - review & editing: Afzaal M. Shareef, Barbara Ludeke, Rachel Fearns.

References

1. KuhnJH, Adkins S, Alioto D, Alkhovsky SV, Amarasinghe GK, Anthony SJ, et al. 2020 taxonomic
update for phylum Negarnaviricota (Riboviria: Orthornavirae), including the large orders Bunyavirales
and Mononegavirales. Arch Virol. 2020; 165(12):3023—-72. Epub 2020/09/06. https://doi.org/10.1007/
s00705-020-04731-2 PMID: 32888050; PubMed Central PMCID: PMC7606449.

2. Liang B. Structures of the Mononegavirales Polymerases. J Virol. 2020; 94(22). Epub 2020/08/28.
https://doi.org/10.1128/JV1.00175-20 PMID: 32847861; PubMed Central PMCID: PMC7592205.

3. Ogino T, Green TJ. RNA Synthesis and Capping by Non-segmented Negative Strand RNA Viral Poly-
merases: Lessons From a Prototypic Virus. Frontiers in microbiology. 2019; 10:1490. Epub 2019/07/30.
https://doi.org/10.3389/fmicb.2019.01490 PMID: 31354644; PubMed Central PMCID: PMC6636387.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010151 December 16, 2021 17/20


https://doi.org/10.1007/s00705-020-04731-2
https://doi.org/10.1007/s00705-020-04731-2
http://www.ncbi.nlm.nih.gov/pubmed/32888050
https://doi.org/10.1128/JVI.00175-20
http://www.ncbi.nlm.nih.gov/pubmed/32847861
https://doi.org/10.3389/fmicb.2019.01490
http://www.ncbi.nlm.nih.gov/pubmed/31354644
https://doi.org/10.1371/journal.ppat.1010151

PLOS PATHOGENS

Initiation by non-segmented negative strand RNA virus polymerases

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Fearns R, Deval J. New antiviral approaches for respiratory syncytial virus and other mononegaviruses:
Inhibiting the RNA polymerase. Antiviral research. 2016; 134:63—-76. https://doi.org/10.1016/j.antiviral.
2016.08.006 PMID: 27575793.

Fearns R, Plemper RK. Polymerases of paramyxoviruses and pneumoviruses. Virus research. 2017;
234:87-102. Epub 2017/01/21. https://doi.org/10.1016/j.virusres.2017.01.008 PMID: 28104450;
PubMed Central PMCID: PMC5476513.

Whelan SP, Barr JN, Wertz GW. Transcription and replication of nonsegmented negative-strand RNA
viruses. Curr Top Microbiol Immunol. 2004; 283:61-119. https://doi.org/10.1007/978-3-662-06099-5_3
PMID: 15298168.

Abdella R, Aggarwal M, Okura T, Lamb RA, He Y. Structure of a paramyxovirus polymerase complex
reveals a unique methyltransferase-CTD conformation. Proc Natl Acad Sci U S A. 2020; 117(9):4931—
41. Epub 2020/02/23. https://doi.org/10.1073/pnas.1919837117 PMID: 32075920; PubMed Central
PMCID: PMC7060699.

Cao D, Gao Y, Roesler C, Rice S, D’Cunha P, Zhuang L, et al. Cryo-EM structure of the respiratory syn-
cytial virus RNA polymerase. Nature communications. 2020; 11(1):368. Epub 2020/01/19. https://doi.
org/10.1038/s41467-019-14246-3 PMID: 31953395; PubMed Central PMCID: PMC6969064.

Gilman MSA, Liu C, Fung A, Behera |, Jordan P, Rigaux P, et al. Structure of the Respiratory Syncytial
Virus Polymerase Complex. Cell. 2019; 179(1):193-204 e14. Epub 2019/09/10. https://doi.org/10.
1016/j.cell.2019.08.014 PMID: 31495574; PubMed Central PMCID: PMC7111336.

Horwitz JA, Jenni S, Harrison SC, Whelan SPJ. Structure of a rabies virus polymerase complex from
electron cryo-microscopy. Proc Natl Acad Sci U S A. 2020; 117(4):2099-107. Epub 2020/01/19. https://
doi.org/10.1073/pnas.1918809117 PMID: 31953264; PubMed Central PMCID: PMC6995008.

