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ABSTRACT Respiratory syncytial virus (RSV) is a nonsegmented negative-sense
(NNS) RNA virus and shares a similar RNA synthesis strategy with other members of
NNS RNA viruses, such as measles, rabies virus, and Ebola virus. RSV RNA synthesis is
catalyzed by a multifunctional RNA-dependent RNA polymerase (RdARP), which is
composed of a large (L) protein that catalyzes three distinct enzymatic functions and
an essential coenzyme phosphoprotein (P). Here, we successfully prepared highly
pure, full-length, wild-type and mutant RSV polymerase (L-P) complexes. We demon-
strated that the RSV polymerase could carry out both de novo and primer-based
RNA synthesis. We defined the minimal length of the RNA template for in vitro de
novo RNA synthesis using the purified RSV polymerase as 8 nucleotides (nt), shorter
than previously reported. We showed that the RSV polymerase catalyzed primer-
dependent RNA elongation with different lengths of primers on both short (10-nt)
and long (25-nt) RNA templates. We compared the sequence specificity of different
viral promoters and identified positions 3, 5, and 8 of the promoter sequence as es-
sential to the in vitro RSV polymerase activity, consistent with the results previously
mapped with the in vivo minigenome assay. Overall, these findings agree well with
those of previous biochemical studies and extend our understanding of the pro-
moter sequence and the mechanism of RSV RNA synthesis.

IMPORTANCE As a major human pathogen, RSV affects 3.4 million children world-
wide annually. However, no effective antivirals or vaccines are available. An in-depth
mechanistic understanding of the RSV RNA synthesis machinery remains a high pri-
ority among the NNS RNA viruses. There is a strong public health need for research
on this virus, due to major fundamental gaps in our understanding of NNS RNA vi-
rus replication. As the key enzyme executing transcription and replication of the vi-
rus, the RSV RdRP is a logical target for novel antiviral drugs. Therefore, exploring
the primer-dependent RNA elongation extends our mechanistic understanding of
the RSV RNA synthesis. Further fine mapping of the promoter sequence paves the
way to better understand the function and structure of the RSV polymerase.

KEYWORDS in vitro, polymerases, primer-based RNA elongation, promoter mapping,
respiratory syncytial virus

espiratory syncytial virus (RSV) infection is a leading cause of severe lower track

respiratory diseases in young children, older adults, and immunocompromised
individuals in the United States and worldwide (1, 2). Currently, there are no effective
vaccines or antivirals available to prevent or to treat RSV infection (3-6). As a significant
human pathogen of the nonsegmented negative-sense (NNS) RNA viruses, RSV shares
a common strategy for genome replication and gene expression with other NNS RNA
viruses, such as measles, rabies virus (RABV), and Ebola virus (EBOV) (7-11). RSV RNA
synthesis is catalyzed by a multifunctional RNA-dependent RNA polymerase (RdRP),
which is composed of a large protein (L) that catalyzes three distinct enzymatic
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functions and an essential coenzyme phosphoprotein (P) (12-17). The polymerases
catalyze both replication of viral genomes and transcription of viral genes, and RNA
synthesis is central to NNS RNA viral life cycles.

The RSV genome contains 10 genes that encode 11 proteins (1, 2). The RSV
negative-sense genome acts as the template for replication to produce positive-sense
antigenomic RNA, as well as for transcription to synthesize 10 viral mRNAs. The
antigenome, in turn, becomes the template to generate genomic RNA (1, 17, 18). Both
the genomic and antigenomic RNAs are encapsidated directly by the nucleoprotein (N)
during their synthesis, and each N protein binds 7 nucleotides (nt) (19). Those encap-
sidated RNAs remain coated during RNA synthesis (1, 2). NNS RNA synthesis is thought
to follow the “start-stop model” of sequential and polar transcription (20, 21). Recent
studies also suggested alternative gene expression strategies using nongradient and
genotype-dependent transcription in RSV and EBOV (22, 23). During transcription, using
a single promoter in the 3’ leader (Le) region of the genome, the polymerase initiates
and terminates mRNA transcription in response to the gene start (GS) and gene end
(GE) signals. During replication, with the promoters at the 3’ ends of the genomic or
antigenomic RNAs, the polymerase ignores all GS and GE signals to synthesize full-
length cRNAs (24, 25). The 44-nt Le sequence at the 3’ end of the genome and the
155-nt trailer complementary (TrC) sequence at the 3’ end of the antigenome serve as
the promoters for RNA synthesis (26, 27) (see Fig. 2A).

Previous studies by others of the NNS viral polymerase activities and the genomic
and antigenomic promoters using cell-based minigenome assays and in vitro assays
with recombinant polymerase have provided insights regarding NNS RNA synthesis
(25-42). For example, Collins and colleagues pioneered RNA element mapping using in
vivo cell-based minigenome assays (25, 28). Fearns and colleagues demonstrated the
ability of polymerase to initiate de novo RNA synthesis at positions 1 and 3 (34, 35) and
revealed that the template RNA was able to fold into a secondary structure to extend
at the 3’ end using a back-priming mechanism (34). Whelan and colleagues pioneered
the in vitro characterization of RNA synthesis of vesicular stomatitis virus (VSV) and
RABV polymerases (36, 37). Ogino and colleagues established the unconventional
mRNA capping assay for Rhabdoviruses (41, 42). Recently, Gotte and Deval and col-
leagues showed primer-dependent elongation using an in vitro assay for EBOV and
Nipah virus (NiV) polymerases (38, 39). Deval et al. also showed primer-dependent
elongation for RSV using a short (11-nt) mutant RNA template (40). Together, those
findings provided valuable platforms and protocols for in-depth mechanistic analyses
of RSV RNA synthesis.

