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ABSTRACT

The respiratory syncytial virus (RSV) RNA dependent
RNA polymerase (RdRp) initiates two RNA synthesis
processes from the viral promoter: genome replica-
tion from position 1U and mRNA transcription from
position 3C. Here, we examined the mechanism by
which a single promoter can direct initiation from two
sites. We show that initiation at 1U and 3C occurred
independently of each other, and that the same RdRp
was capable of precisely selecting the two sites. The
RdRp preferred to initiate at 3C, but initiation site se-
lection could be modulated by the relative concen-
trations of ATP versus GTP. Analysis of template mu-
tations indicated that the RdRp could bind ATP and
CTP, or GTP, independently of template nucleotides.
The data suggest a model in which innate affinity
of the RdRp for particular NTPs, coupled with a re-
peating element within the promoter, allows precise
initiation of replication at 1U or transcription at 3C.

INTRODUCTION

An intriguing facet of the non-segmented negative strand
RNA viruses (nsNSVs) is that their RNA dependent RNA
polymerase (RdRp) is able to use the viral genome RNA as
a template for two different RNA synthesis processes: tran-
scription, which yields subgenomic capped and polyadeny-
lated mRNAs and genome replication (1,2). In the case of
respiratory syncytial virus (RSV), a major cause of human
respiratory disease (3-6), transcription and replication both
begin at the leader (le) promoter region at the 3’ end of the
viral genome (7-9), but they are initiated at different sites
within the /e (1,10). Both processes are dependent on a core
promoter element located within the first 11 nt of the /e (11).
To transcribe the genome, the RdRp initiates RNA synthe-
sis at position 3C of the template (T3C). After a short dis-

tance (~25 nt), the RdRp releases the nascent RNA, but
remains attached to the template, and scans to the gene
start (gs) signal for the first gene (1,10,12). Here the RdRp
reinitiates RNA synthesis and transcribes the remainder
of the genome by stopping and restarting RNA synthesis
at the gene junctions (13,14). To replicate the genome, the
RdRp initiates RNA synthesis opposite the 3’ terminal nu-
cleotide of the /e, at position T1U. Unlike the RNA initiated
at T3C, RNA initiated at T1U becomes encapsidated with
the viral nucleoprotein (N) (10). There is evidence to sug-
gest that encapsidation is aided by the presence of 5 AC,
which is present at the end of the RNA initiated at T1U,
but not the RNA initiated at T3C (15). Concurrent encap-
sidation causes the RdRp to become super-processive, al-
lowing it to synthesize RNA continuously to the end of the
genome (16,17). The trailer (tr) promoter at the 3’ end of the
antigenome is identical in sequence to the /e for 11 of the
first 13 nt (positions 4 and 12 differ), and also signals ini-
tiation from T1U and T3C to produce full-length genome
RNA and a ~25 nt RNA, respectively (18-20). The small
~25 nt trailer-specific transcript might function to subvert
cellular stress granule responses (21).

While these findings explain how RSV replication and
transcription are initiated, they raise the question, how
does the RdRp initiate from two different sites within
the same promoter? The RSV RdRp consists of a com-
plex of two proteins, the large polymerase subunit (L),
which contains the enzymatic domains for synthesizing,
capping and methylating the mRNA, and phosphoprotein
(P) (19,22,23). Studies using purified RSV RdRp in an in
vitro RNA synthesis assay showed that the L-P complex
alone can initiate at the T1U and T3C sites (10,19), indicat-
ing that other RSV proteins required specifically for tran-
scription or replication, M2-1 and N (16,24,25), do not de-
termine initiation site selection. However, it is conceivable
that there are distinct sub-populations of L-P that allow ini-
tiation either at T1U or T3C. Alternatively, the same RdRp
might be capable of initiating at either site; if so, there must
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be a factor that determines the relative frequencies with
which the two initiation sites are used. Studies using a cell-
based minigenome system, in which RNA replication was
limited to a single step, showed that if a pyrimidine substi-
tution or a deletion was introduced at position 1 of the r
promoter, the RdRp could still produce replication prod-
uct at ~60% of wt levels. Remarkably, almost all the repli-
cation products were initiated at the T1 position relative to
the wt promoter sequence, with the wt nucleotide, ATP (26).
Similar results were obtained with the /e promoter (15). In
addition, in a study in which the first nucleotide of an in-
ternal gs signal was substituted, the mRNA products were
initiated with wt GTP with relatively high frequency (27).
These studies suggest that the RSV RdRp has an affinity
for ATP or GTP, independent of the template nucleotides.
If this were the case, this could be an important factor in
allowing the RdRp to select the +1 and +3 initiation sites
with the appropriate frequencies. However, a caveat to these
minigenome experiments is that because RNAs analyzed
were isolated from cells, the analysis would have been biased
toward detection of stable RNAs. As the sequence at the 5
ends of the replication and transcription products would be
expected to affect encapsidation and capping efficiency, re-
spectively, and thus RNA stability, a relatively low level in-
corporation of non-templated ATP or GTP could have been
magnified. In this study, we utilized an in vitro assay to ex-
amine the mechanism of initiation at the RSV promoter. In
this system, results would not be influenced by the relative
stabilities of the RNA products. This analysis revealed that
the same RSV RdRp s able to initiate at +1 or +3. The data
also show that that the RdRp has an innate affinity for ATP
and CTP, or GTP, and that association with NTPs guides
initiation site selection. These findings explain how the RSV
RdRp is able to initiate transcription and replication from
a single promoter.

MATERIALS AND METHODS

Primer extension analysis of RSV specific RNAs from in-
fected cells

HEp-2 cells were infected with RSV A2 at an MOI of 3
or mock infected and incubated at 37°C for varying times.
Total intracellular RNA was isolated using Trizol (Invitro-
gen), as described previously (10). Primer extension reac-
tions were performed using primers that hybridized to nu-
cleotides 15-39 or 13-35 relative to the 5" termini of the
antigenome or genome RNAs, respectively, as described
previously (10,15). Primer extension products were com-
pared to 2P-end labeled DNA oligonucleotides of sequence
and length equivalent to cDNAs corresponding to RNAs
initiated at T1U and T3C.

Purification of the RSV L-P complex. A codon-optimized
version of the RSV (strain A2) L protein ORF was ex-
pressed in insect cells as previously described (19). L-
P protein complexes were isolated from cell lysates by
affinity chromatography on Ni-NTA agarose resin (Ther-
moFisher). The resin was washed three times with 60 mM
imidazole, two times with 100 mM imidazole, and the L-
P complex was either eluted using TEV protease, or with
250 mM imidazole. The L-P preparation was then subjected

to dialysis. Isolated L-P complexes were analyzed by SDS-
PAGE and PageBlue staining (Fermentas) and the L protein
concentration was estimated against bovine serum albumin
reference standards. Experiments shown in Figures 1, 4, 5
and Supplementary Figure S1 were performed with both
types of L-P preparations (no difference in experimental re-
sults between preparations was observed). Remaining ex-
periments were performed with the TEV eluted L-P prepa-
rations.