Jenni S, Bloyet LM, Diaz-Avalos R, Liang B, Whelan SPJ, Grigorieff N, et al. Structure of the Vesicular
Stomatitis Virus L Protein in Complex with Its Phosphoprotein Cofactor. Cell Rep. 2020; 30(1):53-60
e5. Epub 2020/01/09. https://doi.org/10.1016/j.celrep.2019.12.024 PMID: 31914397; PubMed Central
PMCID: PMC7049099.

Liang B, Li Z, Jenni S, Rahmeh AA, Morin BM, Grant T, et al. Structure of the L Protein of Vesicular Sto-
matitis Virus from Electron Cryomicroscopy. Cell. 2015; 162(2):314-27. hitps://doi.org/10.1016/j.cell.
2015.06.018 PMID: 26144317; PubMed Central PMCID: PMC4557768.

Pan J, Qian X, Lattmann S, El Sahili A, Yeo TH, Jia H, et al. Structure of the human metapneumovirus
polymerase phosphoprotein complex. Nature. 2020; 577(7789):275-9. Epub 2019/11/08. https://doi.
org/10.1038/s41586-019-1759-1 PMID: 31698413; PubMed Central PMCID: PMC6949429.

Cao D, Gao Y, Roesler C, Rice S, D’Cunha P, Zhuang L, et al. In Vitro Primer-Based RNA Elongation
and Promoter Fine Mapping of the Respiratory Syncytial Virus. J Virol. 2020; 95(1). Epub 2020/10/09.
https://doi.org/10.1128/JV1.01897-20 PMID: 33028717; PubMed Central PMCID: PMC7737744.

Fearns R, Peeples ME, Collins PL. Mapping the transcription and replication promoters of respiratory
syncytial virus. J Virol. 2002; 76(4):1663—72. https://doi.org/10.1128/jvi.76.4.1663-1672.2002 PMID:
11799161.

Green TJ, Zhang X, Wertz GW, Luo M. Structure of the vesicular stomatitis virus nucleoprotein-RNA
complex. Science. 2006; 313(5785):357—60. https://doi.org/10.1126/science.1126953 PMID:
16778022.

Morin B, Rahmeh AA, Whelan SP. Mechanism of RNA synthesis initiation by the vesicular stomatitis
virus polymerase. The EMBO journal. 2012; 31(5):1320-9. https://doi.org/10.1038/emboj.2011.483
PMID: 22246179; PubMed Central PMCID: PMC3297992.

Tawar RG, Duquerroy S, Vonrhein C, Varela PF, Damier-Piolle L, Castagne N, et al. Crystal structure of
a nucleocapsid-like nucleoprotein-RNA complex of respiratory syncytial virus. Science. 2009; 326
(5957):1279-83. https://doi.org/10.1126/science. 1177634 PMID: 19965480.

Noton SL, Fearns R. Initiation and regulation of paramyxovirus transcription and replication. Virology.
2015;479-480:545-54. https://doi.org/10.1016/j.virol.2015.01.014 PMID: 2568344 1; PubMed Central
PMCID: PMC4424093.

Noton SL, Cowton VM, Zack CR, McGivern DR, Fearns R. Evidence that the polymerase of respiratory
syncytial virus initiates RNA replication in a nontemplated fashion. Proc Natl Acad Sci U S A. 2010; 107
(22):10226—31. https://doi.org/10.1073/pnas.0913065107 PMID: 20479224; PubMed Central PMCID:
PMC2890450.

Noton SL, Deflube LR, Tremaglio CZ, Fearns R. The respiratory syncytial virus polymerase has multiple
RNA synthesis activities at the promoter. PLoS pathogens. 2012; 8(10):e1002980. https://doi.org/10.
1371/journal.ppat.1002980 PMID: 23093940; PubMed Central PMCID: PMC3475672.

Tremaglio CZ, Noton SL, Deflube LR, Fearns R. Respiratory syncytial virus polymerase can initiate
transcription from position 3 of the leader promoter. J Virol. 2013; 87(6):3196-207. https://doi.org/10.
1128/JV1.02862-12 PMID: 23283954; PubMed Central PMCID: PMC3592119.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010151 December 16, 2021 18/20