Here, we successfully prepared the high-quality RSV polymerase (L-P) complex and
its catalytic mutant, which allowed us to perform in-depth structural and biochemical
analyses. We integrated and adapted the RNA polymerization assays from protocols
developed for RSV and other NNS RNA viruses (34-40). We used naked RNAs as the
templates to study in vitro RNA synthesis. We demonstrated that the RSV polymerase
could carry out both de novo and primer-dependent RNA synthesis. We defined the
minimal length of the RNA template for de novo RNA synthesis of the RSV polymerase
as 8 nt, shorter than previously reported (33, 34, 38). We showed that the RSV
polymerase catalyzes primer-dependent RNA elongation with different lengths of
primers on both short (10-nt) and long (25-nt) RNA templates. We compared the
sequence specificity of different viral promoters and identified positions 3, 5, and 8 of
the promoter sequence as being essential for in vitro RSV polymerase activity, consis-
tent with the results previously mapped by the in vivo minigenome assay (27). This
work agreed with previous biochemical studies and provided new mechanistic insights
into the initiation and elongation of RSV RNA synthesis (25-42).

RESULTS

Preparation and molecular architecture of the RSV polymerase. To enable
in-depth mechanistic analyses of RSV RNA synthesis, preparation of high-quality RSV
polymerase was the critical first step. The P protein plays a critical role in stabilizing
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FIG 1 Preparation and molecular architecture of RSV polymerase. (A) SDS-PAGE analysis of the purified recombi-
nant wt and catalytic mutant (D811A) RSV polymerase (L-P complex). (B) Elution profile of representative size
exclusion chromatography for the RSV L-P complex. (C) DLS data for the RSV polymerase (Rh = 17.8 = 0.5 nm). The
DLS experiments were performed in triplicate. (D) A representative negative-stain EM image of the RSV polymerase
(L-P complex) is shown on the left (scale bar, 200 A). The insets on the right are magnified representative views of
the raw image. The majority population of the particles is shown in the upper insets as monomeric species of the
polymerase, and the minor population of the particles is shown in the lower insets as higher oligomeric species of
the polymerase.

the RSV L protein, and it is necessary to coexpress L and P proteins together (43).
To obtain the RSV polymerase (L-P complex), we optimized and revised the protocol
initially established by Fearns and colleagues (34). Briefly, we subcloned the codon-
optimized RSV L and P in a pFastBac Dual vector and coexpressed recombinant L-P
complex in Sf21 insect cells using baculoviruses. For purification purposes, we
engineered an N-terminal 6 XHis tag and tobacco etch virus (TEV) protease cleavage
sequence on the RSV L protein, with the RSV P protein being tag free. We isolated
the RSV L-P complex using Co?"-nitrilotriacetic acid (NTA), removed the 6 XHis tag
through TEV protease cleavage, and then ran the sample through a heparin column,
followed by size exclusion chromatography. We used this procedure to prepare
mostly pure wild-type (wt) L-P complex in good quantity. Previous studies reported
that HSP70 or HSC70 usually comigrates with L-P complex (34, 44). In this study, we
eliminated these contaminants using the revised protocol for preparation (Fig. 1A).
We also purified the catalytically inactive mutant L(D811A) with a similar strategy.
The size exclusion chromatography profile shows a monodisperse peak of the RSV
L-P complex (Fig. 1B). The purified RSV polymerase (L-P) has also been successfully
used for high-resolution cryo-electron microscopy (EM) analysis (45).

Next, we used dynamic light scattering (DLS) to determine the size distribution of
the L-P complex. Histogram analysis revealed that the purified L-P complex had a
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relatively narrow peak with a measured hydrodynamic radius (Rh) of 11.27 = 0.17 nm
(98.5%), suggesting a homogeneous conformational distribution of L-P (Fig. 1C). The
RSV P contains an oligomeric domain, and P is a tetrameric protein in solution (46). We
speculated that the L-P complex forms higher oligomeric states, such as a dimer (similar
to the VSV L-P) or tetramer, due to the oligomerization domain of P (47, 48). We used
negative-stain EM to image the RSV L-P complex. The images showed individual
particles of the RSV polymerase on the grid. Interestingly, the majority of L-P complex
particles from the peak were a single species rather than higher oligomeric particles.
Those single-species particles agree well with the recent high-resolution cryo-EM
structures of the RSV polymerase (45, 49). The magnified images of monomeric L-P
show a ring-like core domain plus a few appendages, with views similar to that of VSV
L-P (48, 50) (Fig. 1D, upper insets). As expected, we also observed a small fraction of
samples presumably forming higher oligomers, such as dimers, trimers, and tetramers
(Fig. 1D, lower insets). Consistent with the gel filtration and DLS results, negative-stain
EM images showed a largely pure and monomeric population of polymerases.

In vitro reconstitution of de novo RSV RNA synthesis. To illustrate the locations
of the promoter RNAs with respect to the N protein (Fig. 2A, yellow oval)-encapsidated
genome and antigenome, we highlighted the Le or Le complementary (LeC) and trailer
(Tr) or TrC sequences (Fig. 2A, cyan and gold boxes, respectively). To reconstitute in
vitro RSV RNA synthesis, we adapted the protocols developed for RSV and other NNS
RNA viruses (34-39). Briefly, the RSV polymerase (L-P) was incubated with the RNA
oligonucleotides in the presence of one or four nucleoside triphosphates (NTPs) and
a-32P-labeled GTP, ATP, or UTP. The lengths of the RNA ladder were 7 nt, 14 nt, 21 nt,
and 25 nt. The sequences of the RNA oligonucleotides are listed in Table 1. Because the
RNA oligonucleotides we used in our assays were naked RNAs (not encapsidated by the
N proteins), we also calculated and plotted the lowest energy of potential secondary
structures using mFold (51) (Fig. 2B).

We showed that the RSV polymerase has polymerase activity on a nonencapsidated
RNA corresponding to the first 25 nt of the 3’ end of the TrC sequence (TrC25) (Fig. 2C,
lane 1). Radioactively labeled products ranging from 2 to 25 nt in length were detected,
with an additional band at 27/28 nt. This result demonstrates that the RSV polymerase
synthesizes RNA in vitro, although the polymerase is poorly processive. A previous study
by Fearns and colleagues suggested that the other larger bands were due to self-
priming of the TrC25 template (34). As expected, no products were detected in reaction
mixtures containing the catalytically inactive L(D811A) mutant (Fig. 2C, lane 2). This
finding confirms that the RNA synthesis activity was abolished from the RSV L(D811A)
mutant, similar to the previously reported RSV L(N812A) mutant (34). We investigated
the sequence properties of the template in the RNA synthesis activities of L. Reaction
mixtures containing the RNA template of the complement of the promoter sequence
(Tr25) did not generate RNA products, suggesting promoter specificity of the RSV
polymerase (Fig. 2C, lane 3).