In vitro RNA synthesis reactions to detect transcripts initi-
ated at Tl and T3. Reactions performed with #25 tem-
plates and [y3?P]-ATP tracer were performed in 50 pl reac-
tions with the following conditions: 2 wM RNA templates
(Dharmacon), 50 mM Tris pH 7.4; § mM MgCl,; 5 mM
DTT; 10% glycerol, 500 uM ATP, | mM CTP, 500 uM UTP
and 10 wM GTP with 10 nCi [y**P]-ATP (6000 Ci/mmol).
Reaction mixes were heated to 30°C for 5 min prior to addi-
tion of L-P complexes containing 100-300 ng of L protein.
Reactions were incubated for 3 h at 30°C then incubated at
90°C for 3 min to inactivate the polymerase. Following heat
inactivation, samples were incubated at 30°C with 1 pl of 5’
monophosphate dependent exonuclease for 1 h to remove
RNA that had become radiolabeled by a contaminating ki-
nase activity. Reactions performed with [y3?*P]-GTP tracer
were performed under similar conditions, except that they
contained 500 uM each NTP and 10 w.Ci [y**P]-GTP (6000
Ci/mmol).

Reactions performed with 714 templates and [«*?P]-UTP
tracer were performed in 50 pl reactions with the following
conditions: 2 wuM RNA templates (Dharmacon), 50 mM
Tris pH 7.4; 8 mM MgCl,; S mM DTT; 10% glycerol, 1
mM each ATP, CTP and GTP (unless stated otherwise) and
10 pCi [«*P]-UTP (3000 Ci/mmol). Reaction mixes were
heated to 30°C for 5 min prior to addition of L-P complexes
containing 100-300 ng L protein. RNA synthesis reactions
were incubated at 30°C for 30 min (unless indicated other-
wise) then incubated at 90°C for 3 min to inactivate the poly-
merase. Reactions were briefly cooled on ice and combined
with 10 U of calf intestinal phosphatase (NEB) and incu-
bated at 37°C for 1 h to remove 5 terminal phosphates and
reduce the background signal from unincorporated [o*?P]-
UTP.

For all reactions, RNA was extracted with phenol-
chloroform and ethanol precipitated. Pellets were resus-
pended in RNase free water, and an equal volume of stop
buffer (deionized formamide containing 20 mM EDTA,
bromophenol blue, xylene cyanol) was added. Molecular
weight ladders representing products initiated from +1 or
+3 sites were prepared as described previously (19). RNA
samples were analyzed by electrophoresis on a 20% poly-
acrylamide gel containing 7 M urea in Tris-borate-EDTA
buffer, followed by autoradiography. Data were quanti-
fied by analyzing TIF images of the autoradiograms using
Quantity One software (Biorad) as described previously (4),
except for that shown in Figure 3, in which the data were
collected by phosphorimage analysis. In some of the images
presented, the contrast was adjusted using the brightness/
contrast function in Adobe Photoshop. Any adjustments
made were applied to the entire image.
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In vitro RNA synthesis reactions to detect pppAC primer for- RESULTS

mation The L-P complex and a 14 nt promoter sequence are sufficient

Reaction mixes contained 2 wM RNA oligonucleotide for precise initiation at T1U and T3C
(Dharmacon); 50 mM Tris, pH 7.4; § mM MnCl, or MgCly;
5 mM DTT; 10% glycerol; 500 uM (each) ATP and CTP
and 100 pM (each) GTP and UTP with 2 pl [a-*’P]-CTP
in a final volume of 50 pl. Reaction mixtures were preincu-
bated prior to addition of L-P protein as described above,
incubated at 30°C for 3 h and then heat inactivated as de-
scribed above. Reactions were combined with an equal vol-
ume of deionized formamide containing 20 mM EDTA,
bromophenol blue, and xylene cyanol, and analyzed by elec-
trophoresis on a 25% polyacrylamide gel containing 6 M
urea in Tris-taurine-EDTA buffer.

Primer extension analysis of RNA isolated from RSV-
infected cells showed that T1U and T3C were the only ini-
tiation sites detected in both the /e and 7r promoters, sug-
gesting that initiation site selection is precisely controlled
(Figure 1A). To characterize the mechanism underlying this
control, RSV RdRp activity was reconstituted in vitro with
an RNA oligonucleotide template. This assay recapitulates
events that occur during infection, after N is displaced from
the promoter (12,19,28). Purified L-P complexes (Figure
1B) were incubated with an oligonucleotide containing nu-
cleotides 1-25 of the #r promoter, and NTPs, including ei-
ther [y3?*P]-ATP or [y*’P]-GTP. Incorporation of [y3>*P]-
ATP or [y*P]-GTP at the 5’ position of the RNA product
would result in radiolabeled RNA transcripts (Figure 1C).
Both [y3?P]-ATP containing RNAs up to 25 nt in length,
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Figure 1. The RSV polymerase initiates precisely at TIU and T3C. (A) Primer extension analysis of RSV RNAs produced from the /e and 7 promoters,
isolated from infected cells at different times post infection, as indicated. Bands representing RNAs initiated at the T1U and T3C initiation sites (indicated
with +1 and +3, respectively) were identified by comparison to 32P-end labeled DNA oligonucleotides of equivalent sequence and length (10,12,26). (B)
SDS-PAGE of purified recombinant wt L-P complexes stained with colloidal blue stain. (C) Schematic diagram illustrating how RNAs initiated with ATP
or GTP were identified. The template consisted of the first 25 nt of the 7 promoter (#r25); sites of radiolabel incorporation in the RNA products are
underlined. (D) RNA products generated in the presence of [y32P]-ATP or [y32P]-GTP (left and right panels, respectively). Reactions contained 500 wM
ATP, 1 mM CTP, 10 uM GTP and 500 .M UTP (left panel) or 500 wM each NTP (right panel) and were incubated for 3 h. In each case, lane 1 is a ladder
consisting of a 25 nt [y->2P] labeled RNA corresponding in sequence to RNA initiated at the +1 site, which had been subjected to alkali digest, and lane 3 is
a negative control reaction performed with catalytically inactive D811A L protein. (E) Schematic diagram illustrating how RNAs initiated at TIU or T3C
were identified. The template consisted of the first 14 nt of the # promoter (zr14), sites of radiolabel incorporation in the RNA products are underlined.
(F) RNA products generated in the presence of [a32P]-UTP. Reactions contained I mM each of ATP, CTP and GTP, and [o32P]-UTP tracer. Lanes 1 and
2 show ladders consisting of 23 or 25 nt [y-32P] labeled RNA corresponding in sequence to RNA initiated at the +3 or +1 sites, respectively, which had
been subjected to alkali digest. Lane 3 is a negative control reaction in which the L-P complex was omitted from the reaction.
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Figure 2. NTP requirements for initiation at T1U versus T3C. (A—C) RNA synthesis reactions were performed using the scheme shown in Figure 1E.
The reactions contained 1 mM each of ATP, CTP and GTP, except for the NTP being titrated, which was included at the indicated concentration; the
[32P]-UTP trace was at 60 nM. Lanes 1 and 2 of panel A contain ladders as described for Figure 1. (D-I) Quantification of the products from the +1
(D-F) and +3 (G-I) initiation sites. The data were normalized to the maximum level of product from the +1 and +3 initiation sites in each titration, and the
graphs show the mean and standard error of three (D, 1) or four (E, F, G, H) independent experiments. (J) Schematic diagram illustrating the experimental
design for examining the effect of CTP on elongation versus initiation. RNA synthesis reactions were performed using a r14 template with a position 13
C-to-G substitution (indicated with an asterisk), such that products from both the +1 and +3 initiation sites would require CTP to be elongated to the end
of the template. (K) RNA synthesis reactions were performed on the template shown in J, with conditions described for A-C. Lane 8 is a negative control
in which the L-P complex contained a D811A substitution in the L protein. This panel is representative of two independent experiments.