https://doi.org/10.1016/j.antiviral.2016.08.006
https://doi.org/10.1016/j.antiviral.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27575793
https://doi.org/10.1016/j.virusres.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28104450
https://doi.org/10.1007/978-3-662-06099-5%5F3
http://www.ncbi.nlm.nih.gov/pubmed/15298168
https://doi.org/10.1073/pnas.1919837117
http://www.ncbi.nlm.nih.gov/pubmed/32075920
https://doi.org/10.1038/s41467-019-14246-3
https://doi.org/10.1038/s41467-019-14246-3
http://www.ncbi.nlm.nih.gov/pubmed/31953395
https://doi.org/10.1016/j.cell.2019.08.014
https://doi.org/10.1016/j.cell.2019.08.014
http://www.ncbi.nlm.nih.gov/pubmed/31495574
https://doi.org/10.1073/pnas.1918809117
https://doi.org/10.1073/pnas.1918809117
http://www.ncbi.nlm.nih.gov/pubmed/31953264
https://doi.org/10.1016/j.celrep.2019.12.024
http://www.ncbi.nlm.nih.gov/pubmed/31914397
https://doi.org/10.1016/j.cell.2015.06.018
https://doi.org/10.1016/j.cell.2015.06.018
http://www.ncbi.nlm.nih.gov/pubmed/26144317
https://doi.org/10.1038/s41586-019-1759-1
https://doi.org/10.1038/s41586-019-1759-1
http://www.ncbi.nlm.nih.gov/pubmed/31698413
https://doi.org/10.1128/JVI.01897-20
http://www.ncbi.nlm.nih.gov/pubmed/33028717
https://doi.org/10.1128/jvi.76.4.1663-1672.2002
http://www.ncbi.nlm.nih.gov/pubmed/11799161
https://doi.org/10.1126/science.1126953
http://www.ncbi.nlm.nih.gov/pubmed/16778022
https://doi.org/10.1038/emboj.2011.483
http://www.ncbi.nlm.nih.gov/pubmed/22246179
https://doi.org/10.1126/science.1177634
http://www.ncbi.nlm.nih.gov/pubmed/19965480
https://doi.org/10.1016/j.virol.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25683441
https://doi.org/10.1073/pnas.0913065107
http://www.ncbi.nlm.nih.gov/pubmed/20479224
https://doi.org/10.1371/journal.ppat.1002980
https://doi.org/10.1371/journal.ppat.1002980
http://www.ncbi.nlm.nih.gov/pubmed/23093940
https://doi.org/10.1128/JVI.02862-12
https://doi.org/10.1128/JVI.02862-12
http://www.ncbi.nlm.nih.gov/pubmed/23283954
https://doi.org/10.1371/journal.ppat.1010151

PLOS PATHOGENS

Initiation by non-segmented negative strand RNA virus polymerases

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Braun MR, Deflube LR, Noton SL, Mawhorter ME, Tremaglio CZ, Fearns R. RNA elongation by respira-
tory syncytial virus polymerase is calibrated by conserved region V. PLoS pathogens. 2017; 13(12):
€1006803. Epub 2017/12/28. https://doi.org/10.1371/journal.ppat. 1006803 PMID: 29281742; PubMed
Central PMCID: PMC5760109.

Hanley LL, McGivern DR, Teng MN, Djang R, Collins PL, Fearns R. Roles of the respiratory syncytial
virus trailer region: effects of mutations on genome production and stress granule formation. Virology.
2010; 406(2):241-52. https://doi.org/10.1016/j.virol.2010.07.006 PMID: 20701943; PubMed Central
PMCID: PMC2971657.

Cressey TN, Noton SL, Nagendra K, Braun MR, Fearns R. Mechanism for de novo initiation at two sites
in the respiratory syncytial virus promoter. Nucleic acids research. 2018; 46(13):6785-96. Epub 2018/
06/07. https://doi.org/10.1093/nar/gky480 PMID: 29873775; PubMed Central PMCID: PMC6061868.

Deflube LR, Cressey TN, Hume AJ, Olejnik J, Haddock E, Feldmann F, et al. Ebolavirus polymerase
uses an unconventional genome replication mechanism. Proc Natl Acad SciU S A. 2019; 116
(17):8535—-43. Epub 2019/04/10. https://doi.org/10.1073/pnas.1815745116 PMID: 30962389; PubMed
Central PMCID: PMC6486738.

Pattnaik AK, Ball LA, LeGrone AW, Wertz GW. Infectious defective interfering particles of VSV from
transcripts of a cDNA clone. Cell. 1992; 69(6):1011-20. Epub 1992/06/12. https://doi.org/10.1016/
0092-8674(92)90619-n PMID: 1318785

Martin A, Hoefs N, Tadewaldt J, Staeheli P, Schneider U. Genomic RNAs of Borna disease virus are
elongated on internal template motifs after realignment of the 3’ termini. Proc Natl Acad Sci U S A.
2011; 108(17):7206—11. https://doi.org/10.1073/pnas.1016759108 PMID: 21482759; PubMed Central
PMCID: PMC3084138.