Further, we checked several RNA templates with varied lengths and sequences. The
RSV polymerase also synthesized RNA for longer (TrC50) and shorter (TrC21 and TrC14)
RNA templates, as shown in abortive products (Fig. 2C, lanes 4 to 6). A ladder of
abortive products was generated also for TrC50, gradually diminishing after 25 nt. The
longest product was weak and less than 30 nt, far from the length of the template (50
nt). For TrC21, the products ranged from 2 to 21 nt, with additional bands of 23 nt or
more. Interestingly, products of TrC14 were generated up to 25 nt, about 10 nt longer
than the template. It is possible that the polymerase adds extra As by stuttering on the
sequence of U6-13. In summary, the prepared RSV polymerase was active and could
work on templates of different lengths, similar to previously reported studies (32, 35, 52,
53). For simplicity, we used TrC RNA templates with lengths of =25 nt for most of the
experiments in this study.

Template length requirements for de novo RNA synthesis. Having shown that
the RSV polymerase was active, we characterized the template length requirements for
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FIG 2 In vitro reconstitution of RSV RNA synthesis. (A) Illustrations of RNA synthesis by the RSV
polymerase. Le or LeC and Tr or TrC are indicated using cyan and gold boxes, respectively. The locations
of the promoter RNA with respect to the N protein (yellow oval)-encapsidated genome and antigenome
are indicated. (B) Sequences and secondary structures of the RSV Le and TrC RNA templates (black text)
and the Tr and LeC products (blue text). Positions 7, 14, 21, and 25 are highlighted using black dots. The
secondary structures are predicted using mFold. Note the base-pairing differences between the TrC and
Le templates. (C) In vitro RNA synthesis assays of various lengths and sequences of RNA templates by the
RSV polymerase (wt and mutant). The reaction mixtures were incubated with NTPs (ATP, CTP, and UTP
each at 1.25 mM and GTP at 50 uM with 5 uCi of [@-32P]GTP). The wt RSV polymerase is shown in lanes
1 and 3 to 6, and the mutant RSV polymerase is shown in lane 2. The products were analyzed using a
20% polyacrylamide gel containing 7 M urea, followed by phosphorimaging. The left and right lanes
show the molecular weight ladder. The sequences of the RNA oligonucleotides are listed in Table 1.

RSV RNA synthesis. First, to further investigate the specificity of the promoter sequence,
we examined the polymerase activities with the addition or deletion of the first
nucleotide(s) at the 3’ terminus of the promoter sequence. Previous studies indicated
that the first nucleotides of the promoter sequence are critical for the polymerase to
initiate RNA synthesis (27, 31). We prepared variations (=3, —2, —1, +1, and +2) at the
3’ end of TrC25(wt) (Table 1). We used both [«-32P]GTP and [a-32P]ATP to compare the
polymerase activity (Fig. 3; also see Fig. S1 in the supplemental material). Interestingly,
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TABLE 1 RNA oligonucleotides used in this study

Name RNA oligonucleotide sequence
RSV-Le19 3’-UGCGCUUUUUUACGCAUGU
RABV-Le19 3’-UGCGAAUUGUUGGUCUAGU
VSV-Le19 3’-UGCUUCUGUUUGUUUGGUA
NiV-Le19 3’-UGGUUUGUUCCCUCUUAUA
EBOV-Le19 3’-GCCUGUGUGUUUUUCUUUC
RSV-TrC19 3’-UGCUCUUUUUUUCACAGUU

Le14 3’-UGCGCUUUUUUACG

LeC14 3’-CGUAAAAAAGCGCA

TrC7 3'-UGCUCUU

TrC8 3’-UGCUCUUU

TrC9 3’-UGCUCuUUUU

TrC10 3’-UGCUCUUUUU

TrC11 3’-UGCuUCuuuUuU

TrC12 3’-UGCUCUUUUUUU

TrC13 3’-UGCUCUUUUUUUC

TrC14 3’-UGCUCUUUUUUUCA

TrC21 3’-UGCUCUUUUUUUCACAGUUUU
TrC25 3’-UGCUCUUUUUUUCACAGUUUUUGAU
TrC25-3 3’-UCUUUUUUUCACAGUUUUUGAU
TrC25-2 3’-CUCUUUUUUUCACAGUUUUUGAU
TrC25-1 3'-GCUCUUUUUUUCACAGUUUUUGAU
TrC25+1 3’-GUGCUCUUUUUUUCACAGUUUUUGAU
TrC25+2 3’-UGUGCUCUUUUUUUCACAGUUUUUGAU
TrC50 3’-UGCUCUUUUUUUCACAGUUUUUGAUUAUAGAGCAUUAAAUCAAUUAUGUG
Tr7 5'-ACGAGAA