and [y*?P]-GTP containing RNAs up to 23 nt in length
were produced (Figure 1D), consistent with initiation from
T1U and T3C, respectively (small amounts of longer [y 3*P]-
GTP products could be due to stuttering of the RARp on the
U tracts within the template, as described previously (4)).
The products smaller than 25 and 23 nt could be RNA tran-
scripts that were initiated at T1U and T3C, but that were not
elongated to the end of the template. However, they could be
RNA:s initiated from other U or C residues within the pro-
moter. Thus, this experiment did not show if the L-P com-
plex alone was sufficient for precise initiation, meaning ini-

tiation only at positions T1U and T3C. Previous studies had
shown that there was little difference in RNA synthesis ac-
tivity from #r templates ranging from 12-25 nt in length (4).
Therefore, to determine if L-P was sufficient for precise ini-
tiation we used a shorter #r14 template, in which the first A
residue was at the 5’ end, and [«-3>P]-UTP as the tracer nu-
cleotide. In this case, radiolabel would only be incorporated
into the RNA products when the RdRp reached the end of
the template (Figure 1E). Products of 14 and 12 nt were de-
tected, indicating that the RdRp initiated precisely at T1U
and T3C, and not at other sites within the promoter (Fig-
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and grey, respectively. The data obtained from replicate experiments were
normalized such that the total level of RNA at 1000 uM GTP was 1. The
data show the mean and standard error of three independent experiments.

ure 1F). This result indicates that all the bands labeled with
[y3?P]-ATP and [y*P]-GTP in Figure 1D represent RNA
initiated at T1U and T3C, respectively. The experiment pre-
sented in Figure 1 F showed that the 12 nt product was more
abundant than the 14 nt product, indicating that the RdRp
preferred to initiate at T3C. The ratio of products initiated
at T1U and T3C in vitro was different from what was ob-
served by primer extension analysis of RNA from the #r
promoter in RSV infected cells. The difference between the
relative amounts of +1 and +3 products in the in vitro assay
compared to RSV infected cells could be due to the relative
stabilities of the RNAs in the cellular environment, in which
the encapsidated +1 replication product would be expected
to be very stable, or could be due to technical reasons; for
example, because the RNA initiated at T3C is only extended
~25 nt, it might not bind as efficiently to the primer used for
primer extension as the RNA initiated at T1U.

Attempts were also made to examine initiation from the
le promoter using the same approach as illustrated in Figure
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1E, with [a-*?P]-UTP used as the tracer nucleotide. How-
ever, because of a significant bias towards initiation at T3C
compared to T1U, and because the minimal /e promoter re-
quired for detectable initiation from T1U contained the first
UTP incorporation site before the end of the template, it
was technically less tractable to study than the ¢ promoter.
Nonetheless, the analysis showed that the le promoter also
signaled initiation from T1U and T3C, similarly to the ¢r
promoter (Supplementary Figure S1).

Initiation site selection was governed by ATP versus GTP
concentration

Given that initiation at T1U and T3C requires ATP and
GTP as the initiating NTP, respectively, we examined how
NTP concentration affected the relative levels of RNA pro-
duced from the two sites. For this, we used the 14 tem-
plate, and measured relative levels of 14 and 12 nt products
as surrogates for relative levels of initiation from +1 and +3.
While a caveat to this approach is that these are products of
both initiation and elongation steps of RNA synthesis, we
rationalized that elongation of the RNAs initiated at TIU
and T3C would be similarly affected by variations in NTP
concentration so that differences observed would be due to
effects on initiation. The concentrations of ATP, CTP or
GTP were individually varied from low to high concentra-
tion, while maintaining the other two NTPs at high con-
centration (Figure 2A—C). Initiation at T3C was dominant
compared to initiation at T1U, under all NTP concentra-
tions tested, except those in which the GTP concentration
was very low (Figure 2C, lane 2), demonstrating that the
RdRp had a strong preference for initiating at T3C.

The data obtained provide information on the relative re-
quirements for different NTPs for the two initiation events
under these assay conditions. For optimal initiation at T3C,
the initiating NTP, GTP, was required at a relatively high
concentration (250-500 wM), whereas the second NTP to
be incorporated (NTP 2), ATP, was required at a signifi-
cantly lower concentration of 50 wM (Figure 21 and G; Sup-
plementary Figure S2, F and D). For optimal replication
initiation at T1U, ATP was required at 500 uM, but NTP 2,
CTP was required at a very high concentration (2 mM; Fig-
ure 2D and E; Supplementary Figure S2, A and B). Other
studies have shown that the K, for CTP during elongation
is lower than for other NTPs (29) and a control experiment,
with a template containing an inserted G residue near the
5" end, confirmed that a high concentration of CTP was re-
quired specifically for initiation, and not elongation (Figure
2], K). This indicates that recruitment of CTP presented a
barrier to initiation at T1U. In contrast, CTP concentra-
tion had no effect on initiation from +3 demonstrating that
initiation at +3 did not depend on prior initiation at TIU
(Figure 2B, H).