Kao CC, Singh P, Ecker DJ. De novo initiation of viral RNA-dependent RNA synthesis. Virology. 2001;
287(2):251-60. Epub 2001/09/05. https://doi.org/10.1006/viro.2001.1039 S0042-6822(01)91039-6 [pii].
PMID: 11531408.

Appleby TC, Perry JK, Murakami E, Barauskas O, Feng J, Cho A, et al. Viral replication. Structural
basis for RNA replication by the hepatitis C virus polymerase. Science. 2015; 347(6223):771-5. https:/
doi.org/10.1126/science.1259210 PMID: 25678663.

Hong Z, Cameron CE, Walker MP, Castro C, Yao N, Lau JY, et al. A novel mechanism to ensure termi-
nal initiation by hepatitis C virus NS5B polymerase. Virology. 2001; 285(1):6—11. https://doi.org/10.
1006/vir0.2001.0948 PMID: 11414800.

Butcher SJ, Grimes JM, Makeyev EV, Bamford DH, Stuart DI. A mechanism for initiating RNA-depen-
dent RNA polymerization. Nature. 2001; 410(6825):235-40. https://doi.org/10.1038/35065653 PMID:
11242087.

Ferrero DS, Buxaderas M, Rodriguez JF, Verdaguer N. The Structure of the RNA-Dependent RNA
Polymerase of a Permutotetravirus Suggests a Link between Primer-Dependent and Primer-Indepen-
dent Polymerases. PLoS pathogens. 2015; 11(12):e1005265. Epub 2015/12/02. https://doi.org/10.
1371/journal.ppat.1005265 PMID: 26625123; PubMed Central PMCID: PMC4666646.

Malet H, Egloff MP, Selisko B, Butcher RE, Wright PJ, Roberts M, et al. Crystal structure of the RNA
polymerase domain of the West Nile virus non-structural protein 5. J Biol Chem. 2007; 282(14):10678—
89. https://doi.org/10.1074/jbc.M607273200 PMID: 17287213.

Ogino M, Gupta N, Green TJ, Ogino T. A dual-functional priming-capping loop of rhabdoviral RNA poly-
merases directs terminal de novo initiation and capping intermediate formation. Nucleic acids research.
2019; 47(1):299-309. Epub 2018/11/06. https://doi.org/10.1093/nar/gky1058 PMID: 30395342;
PubMed Central PMCID: PMC6326812.

Tao Y, Farsetta DL, Nibert ML, Harrison SC. RNA synthesis in a cage—structural studies of reovirus
polymerase lambda3. Cell. 2002; 111(5):733-45. https://doi.org/10.1016/s0092-8674(02)01110-8
PMID: 12464184.

Te Velthuis AJ, Robb NC, Kapanidis AN, Fodor E. The role of the priming loop in influenza A virus RNA
synthesis. Nat Microbiol. 2016; 1:16029. https://doi.org/10.1038/nmicrobiol.2016.29 PMID: 27572643.

Yap TL, Xu T, Chen YL, Malet H, Egloff MP, Canard B, et al. Crystal structure of the dengue virus RNA-
dependent RNA polymerase catalytic domain at 1.85-angstrom resolution. J Virol. 2007; 81(9):4753—
65. https://doi.org/10.1128/JV1.02283-06 PMID: 17301146; PubMed Central PMCID: PMC1900186.

Deng T, Vreede FT, Brownlee GG. Different de novo initiation strategies are used by influenza virus
RNA polymerase on its cRNA and viral RNA promoters during viral RNA replication. J Virol. 2006; 80
(5):2337-48. https://doi.org/10.1128/JV1.80.5.2337-2348.2006 PMID: 16474140.

Te Velthuis AJW, Grimes JM, Fodor E. Structural insights into RNA polymerases of negative-sense
RNA viruses. Nat Rev Microbiol. 2021. Epub 2021/01/27. https://doi.org/10.1038/s41579-020-00501-8
PMID: 33495561; PubMed Central PMCID: PMC7832423.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010151 December 16, 2021 19/20