Tr14 5'-ACGAGAAAAAAAGU

Tr21 5'-ACGAGAAAAAAAGUGUCAAAA
Tr25 3'-AUCAAAAACUGUGAAAAAAAGAGCA
p2 5'-AC

p3 5'-ACG

p4 5'-ACGA

p5 5'-ACGAG

p7 5'-ACGACAA

p5* 5'-UAGUU

p5A 5'-ACGCG

p5# 5'-GCAUU

TrC10(wt) 3’-UGCUCUUUUU

TrC10(U1G) 3’-GGCUCUUUUU

TrC10(U1C) 3’-CGCUCUUUUU

TrC10(U1A) 3’-AGCUCUUUUU

TrC10(G2C) 3’-UCcucuuuuu

TrC10(G2A) 3’-UACUCUUUUU

TrC10(G2U) 3’-UucucuuuuU

TrC10(C3G) 3’-UGGUCUUUUU

TrC10(C3A) 3'-UGAUCUUUUU

TrC10(C3V) 3’-UGUUCUUUUU

TrC10(U4G) 3’-UGCGCUUUUU

TrC10(U4C) 3’-UGCCCUUUUU

TrC10(U4A) 3’-UGCACUUUUU

TrC10(C5G) 3’-UGCUGUUUUU

TrC10(C5A) 3’-UGCUAUUUUU

TrC10(C5U) 3’-UGCUUUUUUU

TrC10(U6G) 3’-UGCUCGUUUU

TrC10(U6C) 3’-UGCUCCcUuuUU

TrC10(U6A) 3’-UGCUCAUUUU

TrC10(U7G) 3’-UGCUCUGUUU

TrC10(U7Q) 3'-UGCUCUCUUU

TrC10(U7A) 3’-UGCUCUAUUU

TrC10(U8G) 3’-UGCUCUUGUU

TrC10(U8C) 3’-UGCuUCuUCuU

TrC10(U8A) 3’-UGCUCUUAUU

TrC12(12Q) 3’-UGCUCUUUUUUC

TrC12(10-12C) 3’-UuGCucuuuuCcc

TrC12(8-12C) 3’-UGCuUcuucCcccc

TrC12(6-120) 3’-UGCucCcccceccc

TrC12(6-11C) 3’-UGCucccccccy
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FIG 3 Template length requirements for RSV RNA synthesis. (A) TrC25 and variants were examined in the
presence of NTPs (ATP, CTP, and UTP each at 1.25 mM and GTP at 50 uM with 5 uCi of [a-32P]GTP) (lanes
1 to 6). The deletion and addition of the 3’ end of the RNA template based on wt TrC25, namely,
TrC25-3, TrC25—2, TrC25—1, TrC25+1, and TrC25+2, were used. The left lane shows the molecular
weight ladder. The sequences of the RNA oligonucleotides are listed in Table 1. (B) TrC7, TrC8, TrC9,
TrC10, TrC11, TrC12, TrC13, and TrC14 were used to define the minimal length requirements for the RSV
polymerase activities. The reaction mixtures were incubated in the presence of NTPs (ATP, CTP, and UTP
each at 1.25 mM and GTP at 50 uM with 5 pCi of [a-32P]GTP). The left lane shows the molecular weight
ladder. The sequences of the RNA oligonucleotides are listed in Table 1.

the results of both isotope labeling showed that, for deletions, —1 did not lose most
activity (Fig. 3A, lane 3) and —2 and —3 lost at least one-half of the polymerase activity,
compared to TrC25(wt) (Fig. 3A, lanes 1 and 2). The addition of nucleotides, +1 and +2,
did not reduce the polymerase activity but rather enhanced the polymerase activity in
the case of [a-32P]GTP (Fig. 3A, lanes 5 and 6) and maintained similar levels in the case
of [a-32P]ATP (Fig. S1A).

Next, we examined the minimum length requirement of the RNA templates for RNA
synthesis by the RSV polymerase. Based on our results, we knew that TrC14 could serve
as the template. We further trimmed the size of the RNA and tested whether TrC13,
TrC12, or shorter templates represented the minimal lengths. The results showed that
TrC7 could not generate RNA products (Fig. 3B, lane 1) but TrC8 and TrC9 could make
partial products with reduced polymerase activity (Fig. 3B, lanes 2 and 3). TrC10 and
larger (TrC11, TrC12, and TrC13) could make regular RNA products (Fig. 3B, lanes 4 to
8). Therefore, we concluded that the minimal length of the template for RSV RNA
synthesis is 8 nt. We compared the polymerase activity with the same set of templates
using [«a-32P]ATP (Fig. S1B), and it seemed that [a-32P]GTP gave stronger signals. This
may be due to the specific sequences to be added to the nascent RNA products. For
simplicity, we focused on TrC10 as the minimum template for effective de novo
initiation and used [a-32P]GTP as the labeling nucleotide for further testing.

RNA template specificity for de novo RNA synthesis by the RSV polymerase. The
RNA synthesis products of each template revealed a specific pattern, showing an
accumulation of products predominantly around positions 8, 9, and 10 when the
templates were copied. To further characterize the RNA template specificity, we com-
pared the activities of the RSV polymerase using Le19 from RSV, RABV, VSV, NiV, and
EBOV, as well as TrC19 from RSV (Table 1). As expected, the RSV-TrC19 template showed
the highest polymerase activity (Fig. 4A, lane 7), while RSV-Le19 showed the second-
highest polymerase activity (Fig. 4A, lane 2), compared to Le19 from other viruses (Fig.
4A, lanes 3 to 6). When quantified and normalized RNA synthesis activities were
compared, assuming RSV-TrC19 as 100%, RSV-Le19 activity (36.1%) was the second
highest (Fig. 4B, dashed line) and was much higher than that of RABV-Le19 (20.9%),
VSV-Le19 (18.9%), NiV-Le19 (25.4%), and EBOV-Le19 (14.6%) (Fig. 4B).
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FIG 4 RNA template specificity for de novo RNA synthesis by the RSV polymerase. (A) Le sequences (19
nt) from RSV, RABV, VSV, NiV, and EBOV and TrC19 from RSV were used in de novo RSV polymerase assays.
The reaction mixtures were incubated in the presence of NTPs (ATP, CTP, and UTP each at 1.25 mM and
GTP at 50 uM with 5 uCi of [a-32P]GTP). The products of the reaction mixtures were shown for control
(no template), RSV-Le19, RABV-Le19, VSV-Le19, NiV-Le19, EBOV-Le19, and RSV-TrC19. The right lane
shows the molecular weight ladder. The sequences of the RNA oligonucleotides are listed in Table 1. (B)
Total polymerase activities from panel A were quantified and plotted. The sample size was n = 2, and the
error bars represent the standard deviation. The dashed line indicates the polymerase activities of
RSV-Le19.

It is interesting to note that several longer RNA oligonucleotides but not shorter RNA
oligonucleotides were generated using NiV-Le19 and RABV-Le19. When we checked the
potential self-dimer based on the sequence secondary structure prediction, both RNA
oligonucleotides formed a partially overlapped duplex. It is possible that the longer
RNA bands generated represented extension of the RNA templates using a back-
priming mechanism. Together, although a uridine-rich sequence is commonly found in
the 3’ end of those NNS RNA viruses, our results suggest that the specificity of the RNA
template resides in the specific promoter sequence.