In addition to providing information regarding NTP re-
quirements for initiation, the data showed that variation
of NTP concentration affected initiation site selection: in-
creasing ATP caused an increase in RNA initiated at +1 and
a decrease in RNA initiated at +3 (Figure 2A, D, G; Sup-
plementary Figure S2 A and D) whereas increasing GTP
caused the opposite effect (Figure 2C, F, I; Supplementary
Figure S2, C and F). Given that the template is in signifi-
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Figure 4. The RSV RdRp prefers to initiate opposite UG or C residues. (A, D, G, J, M) Schematic diagram showing the sequences of the wt and mutant
templates. The asterisks indicate the positions of the mutations. (B, E, H, K, N) RNA synthesis products from wt #r14 template, or templates containing
mutations at positions 1-3, as indicated. Lanes 1 and 2 contain ladders described in Figure 1, and lanes 3 and 4 are negative controls in which the L-P
complex was omitted from the reaction, or contained a D811A substitution in the L protein, respectively. The experiments shown in panels B, H, K and
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tracer. Panel B lanes 1 and 2 show the +3 and +1 ladders, prepared as de-
scribed in Figure 1. Panel B, lane 5 is a negative control reaction performed
with catalytically inactive D811A L protein, lane 3 is empty. The data in
panel B are representative of five or more independent experiments (de-
pending on the mutation); the data in panel C are representative of two
independent experiments.

cant molar excess compared to the RdRp, this result sug-
gests that the same population of RARp was capable of ini-
tiating at the two sites, and that initiation site selection was
determined by binding either ATP or GTP. However, even
under low GTP concentrations that were the most favorable
for initiation from +1 versus +3, the level of initiation from
+1 was still relatively low (Figure 2C, lanes 2 and 3). It was
possible that the reason for this was that | mM CTP was
insufficient to support efficient initiation from +1. To ex-
amine this possibility, GTP concentration was varied from
10 to 1000 wM, in the presence of 1| mM ATP and 2 mM
CTP (Figure 3A). Under these conditions, initiation at +1
was dominant at low concentrations of GTP (Figure 3B).
Quantification of the levels of RNA initiated at +1 and +3
showed that the total level of RNA product was similar at
all GTP concentrations tested, and that there was an inverse
correlation between the levels of RNA initiated at +1 ver-
sus +3 (Figure 3C). This result demonstrates that the RARp
could be switched between initiation sites by either ATP or
GTP binding.

The RSV RdRp was constrained to initiate opposite a C or
UG motif

As noted in the Introduction, experiments in the
minigenome system suggested that the RSV RdRp
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can select the initiating ATP or GTP independently of
the template. Unfortunately, it was not possible to test
this hypothesis directly, by examining binding interactions
of L-P and NTPs in the absence of RNA, because the L
protein contains additional GTP and ATP binding sites in
the capping and methyltransferase domains, respectively,
which would affect affinity measurements (30-32). There-
fore, as an alternative means of testing the hypothesis,
we examined how mutations at template positions 1-3
affected initiation. Analysis of T1 mutations showed that
none significantly inhibited initiation from T3C, indicating
that RdRp was still able to bind the template efficiently
(Figure 4A-C). A TI1A substitution or deletion (Al)
inhibited RNA synthesis from +1, indicating that although
the RdRp could bind the template, the identity of the
nucleotide at the initiation site affected initiation efficiency.
In contrast to the other mutations, a T1C substitution did
not inhibit initiation from +1, but we consistently observed
that the RNA produced migrated slightly differently than
that from the wt template (Figure 4B, compare lanes 5 and
7). This would occur if the RNA product were of different
sequence, suggesting that it might be initiated with GTP,
rather than ATP. This possibility was tested by repeating
the experiment using an NTP mix containing high con-
centrations of ATP and CTP and a low concentration of
GTP (Figure 4D). Under these conditions, the intensity of
the +1 band from the T1C mutant was low relative to that
produced from the wt template, indicating that the RNA
initiated from T1C was initiated with GTP, rather than
ATP (Figure 4E, F). All three possible substitutions at T2
inhibited initiation from T1U, with little effect on initiation
from T3C (Figure 4G-1I). This showed that position T2G
also plays an important role in enabling initiation from
+1. Similar results were obtained with the /e promoter
(Supplementary Figure S1). Interestingly, a T2 G-to-C
substitution in the ¢ promoter resulted in the appearance
of a 13 nt band, indicating initiation from +2 (Figure 4H,
lane 7).

A template containing a T3U substitution (Figure 4J, M)
yielded complex results. This template did not generate a
12 nt band, and while a 14 nt band was detectable (indi-
cated with an asterisk), unlike the other mutant templates
tested, the T3U template yielded a ladder of bands (Fig-
ure 4K, lane 6; Figure 4N, lane 7). This raised the possi-
bility that the substitution affected the ability of the RdRp
to initiate precisely and augmented its tendency to stutter
on the U tract in the promoter (4). If this were the case,
the 14 nt band might not represent RNA initiated at T1U.
To examine this possibility, experiments were performed us-
ing the wt and T3U templates, with CTP omitted from the
reaction mix to inhibit initiation from +1. Whereas omis-
sion of CTP inhibited production of the 14 nt RNA from
the wt template, most products from the T3U template were
not affected (Figure 4N, O). This suggested that RNAs syn-
thesized from the T3U template were initiated downstream
of +2. Longer products were presumably due to excessive
stuttering on the template. This finding indicates that posi-
tion T3C plays an important role in stabilizing the initiation
complex. Our previous study in the minigenome system had
suggested that the RdRp can select ATP and CTP indepen-
dently of the template to initiate at +1 (15). If this were the
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case, the presence of a UG motif at T3 and T4 might help
anchor the RdARp and allow it to initiate at +3. To test this
possibility a template containing a double substitution of
3U/4G was tested (Figure 4J). The additional substitution
at T4 restored efficient initiation from +3 (Figure 4K, lane
7, L). These data show that T3C was important for anchor-
ing the RARp during initiation, but accurate initiation was
restored if the template contained a UG motif at T3, T4.

Together, these results show that none of the substitutions
at T1 and T2 inhibited the ability of the RdRp to bind the
template as each resulted in initiation from T3C with equal
or greater efficiency than from the wt template; in contrast
T3C was an important element of the RdRp binding site.
Although T1U and T2G did not appear to affect RdRp
recruitment to the promoter, both these residues were re-
quired for the RdRp to initiate efficiently at +1. The data
indicate that a C or UG motif at the initiation site in the
template stabilized the initiation complex, with a C substi-
tution at T1 or T2 allowing initiation from +1 or +2 with
GTP, respectively, and a UG motif at T3, T4 allowing effi-
cient initiation from +3. These results are consistent with a
model in which the RdRp has an affinity for GTP or ATP
and CTP, independently of the nucleotides at the initiation
site of the promoter.