https://doi.org/10.1371/journal.ppat.1006803
http://www.ncbi.nlm.nih.gov/pubmed/29281742
https://doi.org/10.1016/j.virol.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20701943
https://doi.org/10.1093/nar/gky480
http://www.ncbi.nlm.nih.gov/pubmed/29873775
https://doi.org/10.1073/pnas.1815745116
http://www.ncbi.nlm.nih.gov/pubmed/30962389
https://doi.org/10.1016/0092-8674%2892%2990619-n
https://doi.org/10.1016/0092-8674%2892%2990619-n
http://www.ncbi.nlm.nih.gov/pubmed/1318785
https://doi.org/10.1073/pnas.1016759108
http://www.ncbi.nlm.nih.gov/pubmed/21482759
https://doi.org/10.1006/viro.2001.1039
http://www.ncbi.nlm.nih.gov/pubmed/11531403
https://doi.org/10.1126/science.1259210
https://doi.org/10.1126/science.1259210
http://www.ncbi.nlm.nih.gov/pubmed/25678663
https://doi.org/10.1006/viro.2001.0948
https://doi.org/10.1006/viro.2001.0948
http://www.ncbi.nlm.nih.gov/pubmed/11414800
https://doi.org/10.1038/35065653
http://www.ncbi.nlm.nih.gov/pubmed/11242087
https://doi.org/10.1371/journal.ppat.1005265
https://doi.org/10.1371/journal.ppat.1005265
http://www.ncbi.nlm.nih.gov/pubmed/26625123
https://doi.org/10.1074/jbc.M607273200
http://www.ncbi.nlm.nih.gov/pubmed/17287213
https://doi.org/10.1093/nar/gky1058
http://www.ncbi.nlm.nih.gov/pubmed/30395342
https://doi.org/10.1016/s0092-8674%2802%2901110-8
http://www.ncbi.nlm.nih.gov/pubmed/12464184
https://doi.org/10.1038/nmicrobiol.2016.29
http://www.ncbi.nlm.nih.gov/pubmed/27572643
https://doi.org/10.1128/JVI.02283-06
http://www.ncbi.nlm.nih.gov/pubmed/17301146
https://doi.org/10.1128/JVI.80.5.2337-2348.2006
http://www.ncbi.nlm.nih.gov/pubmed/16474140
https://doi.org/10.1038/s41579-020-00501-8
http://www.ncbi.nlm.nih.gov/pubmed/33495561
https://doi.org/10.1371/journal.ppat.1010151

PLOS PATHOGENS

Initiation by non-segmented negative strand RNA virus polymerases

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Fan H, Walker AP, Carrique L, Keown JR, Serna Martin |, Karia D, et al. Structures of influenza A virus
RNA polymerase offer insight into viral genome replication. Nature. 2019; 573(7773):287-90. Epub
2019/09/06. https://doi.org/10.1038/s41586-019-1530-7 PMID: 31485076; PubMed Central PMCID:
PMC6795553.

Hoffman MA, Banerjee AK. Precise mapping of the replication and transcription promoters of human
parainfluenza virus type 3. Virology. 2000; 269(1):201-11. https://doi.org/10.1006/viro.2000.0223
PMID: 10725212.

Kiley MP, Wilusz J, McCormick JB, Keene JD. Conservation of the 3’ terminal nucleotide sequences of
Ebola and Marburg virus. Virology. 1986; 149(2):251-4. Epub 1986/03/01. https://doi.org/10.1016/
0042-6822(86)90127-3 PMID: 3946083.

Noton SL, Tremaglio CZ, Fearns R. Killing two birds with one stone: How the respiratory syncytial virus
polymerase initiates transcription and replication. PLoS pathogens. 2019; 15(2):e1007548. Epub 2019/
03/01. https://doi.org/10.1371/journal.ppat.1007548 PMID: 30817806; PubMed Central PMCID:
PMC6394897 authors’ work on RSV replication initiation mechanisms was supported by a sponsored
research agreement with AstraZeneca Pharmaceuticals, L.P.

Arnheiter H, Davis NL, Wertz G, Schubert M, Lazzarini RA. Role of the nucleocapsid protein in regulat-
ing vesicular stomatitis virus RNA synthesis. Cell. 1985; 41(1):259-67. https://doi.org/10.1016/0092-
8674(85)90079-0 PMID: 2986844.

Blumberg BM, Leppert M, Kolakofsky D. Interaction of VSV leader RNA and nucleocapsid protein may
control VSV genome replication. Cell. 1981; 23(3):837-45. https://doi.org/10.1016/0092-8674(81)
90448-7 PMID: 6261959.

Vidal S, Kolakofsky D. Modified model for the switch from Sendai virus transcription to replication. J
Virol. 1989; 63(5):1951-8. https://doi.org/10.1128/JV1.63.5.1951-1958.1989 PMID: 25394 96.