RNA elongation using a primed RNA template (primer-dependent elongation).
Previous studies reported primer-dependent elongation on a short (11-nt) mutant RNA
template (33, 54, 55). We further tested whether the RSV polymerase could carry out
RNA synthesis on longer (25-nt and 14-nt) primed templates. We examined all terminal
sequences for RSV using a complementary 5-nt or 7-nt primer (sequences in Table 1).
Because of the RNA template and primer sequences, we used [a-32P]JATP and ATP only
for TrC25. We preannealed the primer with TrC25 and then incubated it with the RSV
polymerase. As expected, TrC25 itself did not generate any product (Fig. 5A, lane 1), and
neither did the p5/p7 primers themselves (Fig. 5A, lanes 3 and 5). Interestingly, when
we incubated both TrC25 and p5/p7, we could readily detect products ranging from 9
to 13 nt, as well as weaker bands longer than the template (Fig. 5A, lanes 2 and 4).
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FIG 5 RNA elongation using a primed RNA template. (A) A 25-nt template (TrC25) with 5 or 7 bases
complementary to a short 5-nt/7-nt primer (p5/p7) was used to analyze primer elongation activity of the
RSV polymerase. The reaction mixtures were incubated in the presence of ATP only (ATP at 50 uM with
5 uCi of [a-32P]ATP). The left lane shows the molecular weight ladder. The sequences of the RNA
oligonucleotides are listed in Table 1. TrC25 with both p5 and p7 primers but not TrC25 without primers
could be elongated by the RSV polymerase. (B) The RNA templates were incubated with their 5-nt
primers in the presence of NTPs (ATP, CTP, and UTP each at 1.25 mM and GTP at 50 uM with 5 uCi of
[a-32P]GTP). The right lane shows the molecular weight ladder. The sequences of the RNA oligonucle-
otides are listed in Table 1. The products are shown using denaturing RNA gel. As expected, there was
no significant difference between the templates with and without primers. (C) The same RNA templates
were incubated with their respective 5-nt primers in the presence of ATP (ATP at 50 uM with 5 uCi of
[a-32P]JATP) or UTP (UTP at 50 uM with 5 uCi of [a-32PJUTP). The right lane shows the molecular weight
ladder. The sequences of the RNA oligonucleotides are listed in Table 1. The Le14+p5A worked as
expected but not Le14 or p5/ alone.

These results revealed that (i) the RSV polymerase is capable of extending the RNA
transcript when a primer is provided and (ii) the first abortive product is 9 nt long,
rather than 6 nt in the case of p5 or 8 nt in the case of p7. It is possible that the initial
elongation to 9 nt is highly processive but, after reaching 9 nt, the products become
less processive and generate abortive products at every position (Fig. 5A). It is also
possible that the 5" end of the primers contains an OH group and the migration pattern
was due to the chemical nature of the primer, similar to findings described previously
(55). Interestingly, these results seemed different from others obtained using primers
with a short (11-nt) template, for which the polymerase elongated RNA continuously
after the primers (33, 38). One possible explanation could be that the lengths of RNA
template (25 nt or 14 nt) used in this study are longer than the 11 nt used previously
(33, 38). The elongation processivity difference may be due to the length and sequence
of the RNA template.

To further examine whether the RSV polymerase uses other primed RNAs as a
template, we compared other terminal sequences of the RSV genome, such as Tr25,
Le14, and LeC14, and supplied them with a short (5-nt) primer using [«-32P]GTP and
NTPs. Interestingly, as shown in Fig. 5B, there were no differences between the
template and primer-template complexes, such as Lel4+p5/A versus Lel4 and
LeC14+p5# versus LeC14. Next, we supplied only the incoming nucleotide for the
polymerase reactions, as shown in Fig. 5C, and we observed the RNA elongation using
the primer-template pair. As expected, neither p5/ nor Le14 generated any products
but Le14+p5A generated abortive products, as shown in Fig. 5C, lanes 1 to 3. LeC14
and Tr25 did not show a difference between the template with primer and the template
without primer. Tr25 generated minor bands with and without primer, and this might
have been due to the RSV polymerase activity on the formed secondary structure.
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FIG 6 Sequence (positions 1 to 5) specificity for RSV RNA synthesis. (A) Polymerase activities of wt and single
mutants of TrC10 using the RSV polymerase. The reaction mixtures were incubated in the presence of NTPs (ATP,
CTP, and UTP each at 1.25 mM and GTP at 50 uM with 5 uCi of [a-32P]GTP). The middle lane shows the molecular
weight ladder. The sequences of the RNA oligonucleotides are listed in Table 1. (B) Total polymerase activities of
panel A were quantified and plotted. The sample size was n =2, and the error bars represent the standard
deviation. The dashed line indicates the polymerase activities of wt TrC10.

Collectively, these results indicated that, besides de novo RNA synthesis, the RSV
polymerase could catalyze primer-dependent template elongation.

Sequence (position 1 to 5) specificity for RSV RNA synthesis. We surveyed a
minimal length of RNA with the aforementioned experiments. We further tested
whether the polymerase could initiate synthesis on a template with mutated se-
quences. The single mutations of positions 1, 2, 3, 4, and 5 were generated from the
mini-template TrC10 that we identified (Table 1). The polymerase assay results are
shown in Fig. 6A. The quantification of the polymerase activities is shown in Fig. 6B,
where we plotted the polymerase activity of the wt template as 100%. As expected,
many but not all mutations were detrimental and yielded reduced polymerase activi-
ties. No single mutation caused absolute abolishment of the polymerase activities,
suggesting that the polymerase is tolerant to certain changes while retaining high
specificity. Among mutations of the first five positions, positions 1, 2, and 4 were most
tolerant of the mutations, and positions 3 and 5 were most sensitive to them (Fig. 6B).
Mutations at positions 3 and 5 yielded 20% to 50% reduced activity, suggesting the
importance of the sequences at those two positions. Interestingly, several mutations
(U1C, UTA, G2A, and U4Q) yielded increased polymerase activities, compared to the wt
sequence. In particular, the U4G mutation switched the first five nucleotide sequences
of the TrC template to those of the Le template (TrC, 3’-UGCUGC; Le, 3’-UGCGC). U4G
yielded higher activity than did the wt sequence, which suggests that the Le template
is a slightly stronger promoter than that of the TrC template for polymerase activities
at the length of 10 nt. Those results are consistent with previous reports (27).