The RdRp could initiate with a non-cognate NTP on a longer
template

Although the conclusion that the RdARp can select initiat-
ing NTPs independently of template nucleotides is consis-
tent with previous findings (15,26), the results obtained in
Figure 4 differed in that in the minigenome system, deletion
of T1U, or a T1U-to-C substitution resulted in replication
product at 50-60% of wt levels, almost all of which was re-
stored to wt sequence, whereas this was not the case in the
experiments described above. As noted in the Introduction,
this discrepancy could be due to a bias in the RNAs ana-
lyzed in the minigenome system. Alternatively, it could be
because the conditions used in vitro did not support initia-
tion with a sub-optimal complex in which the template and
initiating NTPs did not match. During the course of this
work, a crystal structure of the bunyavirus RdRp in com-
plex with promoter RNA became available, and modeling
based on this structure indicated that the RARp could bind
20 nt of template RNA (33). We reasoned that if the RSV
RdRp binds a similar template length, it was possible that
the 14 nt template was too short to allow the RdRp, ATP
and template to form a stable initiation complex without
base-pairing between T1 and ATP. To test this hypothesis,
we tested templates 25 nt in length and containing a deletion
or substitution at T1U, and used [y3*P]-ATP as the trace
nucleotide (Figure 5A). A similar pattern of products was
generated from the wt and mutant templates, indicating that
with a longer template, the RdRp could initiate with ATP
irrespective of the identity or presence of position 1 (Figure
5B). We considered the possibility that an alternative expla-
nation for the difference between the 7714 and 725 templates
was that in the case of #25, the RdRp had the potential to
enter the template internally at positions 22 and 23 and gen-
erate a pppApC primer that could subsequently be used to
initiate at +1. Therefore, the experiment was repeated with

templates containing a substitution at position 23. In each
case the RARp was able to initiate with ATP (Figure 5C).
It should be noted that in these experiments the reactions
contained high concentrations of ATP and CTP and a low
concentration of GTP to enhance initiation at +1 and al-
low us to detect the products more readily. Nonetheless,
this finding supports the conclusion that the RdARp can be-
come preloaded with ATP and shows that initiation with a
non-cognate NTP depends in part on RNA contacts down-
stream of nt 14 of the promoter.

The RSV RdRp did not generate a pool of dinucleotide primer
independently of the template

The data presented in Figures 4 and 5 suggest that the RSV
RdRp can select ATP and CTP, independently of the tem-
plate to initiate at T1. Other RAR ps have been shown to gen-
erate dinucleotide primers independently of the template
(34,35). Therefore, we examined if the RSV RdRp was ca-
pable of polymerizing ATP and CTP in a template indepen-
dent manner. In a control experiment containing a wt 714
template and ATP, GTP, UTP and CTP, including [a-3?P]-
CTP a prominent two-nucleotide band could be detected
provided the reactions contained Mn?*, rather than Mg>*,
to facilitate initiation (Figure 6A and B, lanes 1 and 8) (4).
The band could be detected if GTP or UTP were omitted
from the reaction, but not if ATP was omitted (Figure 6B,
lanes 5-7) indicating that it represented a pppApC dinu-
cleotide. Reactions performed with all four NTPs, but in
which the template was omitted did not yield the pppApC
dinucleotide. This was also the case if the reaction contained
a Al tr14 template (Figure 6B, lanes 3 and 4). These results
show that the RdRp does not have the capability to reit-
eratively produce AC dinucleotide in a template indepen-
dent manner, although we could not rule out the possibility
that it catalyzed phosphodiester bond formation but did not
release the resulting dinucleotide, resulting in undetectable
levels of dinucleotide product.

DISCUSSION

The process of RNA synthesis initiation is complex, involv-
ing multiple players, including the RdRp, promoter and first
two NTPs of the RNA product, as well as metal cations for
catalysis (36). Each of these factors must be positioned ap-
propriately, relative to the others, for initiation to be suc-
cessful. This is even more challenging in the case of viruses
that initiate RNA synthesis from the 3’ end of a linear tem-
plate, as there is no template upstream of the initiation
site to stabilize RARp contacts. There is another layer of
complexity in the case of RSV, in which the RdRp initi-
ates RNA synthesis precisely at two closely spaced initiation
sites within the genomic and antigenomic promoters. This
unusual feature of RSV RNA synthesis, and the fact that
initiation at both the +1 and +3 sites is required to allow
the virus to perform replication and transcription, respec-
tively, indicates that RSV must have evolved a specific initi-
ation mechanism. The information presented here provides
insight into the relationship between the two different initia-
tion events, and the RARp, NTP and template requirements
for them to occur, and suggests a model for this initiation
process.
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Figure 6. The RdRp could not efficiently synthesize a pppApC dinu-
cleotide primer independently of the template. (A) Schematic diagram
showing the requirements for production of a pppApC dinucleotide prod-
uct. Reactions contained [o>2P]-CTP and the site of radiolabel incorpora-
tion in the product is underlined. GTP and UTP are shown in parenthe-
ses because they were included in the positive control reaction, but could
be omitted without affecting formation of the pppApC dinucleotide. (B)
RNA products generated in the presence of all four NTPs (lanes 1-4 and
lane 8) or in reactions from which either GTP, UTP or ATP was omitted
(lanes 5-7). Reactions were performed either in the presence or absence of
tr14 template RNA, or with 7714 RNA containing a deletion at position
1. Reactions were performed in the presence of Mn?* rather than Mg?*
except that shown in lane 8. Only the region of the gel between the 1 and
2 nt markers is shown (note that the markers did not align with the bands
because they contain a 5 monophosphate, rather than triphosphate). This
panel is one of five independent experiments.

Studies of vesicular stomatitis virus, another nsNSV in
a different family, have indicated that there are two func-
tionally distinct pools of RARp, distinguished by associated
proteins, and that one pool initiates at T1 of the /e, to be-
gin replication, and the other at the gs signal for the first
gene, to begin transcription (37-39). In contrast, the data
presented here clearly shows that RSV L and P alone are ca-
pable of replication and transcription initiation at the T1U
and T3C sites (Figure 1). Another possible explanation for
why the L-P complex could initiate at two different sites was
that there could be functionally distinct sub-populations of
RdRp, with one capable of initiating at T1U and the other
at T3C. However, this is also not the case as varying the
ATP or GTP concentration in the reaction resulted in an
increase or decrease in initiation at T1U and T3C, with an
inverse relationship between initiation at the two sites (Fig-
ures 2 and 3). This finding indicates that the L-P complex
was undifferentiated before beginning RNA synthesis and
that it became committed to initiation at T1U or T3C, de-
pending on whether it associated with ATP or GTP.