Fearns R, Peeples ME, Collins PL. Increased expression of the N protein of respiratory syncytial virus
stimulates minigenome replication but does not alter the balance between the synthesis of MRNA and
antigenome. Virology. 1997; 236(1):188—201. https://doi.org/10.1006/viro.1997.8734 PMID: 9299631.

Oymans J, Te Velthuis AUDW. A Mechanism for Priming and Realignment during Influenza A Virus Repli-
cation. Journal of virology. 2018; 92(3). Epub 2017/11/10. https://doi.org/10.1128/JV1.01773-17 PMID:
29118119; PubMed Central PMCID: PMC5774886.

Vulliemoz D, Roux L. Given the opportunity, the Sendai virus RNA-dependent RNA polymerase could
as well enter its template internally. J Virol. 2002; 76(16):7987-95. https://doi.org/10.1128/jvi.76.16.
7987-7995.2002 PMID: 12134003.

Noton SL, Aljabr W, Hiscox JA, Matthews DA, Fearns R. Factors affecting de novo RNA synthesis and
back-priming by the respiratory syncytial virus polymerase. Virology. 2014;462—463:318-27. https://doi.
org/10.1016/j.virol.2014.08.031 PMID: 25248160; PubMed Central PMCID: PMC4125506.

Cox RM, Sourimant J, Govindarajan M, Natchus MG, Plemper RK. Therapeutic targeting of measles
virus polymerase with ERDRP-0519 suppresses all RNA synthesis activity. PLoS pathogens. 2021; 17
(2):1009371. Epub 2021/02/24. https://doi.org/10.1371/journal.ppat. 1009371 PMID: 33621266;
PubMed Central PMCID: PMC7935272 following competing interests: R.K.P. is an inventor on patent
application PCT/US2012/030866, which includes the structure and method of use of ERDRP-0519.
This study could affect his personal financial status. All other authors declare no competing interests.

Ogino T, Banerjee AK. Unconventional mechanism of mRNA capping by the RNA-dependent RNA
polymerase of vesicular stomatitis virus. Molecular cell. 2007; 25(1):85-97. https://doi.org/10.1016/j.
molcel.2006.11.013 PMID: 17218273.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010151 December 16, 2021 20/20


https://doi.org/10.1038/s41586-019-1530-7
http://www.ncbi.nlm.nih.gov/pubmed/31485076
https://doi.org/10.1006/viro.2000.0223
http://www.ncbi.nlm.nih.gov/pubmed/10725212
https://doi.org/10.1016/0042-6822%2886%2990127-3
https://doi.org/10.1016/0042-6822%2886%2990127-3
http://www.ncbi.nlm.nih.gov/pubmed/3946083
https://doi.org/10.1371/journal.ppat.1007548
http://www.ncbi.nlm.nih.gov/pubmed/30817806
https://doi.org/10.1016/0092-8674%2885%2990079-0
https://doi.org/10.1016/0092-8674%2885%2990079-0
http://www.ncbi.nlm.nih.gov/pubmed/2986844
https://doi.org/10.1016/0092-8674%2881%2990448-7
https://doi.org/10.1016/0092-8674%2881%2990448-7
http://www.ncbi.nlm.nih.gov/pubmed/6261959
https://doi.org/10.1128/JVI.63.5.1951-1958.1989
http://www.ncbi.nlm.nih.gov/pubmed/2539496
https://doi.org/10.1006/viro.1997.8734
http://www.ncbi.nlm.nih.gov/pubmed/9299631
https://doi.org/10.1128/JVI.01773-17
http://www.ncbi.nlm.nih.gov/pubmed/29118119
https://doi.org/10.1128/jvi.76.16.7987-7995.2002
https://doi.org/10.1128/jvi.76.16.7987-7995.2002
http://www.ncbi.nlm.nih.gov/pubmed/12134003
https://doi.org/10.1016/j.virol.2014.08.031
https://doi.org/10.1016/j.virol.2014.08.031
http://www.ncbi.nlm.nih.gov/pubmed/25248160
https://doi.org/10.1371/journal.ppat.1009371
http://www.ncbi.nlm.nih.gov/pubmed/33621266
https://doi.org/10.1016/j.molcel.2006.11.013
https://doi.org/10.1016/j.molcel.2006.11.013
http://www.ncbi.nlm.nih.gov/pubmed/17218273
https://doi.org/10.1371/journal.ppat.1010151