Effects of primer match or mismatch for RNA elongation. We demonstrated that
we could supply primers to RNA templates for RNA elongation using the RSV polymer-
ase. We wanted to know whether we could see active elongation using mismatched
primers. Because positions 3 and 5 had the most severe phenotypes, we examined the
polymerase activities using mutations at both sites. For both positions, we used 2-, 3-,
4-, and 5-nt long primers (p2, p3, p4, and p5, respectively) to compare the polymerase
activities (Table 1). As expected, all mutations at position 3 yielded reduced activities,
ranging from 25% to 41% for all template-primer pairs, and there was no significant
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were incubated with p2, p3, p4, and p5 for the RSV polymerase activities. The reaction mixtures were incubated
in the presence of NTPs (ATP, CTP, and UTP each at 1.25 mM and GTP at 50 uM with 5 uCi of [a-32P]GTP). The right

lane shows the molecular weight ladder. The sequences of the RNA oligonucleotides are listed in Table 1.

(B) Total

polymerase activities in panel A were quantified and plotted. The dashed line indicates the polymerase activities
of wt TrC10. (C) Single mutants at position 5 of TrC10, C5G, C5A, and C5U were incubated with p2, p3, p4, and p5

for the RSV polymerase activities. The reaction mixtures were incubated in the presence of NTPs (ATP, CTP,

and UTP

each at 1.25 mM and GTP at 50 uM with 5 uCi of [a-32P]GTP). The right lane shows the molecular weight ladder.
The sequences of the RNA oligonucleotides are listed in Table 1. (D) Total polymerase activities in panel C were

quantified and plotted. The dashed line indicates the polymerase activities of wt TrC10.

difference among primers with different lengths (Fig. 7A and B). Interestingly, those
reduced rates were comparable to those without primers, at 20% to 51% (Fig. 6). For
position 5, all mutations yielded less reduced activities with primers, at 52% to 97% (Fig.
7C and D), than without primers, at 31% to 55% (Fig. 6). There was no significant
difference among the varied lengths of the primers used in the reactions for the same
template.
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FIG 8 Sequence (positions 6 to 12) specificity for RSV RNA synthesis. (A) The polymerase activities of wt
TrC10 and single mutants (positions 6 to 8) of TrC10 using the RSV polymerase were determined. The
reaction mixtures were incubated in the presence of NTPs (ATP, CTP, and UTP each at 1.25 mM and GTP
at 50 uM with 5 uCi of [a-32P]GTP). The left lane shows the molecular weight ladder. The sequences of
the RNA oligonucleotides are listed in Table 1. (B) Total polymerase activities in panel A were quantified
and plotted. The dashed line indicates the polymerase activities of wt TrC10. (C) The polymerase activities
of wt and mutant TrC12 using the RSV polymerase were determined. The reaction mixtures were
incubated in the presence of ATP (ATP at 50 uM with 5 uCi of [«-32P]ATP) (lanes 1 to 8). The right lane
shows the molecular weight ladder. The sequences of the RNA oligonucleotides are listed in Table 1. (D)
Total polymerase activities in panel C were quantified and plotted. The dashed line indicates the
polymerase activities of wt TrC12.

Sequence (position 6 to 12) specificity for RSV RNA synthesis. To map the
essential promoter sequence, we performed additional single mutations at positions 6,
7, and 8 based on TrC10 (sequences in Table 1). We used [«-32P]GTP and NTPs for the
assay. The generated products are shown in Fig. 8A, and the quantification of the
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polymerase activities is shown in Fig. 8B. Most of the mutations led to a >50% loss of
polymerase activity (Fig. 8B). Mutation at position 8 was the most severe among all
three, with only 10% to 24% of polymerase activity, compared to the wt activity (Fig.
8A, lanes 7 to 9). Mutations at positions 6 and 7 caused about 50% reductions, except
the U-to-C mutation, which retained about 90% of polymerase activity (Fig. 8A, lanes 2
and 5). This might be because changing U to C increased the use of GTP and, thus
[a-32P]GTP, elevating our measured activity level. Interestingly, the U-to-C mutation at
position 8 had the lowest (10%) activity. This result highlights the critical position of the
promoter. Compared to positions 1 to 5, there was no enhancement of the polymerase
activity, compared to the wt activity, suggesting those promoter sequences might be
conserved through evolution.

To further elucidate the sequence specificity of the promoter, we swapped one or
more Us to Cs from positions 6 to 12 (Table 1). We used [«a-32P]ATP as the labeling
nucleotide, and we compared the polymerase activity of the swap mutants with or
without a p5 primer. Results showed that mutations at positions 8 to 12, 10 to 12, or
12 without a primer retained only a background 2% of polymerase activity (Fig. 8C and
D). Interestingly, the polymerase activity with the mutations at positions 10 to 12 was
restored about 10-fold using the primer (22% versus 2%), and position 12 could be
compensated to nearly full activities (94% versus 2%). Because we supplied only
[a-32P]ATP or ATP in the reaction mixtures, it was expected that only the templates with
p5 would have polymerase activity. Again, all synthesized bands were larger than 9 nt,
despite position 6 being the first nucleotide addition site (Fig. 8C and D).

DISCUSSION

In summary, we successfully prepared highly pure, full-length, wt and mutant RSV
polymerases. In addition, our work shows that the purified recombinant RSV polymer-
ase carries out not only de novo initiation on the naked RNA templates but also
primer-based elongation based on a primer-template. In both initiation and elongation,
the RSV polymerase is not fully processive, and it was known that the full processivity
of the polymerase requires N protein-encapsidated RNA templates (1, 2). We defined
the minimal length of the RNA template for de novo RNA synthesis of the RSV
polymerase as 8 nt, shorter than previously reported (33, 34, 38). We showed that the
RSV polymerase catalyzes primer-dependent RNA elongation with different lengths of
primers on both short (10-nt) and long (25-nt) RNA templates. We fine mapped the
promoter sequence for RNA synthesis by mutagenesis of the RNA template and
identified critical positions for the in vitro RSV polymerase activity, consistent with the
results previously obtained with the in vivo minigenome assay (27). We also examined
the effects of the primers on the elongation of the RNA mutant templates. Overall,
these findings agreed well with previous biochemical studies and provided additional
insights into the initiation and elongation of RSV RNA synthesis (25-42).