The data indicate that RAR p becomes loaded with the ini-
tiating NTPs prior to binding the template, or at least, with-
out reference to template nucleotides. Findings made with
the minigenome and a 25 nt template containing a mutation
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of T1U indicated that the RdRp associates with ATP inde-
pendently of this uracil (15,26) (Figure 5). Furthermore, the
data indicate that not only is the RARp capable of selecting
ATP independently of T1U, but that it can become loaded
with ATP and CTP, or GTP. Analysis of mutant ¢r14 tem-
plates showed that the RdRp could initiate at T1, T2, or T3
provided it was initiating opposite either a UG motif, or a
C residue. The simplest explanation for the reason why the
RdRp was stabilized opposite a UG or C motif is that in
its pre-initiation form it has an innate affinity for ATP and
CTP, or GTP. Other viral RdRps have also been shown to
have innate affinity for some N'TPs to begin initiation. While
in some cases the bound NTP binds outside the catalytic site
and has a structural role, in other cases the NTP is incorpo-
rated into polymerized product, as we propose occurs for
RSV (34,35,40-42).

As noted above, ATP and GTP had opposing effects on
the relative levels of initiation from T1U and T3C. In con-
trast, while CTP was essential for initiation at T1U, varying
CTP concentration had no effect on initiation at T3C (Fig-
ure 2). These results indicate that ATP and GTP compete
for the same binding site on the RARp, whereas CTP binds
another site; they also indicate that CTP does not influence
ATP binding. Examination of the concentrations of ATP
and GTP required for optimal initiation at T1U and T3C,
respectively, showed that a lower concentration of GTP was
sufficient for optimal initiation from +3, than the concen-
tration of ATP required for optimal initiation from +1. This
suggests that the polymerization domain of the RdRp has a
greater affinity for GTP than ATP. If this were the case, this
would help promote initiation at T3C. Furthermore, CTP
was required at a very high concentration for optimal initi-
ation at T1U, indicating that recruitment of CTP represents
a barrier to initiation at this site (Figure 2E). This indicates
that the initiating form of RdRp has only a low affinity for
CTP. Given that CTP concentrations in cells would be ex-
pected to be approximately five-fold lower than those used
in the assays described here, this would limit the level of
replication initiation from T1U compared to transcription
initiation from T3C. This would aid transcription at the ex-
pense of genome replication, and is likely to be important
for efficient viral replication.

In addition to NTP concentrations, the promoter se-
quence also played an important role in governing the rel-
ative levels of initiation from the two sites. We have previ-
ously shown that nucleotides 3, 5, 8, 9, 10 and 11 of the
template are a core promoter element, important for both
transcription and replication initiation (11). This element is
almost identical to the gs signals at the beginning of each
gene, and would be predicted to direct initiation from +3
(1,10). Consistent with this, initiation from +3 was domi-
nant in almost every condition tested. This dominance was
independent of relative affinity of the RARp for GTP versus
ATP because templates containing a C residue at T1 or T2
showed dominant initiation at T3C. Likewise, in the case
of a 3U/4G template, in which the RdRp had the poten-
tial to initiate with ATP and CTP at T1 or T3, the dom-
inant initiation site was at T3 (Figure 4). Together, these
findings indicate that the RARp preferentially binds the pro-
moter such that its catalytic site is positioned opposite T3
and T4. The concept that the RAR p preferentially binds the
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Figure 7. Model for transcription and replication initiation by the RSV RdRp. Schematic diagram illustrating different steps in initiation. The polymer-
ization domain of the L protein is shown as a blue oval, with the P and N sites indicated. The RdARp can become loaded with GTP or ATP and CTP. The
RdRp interacts with the promoter, possibly forming major contacts with the nucleotides indicated with a black dot. This would allow the RdRp to be
positioned in two registers with respect to the template, with the P and N sites positioned opposite either T3 and T4, or T1 and T2, with the register being
stabilized by Watson-Crick base-pairing between preloaded GTP or ATP/CTP, respectively. This would allow transcription initiation opposite T3C, or
replication initiation opposite T1U. The model shows the 77 promoter sequence that was utilized for most of this study. We propose that a similar sequence

of events occurs during initiation from the /e promoter.

promoter with its catalytic site positioned internally shares
similarities with that of other RdR ps. Seminal work on the
mechanism of RARp RNA synthesis initiation by analysis
of crystal structures of bacteriophage phi6 RdRp, with or
without template and NTPs, revealed that in the absence of
NTPs, the RARp bound the template such that the catalytic
residues were aligned opposite T3 rather than T1. Upon
binding NTPs, and their base-pairing with T1 and T2, the
RdRp ratcheted back on the template to reposition T1 op-
posite the catalytic residues (43). Initial overshooting of the
3" end of the template relative to the catalytic site has since
been described for other RdRps, although it is not a univer-
sal feature (33,41,44-46). Inspection of the RSV promoter
shows that the sequence at 5, 8,9, 10 and 11 is also present at
3,6,7,8and 9, such that there is the potential for the RARp
to form similar interactions with template bases when its
active site lies opposite T1 and T2 rather than T3 and T4
(Figure 7). Therefore, it seems likely that the RSV RdRp
has stronger promoter interactions when located with its ac-
tive site opposite T3 and T4, but has the potential to move
between the two registers.

Together the data presented here and the information
available for other viral RdRps suggest the following model
for replication and transcription initiation in RSV (Figure
7). According to this model, the RSV polymerization do-
main contains at least two NTP binding sites, known as the
priming (P) and incoming nucleotide (N) sites. Initially, the
RSV RdRp exists as single undifferentiated pool consisting
of a complex of the viral L and P proteins. The RdRp has
the capability to bind ATP or GTP in its P site. ATP binding
might affect the conformation of the N site, allowing CTP
to bind specifically, or the N site might preferentially bind
CTP. The RdRp binds the promoter, with a tendency to be
positioned such that the P and N sites are opposite T3 and
T4. If the RdRpis preloaded with GTP, it can recruit the ap-

propriate NTP to base-pair with T4 and begin RNA synthe-
sis directly from T3C to start the process of transcription.
If the RdRp is pre-loaded with ATP and CTP, base-pairing
between these NTPs and T1U and T2G alter the optimal
template binding site, such that the RdRp is positioned with
its P and N sites opposite T1 and T2. Having become posi-
tioned with the ATP and CTP opposite T1U and T2G, the
RdRp could catalyze phosphodiester bond formation, and
initiate RNA replication from +1.