Preparation of the RSV polymerase. It was traditionally challenging to obtain
sufficient amounts of high-quality polymerase for mechanistic studies, due to the large
size and instability of L protein (a single-chain polypeptide of > 2,100 amino acids, i.e.,
~250 kDa). In VSV and RABY, the L proteins can be isolated independently from the P
proteins (37, 48). In RSV, however, the L proteins need to be coexpressed and isolated
together (34). Interestingly, in NiV and EBOV, the L proteins also need to be coexpressed
with P or VP35 (and VP30) (38, 39). Among those viruses, VSV and RABV belong to the
same family, Rhabdoviridae, while RSV, NiV, and EBOV belong to Pneumoviridae,
Paramyxoviridae, and Filoviridae, respectively (56). The differences among the viruses
may be due not only to different virus families but also to different interactions among
L and its cofactors established in each family. The recombinant RSV L-P complex was
made and functionally tested previously by Fearns and Deval and colleagues (33, 34, 40,
53). The samples usually contained additional contaminants. Given the overall low yield
of the RSV polymerase, we optimized the strategy and protocol that was initially
established by Fearns and colleagues (34), and we managed to obtain a large quantity
of highly pure and active RSV polymerase. Compared to the His tag on the RSV P (34),
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we found that use of the 6XHis-TEV tag on the RSV L with additional TEV protease
cleavage steps, followed by Ni-NTA purification, significantly increased the purity of the
L-P complex. The quality of our purified RSV polymerases is comparable to that in
another recent cryo-EM structural study in which a slightly different strategy was used,
involving the RSV L with an N-terminal dual Strep-tag and the RSV P with a C-terminal
6XHis tag (49). Regarding the negative-stain EM images of the potential oligomeric
states of the polymerase, we could not distinguish whether those are functional
oligomers of the RSV L-P complex; further analysis is needed to rule this out. Collec-
tively, this revised protocol supplied high-quality protein samples and set the stage for
further mechanistic analyses of RSV RNA synthesis.

De novo initiation of RNA synthesis. The in vitro reconstitution of de novo NNS
RNA synthesis was successfully studied in RSV and several other systems (34-39, 57-60).
As highlighted above, in RSV, EBOV, and NiV, L and P need to be coexpressed and
copurified. In VSV and RABV, however, L and P can be isolated separately. Therefore,
there are strategic differences for in vitro assays. For VSV and RABV, the enzymatic
activities of L can be examined in the presence and absence of P but not in many other
systems because of the coexistence of L and P during preparation. This may also be
related to the specificities and differences of different virus families. For example,
previous studies showed that VSV L and RABV L initiate RNA synthesis only at the 3" end
(+1) but RSV L initiates de novo RNA synthesis at both the 3" end (+1) and internal (+3)
positions (34, 36, 37). It was also shown that the template RNA was able to fold into a
secondary structure for the RSV polymerase to extend at the 3’ end using a back-
priming mechanism (34), but that had not been reported for many other viruses. In this
study, we were able to reproduce the RNA synthesis activities using a 25-nt TrC RNA
template (36). We also compared much shorter RNA templates, such as =14 nt. We
defined the minimal length of RNA that serves as a template for the RSV polymerase to
be 8 nt. As we showed in this study, we found that positions 3, 5, and 8 of the promoter
sequence are vital for the polymerase activity. It is possible that RNA oligonucleotides
shorter than 8 nt do not have all promoter elements necessary for RNA synthesis.
Therefore, the minimal length of the promoter sequence for the RSV polymerase is 8 nt.

Primer-based elongation using the RSV polymerase. RdRPs are the catalytic core
of RNA synthesis and the key players in the life cycle of RNA viruses. Proper initiation
is critical to ensure the integrity of the viral RNA genome. There are two main
mechanisms by which viral RNA synthesis can be initiated, i.e., primer independent (or
de novo) and primer dependent (see reviews in references 61-64). Briefly, for de novo
initiation, the initiating nucleotide supplies the 3’-OH for addition of the second
nucleotide, whereas primer-dependent initiation requires the use of either an oligonu-
cleotide or a protein primer to provide the 3’-OH nucleophile for extension (elonga-
tion). Like the primer-dependent elongation in EBOV and NiV (38, 39), we demonstrated
that the RSV polymerase carries out not only de novo RNA synthesis but also primer-
dependent elongation. We supplied short RNA oligonucleotides as primers (2 nt to 5 nt)
to pair with the 5’ end of the RNA templates to examine the RNA elongation. Then we
added the incoming nucleotide to the preannealed primer-template for RNA synthesis.
This study used longer wt templates (25 nt and 14 nt), compared to the shorter mutant
template (11 nt) reported previously (40), and the primer-dependent elongation
showed a slightly different pattern, with the first predominant product at 9 nt. This is
likely due to the longer length of the template allowing further extension of the
product and more processivity at the initial elongation stage. An alternative explana-
tion is that the chemical nature of the primers influenced such migration patterns.

Fine mapping of the promoter sequence of the RSV polymerase. We identified
the minimal length template for RNA synthesis as 8 nt, which paved the way for further
examining the template with swapped sequences. To map the essential promoter
sequence, we performed single mutations at positions 1 through 8. Our work suggests
that the RSV polymerase initiates de novo RNA synthesis by recognizing the promoter
sequence, rather than a single nucleotide at the 3’ end of the templates. Together, we
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identified positions 3, 5, and 8 to be the most critical positions for polymerase activity.
Our in vitro mapping of the promoter sequence agreed well with the previous study
showing that positions 3, 5, and 8 of the promoter sequence are critical, using a
minigenome assay, by Collins and Fearns and colleagues (27, 30).

Together, the purified RSV polymerase and established assays represent a robust
system for delineating the enzymatic function of the RSV polymerase. The knowledge
gained from this system readily adds to the pool of knowledge regarding RSV RNA
synthesis. The findings described here revealed the complexity of RSV RNA synthesis. In
particular, the RSV polymerase could carry out both de novo and primer-dependent
RNA synthesis, similar to several other RNA viruses. Our mapping of the critical residues
could be helpful in identifying a suitable RNA template for further in-depth functional
and structural analyses. One limitation of the in vitro assay system, like many other
systems in the field, lacks N protein-encapsidated RNA templates. Thus, one future
direction will be to establish the N-RNA templates for a better understanding of the RSV
RNA synthesis.

MATERIALS AND METHODS

Expression and purification of the RSV polymerase (L-P complex). The helper plasmids of
codon-optimized sequences of the RSV (strain A2) L and P proteins were provided as a generous gift from
Martin Moore (Emory). The L and P genes were subcloned into the pFastBac Dual vector (Invitrogen) with
the RSV L gene at open reading frame 1 (ORF1) and the RSV P gene at ORF2. A 6XHis tag was added
to the N terminus of the RSV L protein, separated by a TEV protease cleavage site. The RSV L(D811A)-P
mutant was generated using PCR-based site-directed mutagenesis, with the plasmid encoding the wt
RSV L-P complex as the template. Then, the recombinant pFastBac Dual vector was transformed into
Escherichia coli DH10Bac for bacmid DNA generation. The Cellfectin Il reagent (Thermo Fisher Scientific)
was used to transfect the bacmid DNA into Sf21 cells to obtain the recombinant baculoviruses. Sf21 cells
were infected by the recombinant baculoviruses in suspension culture and harvested 72 h postinfection
by centrifugation for 15min at 1,000 X g. Cells were resuspended in lysis buffer (50 mM sodium
phosphate [pH 7.4], 300 mM NaCl, 6 mM MgSO,, 10% glycerol, 0.2% NP-40, EDTA-free protease inhibitor),
lysed with an homogenizer, and clarified through centrifugation for 60 min at 16,000 X g. The clarified
lysate was incubated with Co2*-NTA agarose resin (GoldBio) and washed with wash buffer (50 mM
sodium phosphate [pH 7.4], 300 mM NaCl, 6 mM MgSO,, 10% glycerol, 10 mM imidazole), and the RSV
L-P complexes were eluted with elution buffer (50 mM sodium phosphate [pH 7.4], 300 mM NaCl, 6 mM
MgSO,, 10% glycerol, 250 mM imidazole). The eluted sample was then treated with TEV enzyme and
applied to Co2*-NTA agarose resin again. The flowthrough sample was applied to a heparin column and
further purified by size exclusion chromatography with gel filtration buffer [25 mM HEPES [pH 7.4],
300 mM NaCl, 6 mM MgSO,, 0.5 mM tris(2-carboxyethyl)phosphine hydrochloride [TCEP]] using a Super-
ose 6 Increase 10/300 GL column (GE Healthcare). SDS-PAGE analyzed the quality of purified proteins. The
bands migrating at ~250 kDa and ~35 kDa were confirmed to be the RSV L and P polypeptides by liquid
chromatography-mass spectrometry (45). The pure proteins were flash-frozen in liquid nitrogen and
stored in 30-ul aliquots at —80°C for further use. The mutant L(D811A)-P complex was expressed,
purified, and stored in the same manner as the wt L-P complex.

In vitro RNA synthesis assay. The terminal sequences of the genome or antigenome, such as the
Le and TrC promoter sequences, were used in the RNA synthesis assay. All RNA oligonucleotides were
chemically synthesized by IDT or Dharmacon. Radioactive isotope-labeled nucleotides [a-32P]GTP, [a-
32P]JATP, [a-32P]JUTP, and [y-32P]ATP were purchased from Perkin Elmer. The reaction mixtures contained
2 uM RNA template (without or with 2 uM primer), the RSV L-P complexes (~300 ng RSV L), NTPs (ATP,
CTP, and UTP each at 1.25 mM and GTP at 50 uM with 5 uCi of [a-32P]GTP) (figure legends indicate the
details for each reaction mixture), and reaction buffer (50 mM Tris-HCI [pH 7.4], 8 mM MgCl,, 5 mM
dithiothreitol, 10% glycerol) in a final volume of 20 ul. The reaction mixtures were incubated at 30°C for
3 h and heated to 90°C for 3 min, and then 5 ul of the stop buffer (90% formamide, 20 mM EDTA, 0.02%
bromophenol blue) was added to each reaction mixture. Other radioactive isotope-labeled nucleotides
([a-32P]ATP, [a-32PJUTP, and [y-32P]ATP) were incubated similarly as [«-32P]GTP (figure legends indicate
the details for each reaction mixture). The isotope-labeled nucleotides with the same concentration were
freshly purchased and used for the reactions. For clarity, we directly compared only the reaction mixtures
containing the same radioactive isotope-labeled NTPs. The RNA products were analyzed by electropho-
resis on a 20% polyacrylamide gel containing 7 M urea in a Tris-borate-EDTA buffer, followed by
phosphorimaging with a Typhoon FLA 7000 scanner (GE Healthcare). The quantification of the images
was carried out with an analysis toolbox from ImageQuant TL software (GE Healthcare). We analyzed the
images using area- and profile-based tools and selected the corresponding area of each lane with a box
for calculation by the software. The molecular weight ladders were generated by labeling Tr7, Tr14, Tr21,
and Tr25 with [y-32P]JATP using polynucleotide kinase and following the protocols according to the
manufacturer (NEB).

DLS experiments. DLS experiments were performed on a DynaPro plate reader Il (Wyatt Technol-
ogies). Measurements of the RSV polymerase (L-P complex) samples (1 mg/ml) were obtained in gel
filtration buffer at 25°C and analyzed using Dynamics software (Wyatt).
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Negative-stain EM. Samples were prepared on continuous carbon films supported by 400-mesh
copper grids (Ted Pella). A 3-ul drop of the RSV L-P was applied to a freshly glow-discharged grid, blotted
to a thin film with filter paper, and immediately stained with 1% (wt/vol) uranyl formate. EM was
performed using an FEI Talos L120C electron microscope, operating at 120 keV, equipped with an FEI
Ceta 4,000 X 4,000-pixel charge-coupled device (CCD) camera. Images were collected at nominal
magnifications of X73,000 (1.97 A/pixel). The images were acquired at defocus values of —1.2 to
—2.0 um and electron doses of ~25 e—/A2,
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