If this model is correct, it indicates that the RSV RdRp
has evolved to combine features present in other RdRps,
such as specific interaction with initiating NTPs and a
propensity for internal binding and template repositioning,
to specifically and precisely initiate at two different sites
within the promoter. In addition, it can explain how the
virus has evolved to control relative levels of its different
RNAs. During infection, RSV produces mRNA at higher
levels than replicative RNAs, and genome RNA at a higher
level than antigenome. The /e and #r promoters differ at T4,
with the /e having a G rather than U residue at this site. If the
N site has affinity for CTP, the difference in the nucleotide at
T4 between the /e and tr promoters could strongly promote
transcription versus replication initiation at the /e promoter,
while allowing more efficient genome than antigenome ini-
tiation. Thus, together these findings indicate that RSV has
evolved a simple and efficient mechanism to allow the RdRp
to begin both mRNA transcription and genome replication
from a single promoter, and synthesize appropriate levels of
mRNA, antigenome and genome during infection.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky480#supplementary-data

ACKNOWLEDGEMENTS

We would like to thank Michael Mawhorter and Dr. Bar-
bara Ludeke for assistance in preparing L-P complexes, and
Dr. Ludeke for critical reading of the manuscript.

FUNDING

National Institute of Allergy and Infectious Diseases of the
National Institutes of Health [RO1AI113321]; AstraZeneca
Pharmaceuticals. Funding for open access charge: NIAID
[ROTAIT13321].

Conflict of interest statement. This work was funded in part
by a sponsored research agreement with AstraZeneca Phar-
maceuticals. The funder had no role in study design, data
collection and analysis, decision to publish or preparation
of the manuscript.

REFERENCES

1

10.

11.

12.

13.

14.

15.

. Noton,S.L. and Fearns,R. (2015) Initiation and regulation of

paramyxovirus transcription and replication. Virology, 479-480,
545-554.

. Whelan,S.P., Barr,J.N. and Wertz,G.W. (2004) Transcription and

replication of nonsegmented negative-strand RNA viruses. Curr. Top.
Microbiol. Immunol., 283, 61-119.

. Collins,P.L. and Melero,J.A. Progress in understanding and

controlling respiratory syncytial virus: Still crazy after all these years.
Virus Res., 162, 80-99.

. Noton,S.L., Aljabr,W., Hiscox,J.A., Matthews,D.A. and Fearns,R.

(2014) Factors affecting de novo RNA synthesis and back-priming by
the respiratory syncytial virus polymerase. Virology, 462-463,
318-327.

. Robinson,R.F. (2008) Impact of respiratory syncytial virus in the

United States. Am. J. Health Syst. Pharm., 65, S3-S6.

. Nair,H., Nokes,D.J., Gessner,B.D., Dherani,M., Madhi,S.A.,

Singleton,R.J., O’Brien,K.L., Roca,A., Wright,P.F., Bruce,N. et al.
(2010) Global burden of acute lower respiratory infections due to
respiratory syncytial virus in young children: a systematic review and
meta-analysis. Lancet, 375, 1545-1555.

. Cowton,V.M. and Fearns,R. (2005) Evidence that the respiratory

syncytial virus polymerase is recruited to nucleotides 1 to 11 at the 3’
end of the nucleocapsid and can scan to access internal signals. J.
Virol., 79, 11311-11322.

. Fearns,R., Collins,P.L. and Peeples,M.E. (2000) Functional analysis

of the genomic and antigenomic promoters of human respiratory
syncytial virus. J. Virol., 74, 6006-6014.

. McGivern,D.R., Collins,P.L. and Fearns,R. (2005) Identification of

internal sequences in the 3’ leader region of human respiratory
syncytial virus that enhance transcription and confer replication
processivity. J. Virol., 79, 2449-2460.

Tremaglio,C.Z., Noton,S.L., Deflube,L.R. and Fearns,R. (2013)
Respiratory syncytial virus polymerase can initiate transcription from
position 3 of the leader promoter. J. Virol., 87, 3196-3207.
Fearns,R., Peeples,M.E. and Collins,P.L. (2002) Mapping the
transcription and replication promoters of respiratory syncytial virus.
J. Virol., 76, 1663-1672.

Braun,M.R., Deflube,L.R., Noton,S.L., Mawhorter, M.E.,
Tremaglio,C.Z. and Fearns,R. (2017) RNA elongation by respiratory
syncytial virus polymerase is calibrated by conserved region V. PLoS
Pathogens, 13, ¢1006803.

Dickens,L.E., Collins,P.L. and Wertz,G.W. (1984) Transcriptional
mapping of human respiratory syncytial virus. J. Virol., 52, 364-369.
Kuo,L., Grosfeld,H., Cristina,J., Hill, M.G. and Collins,P.L. (1996)
Effects of mutations in the gene-start and gene-end sequence motifs
on transcription of monocistronic and dicistronic minigenomes of
respiratory syncytial virus. J. Virol., 70, 6892-6901.

Noton,S.L. and Fearns,R. (2011) The first two nucleotides of the
respiratory syncytial virus antigenome RNA replication product can
be selected independently of the promoter terminus. RNA, 17,
1895-1906.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Nucleic Acids Research, 2018, Vol. 46, No. 13 6795

Fearns,R., Peeples,M.E. and Collins,P.L. (1997) 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, 236, 188-201.

Gubbay,O., Curran,J. and Kolakofsky,D. (2001) Sendai virus genome
synthesis and assembly are coupled: a possible mechanism to promote
viral RNA polymerase processivity. J. Gen. Virol., 82, 2895-2903.
Mink,M.A., Stec,D.S. and Collins,P.L. (1991) Nucleotide sequences
of the 3’ leader and 5 trailer regions of human respiratory syncytial
virus genomic RNA. Virology, 185, 615-624.

Noton,S.L., Deflube,L.R., Tremaglio,C.Z. and Fearns,R. (2012) The
respiratory syncytial virus polymerase has multiple RNA synthesis
activities at the promoter. PLoS Pathogens, 8, ¢1002980.
Peeples,M.E. and Collins,P.L. (2000) Mutations in the 5’ trailer
region of a respiratory syncytial virus minigenome which limit RNA
replication to one step. J. Virol., 74, 146-155.

Hanley,L.L., McGivern,D.R., Teng, M.N., Djang,R., Collins,P.L. and
Fearns,R. (2010) Roles of the respiratory syncytial virus trailer
region: effects of mutations on genome production and stress granule
formation. Virology, 406, 241-252.

Mazumder,B. and Barik,S. (1994) Requirement of casein kinase
II-mediated phosphorylation for the transcriptional activity of
human respiratory syncytial viral phosphoprotein P: transdominant
negative phenotype of phosphorylation-defective P mutants.
Virology, 205, 104-111.

Sourimant,J., Rameix-Welti, M.A., Gaillard,A.L., Chevret,D.,
Galloux,M., Gault,E. and Eleouet,J.F. (2015) Fine mapping and
characterization of the L-polymerase-binding domain of the
respiratory syncytial virus phosphoprotein. J. Virol., 89, 4421-4433.
Collins,P.L., Hill,M.G., Cristina,J. and Grosfeld,H. (1996)
Transcription elongation factor of respiratory syncytial virus, a
nonsegmented negative-strand RNA virus. Proc. Natl. Acad. Sci.
US.A., 93, 81-85.

Fearns,R. and Collins,P.L. (1999) Role of the M2-1 transcription
antitermination protein of respiratory syncytial virus in sequential
transcription. J. Virol., 73, 5852-5864.

Noton,S.L., Cowton,V.M., Zack,C.R., McGivern,D.R. and
Fearns,R. (2010) Evidence that the polymerase of respiratory
syncytial virus initiates RNA replication in a nontemplated fashion.
Proc. Natl. Acad. Sci. U.S.A., 107, 10226-10231.

Kuo,L., Fearns,R. and Collins,P.L. (1997) Analysis of the gene start
and gene end signals of human respiratory syncytial virus:
quasi-templated initiation at position 1 of the encoded mRNA. J.
Virol., 71, 4944-4953.

Noton,S.L., Nagendra,K., Dunn,E.F., Mawhorter,M.E., Yu,Q. and
Fearns,R. (2015) Respiratory syncytial virus Inhibitor AZ-27
differentially inhibits different polymerase activities at the promoter.
J. Virol., 89, 7786-7798.

Deval,J., Hong,J., Wang,G., Taylor,J., Smith,L.K., Fung,A.,
Stevens,S.K., Liu,H., Jin,Z., Dyatkina,N. et al. (2015) Molecular
basis for the selective inhibition of respiratory syncytial virus RNA
polymerase by 2’-fluoro-4’-chloromethyl-cytidine triphosphate. PLoS
Pathogens, 11, e1004995.

Li,J., Rahmeh,A., Morelli,M. and Whelan,S.P. (2008) A conserved
motif in region v of the large polymerase proteins of nonsegmented
negative-sense RNA viruses that is essential for mRNA capping. J.
Virol., 82, 775-784.

Ogino,T. and Banerjee,A.K. (2007) Unconventional mechanism of
mRNA capping by the RNA-dependent RNA polymerase of
vesicular stomatitis virus. Mol. Cell, 25, 85-97.

Paesen,G.C., Collet,A., Sallamand,C., Debart,F., Vasseur,J.J.,
Canard,B., Decroly,E. and Grimes,J.M. (2015) X-ray structure and
activities of an essential Mononegavirales L-protein domain. Nat.
Commun., 6, 8749.

Gerlach,P., Malet,H., Cusack,S. and Reguera,J. (2015) Structural
insights into Bunyavirus replication and its regulation by the vVRNA
promoter. Cell, 161, 1267-1279.

Chen,D. and Patton,J. T. (2000) De novo synthesis of minus strand
RNA by the rotavirus RNA polymerase in a cell-free system involves
a novel mechanism of initiation. RNA, 6, 1455-1467.

Selisko,B., Potisopon,S., Agred,R., Priet,S., Varlet,I., Thillier,Y.,
Sallamand,C., Debart,F., Vasseur,J.J. and Canard,B. (2012)
Molecular basis for nucleotide conservation at the ends of the dengue
virus genome. PLoS Pathogens, 8, €1002912.



6796 Nucleic Acids Research, 2018, Vol. 46, No. 13

36.

37.

38.

39.

40.

41.

van Dijk,A.A., Makeyev,E.V. and Bamford,D.H. (2004) Initiation of
viral RNA-dependent RNA polymerization. J. Gen. Virol., 85,
1077-1093.

Morin,B., Rahmeh,A.A. and Whelan,S.P. (2012) Mechanism of RNA
synthesis initiation by the vesicular stomatitis virus polymerase.
EMBO J., 31, 1320-1329.

Qanungo,K.R., Shaji,D., Mathur,M. and Banerjee,A.K. (2004) Two
RNA polymerase complexes from vesicular stomatitis virus-infected
cells that carry out transcription and replication of genome RNA.
Proc. Natl. Acad. Sci. U.S.A., 101, 5952-5957.

Whelan,S.P. and Wertz,G.W. (2002) Transcription and replication
initiate at separate sites on the vesicular stomatitis virus genome.
Proc. Natl. Acad. Sci. U.S.A.,99,9178-9183.

Choi,K.H., Groarke,J.M., Young,D.C., Kuhn,R.J., Smith,J.L.,
Pevear,D.C. and Rossmann,M.G. (2004) The structure of the
RNA-dependent RNA polymerase from bovine viral diarrhea virus
establishes the role of GTP in de novo initiation. Proc. Natl. Acad.
Sci. U.S. A., 101, 4425-4430.

D’Abramo,C.M., Deval,J., Cameron,C.E., Cellai,L. and Gotte,M.
(2006) Control of template positioning during de novo initiation of

42.

43.

44,

45.

46.

RNA synthesis by the bovine viral diarrhea virus NS5B polymerase.
J. Biol. Chem., 281, 24991-24998.

Surana.P., Satchidanandam,V. and Nair,D.T. (2014) RNA-dependent
RNA polymerase of Japanese encephalitis virus binds the initiator
nucleotide GTP to form a mechanistically important pre-initiation
state. Nucleic Acids Res., 42, 2758-2773.

Butcher,S.J., Grimes,J.M., Makeyev,E.V., Bamford,D.H. and
Stuart,D.I. (2001) A mechanism for initiating RNA-dependent RNA
polymerization. Nature, 410, 235-240.

Lu,X., McDonald,S.M., Tortorici,M.A., Tao,Y.J., Vasquez-Del
Carpio,R., Nibert,M.L., Patton,J.T. and Harrison,S.C. (2008)
Mechanism for coordinated RNA packaging and genome replication
by rotavirus polymerase VP1. Structure, 16, 1678-1688.

Reich,S., Guilligay,D., Pflug,A., Malet,H., Berger.I., Crepin,T.,
Hart,D., Lunardi,T., Nanao,M., Ruigrok,R.W. et al. (2014)
Structural insight into cap-snatching and RNA synthesis by influenza
polymerase. Nature, 516, 361-366.

Tao,Y., Farsetta,D.L., Nibert,M.L. and Harrison,S.C. (2002) RNA
synthesis in a cage—structural studies of reovirus polymerase
lambda3. Cell, 111, 733-745.



