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ABSTRACT

Respiratory syncytial virus (RSV) is the leading cause of pediatric respiratory disease. RSV has an RNA-dependent RNA poly-
merase that transcribes and replicates the viral negative-sense RNA genome. The large polymerase subunit (L) has multiple enzy-
matic activities, having the capability to synthesize RNA and add and methylate a cap on each of the viral mRNAs. Previous stud-
ies (H. Xiong et al., Bioorg Med Chem Lett, 23:6789 – 6793, 2013, http://dx.doi.org/10.1016/j.bmcl.2013.10.018; C. L. Tiong-Yip et
al., Antimicrob Agents Chemother, 58:3867–3873, 2014, http://dx.doi.org/10.1128/AAC.02540-14) had identified a small-mole-
cule inhibitor, AZ-27, that targets the L protein. In this study, we examined the effect of AZ-27 on different aspects of RSV poly-
merase activity. AZ-27 was found to inhibit equally both mRNA transcription and genome replication in cell-based minigenome
assays, indicating that it inhibits a step common to both of these RNA synthesis processes. Analysis in an in vitro transcription
run-on assay, containing RSV nucleocapsids, showed that AZ-27 inhibits synthesis of transcripts from the 3= end of the genome
to a greater extent than those from the 5= end, indicating that it inhibits transcription initiation. Consistent with this finding,
experiments that assayed polymerase activity on the promoter showed that AZ-27 inhibited transcription and replication initia-
tion. The RSV polymerase also can utilize the promoter sequence to perform a back-priming reaction. Interestingly, addition of
AZ-27 had no effect on the addition of up to three nucleotides by back-priming but inhibited further extension of the back-
primed RNA. These data provide new information regarding the mechanism of inhibition by AZ-27. They also suggest that the
RSV polymerase adopts different conformations to perform its different activities at the promoter.

IMPORTANCE

Currently, there are no effective antiviral drugs to treat RSV infection. The RSV polymerase is an attractive target for drug devel-
opment, but this large enzymatic complex is poorly characterized, hampering drug development efforts. AZ-27 is a small-mole-
cule inhibitor previously shown to target the RSV large polymerase subunit (C. L. Tiong-Yip et al., Antimicrob Agents Che-
mother, 58:3867–3873, 2014, http://dx.doi.org/10.1128/AAC.02540-14), but its inhibitory mechanism was unknown.
Understanding this would be valuable both for characterizing the polymerase and for further development of inhibitors. Here,
we show that AZ-27 inhibits an early stage in mRNA transcription, as well as genome replication, by inhibiting initiation of RNA
synthesis from the promoter. However, the compound does not inhibit back priming, another RNA synthesis activity of the RSV
polymerase. These findings provide insight into the different activities of the RSV polymerase and will aid further development
of antiviral agents against RSV.

Worldwide, respiratory syncytial virus (RSV) is the major
cause of respiratory disease in infants under the age of

one, and it is the leading cause of infant hospitalization in the
United States (1, 2). RSV also is recognized as a significant
cause of morbidity and mortality in the elderly (3). Significant
efforts to develop a safe and effective vaccine against RSV are
ongoing, but this has proven difficult, and currently none is
licensed (4, 5). The only effective antiviral drug is palizivumab,
a humanized monoclonal antibody against the viral fusion pro-
tein, but this drug is costly and effective only if administered
prophylactically (6). Currently there are no licensed, effective
antiviral treatments. However, studies in human subjects
showed that there is a correlation between virus load and dis-
ease severity, suggesting that administration of effective RSV
inhibitors early in the disease course would reduce morbidity
(7–9), and a recent human trial of a candidate RSV drug con-
firmed that a small-molecule inhibitor of viral replication ame-
liorated RSV-induced disease (10). Thus, there is a window
during infection in which it is possible to treat RSV with anti-
viral drugs. This highlights the need to develop a detailed un-

derstanding of viral molecular mechanisms that drive viral rep-
lication to allow the development of small-molecule inhibitors.

The RSV polymerase is increasingly recognized as an attractive
target for antiviral drug development. RSV has a nonsegmented,
negative-sense (NNS) RNA genome. The viral RNA-dependent
RNA polymerase (RdRp) is responsible for transcribing the viral
genes to produce capped and polyadenylated mRNAs and for rep-
licating the RNA genome via a positive-sense RNA replicative in-
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termediate. Several RSV proteins are involved in these processes,
including the large RdRp subunit (L) and its cofactor, phospho-
protein (P), M2-1 protein, a transcription elongation factor nec-
essary for production of full-length mRNAs, and nucleoprotein
(N), which is required to encapsidate newly synthesized replica-
tive RNAs (11). The enzymatic activities required for RNA syn-
thesis and mRNA capping all are contained within the 2,165-ami-
no-acid L protein (12). There is no three-dimensional structure
available for the RSV L protein, but there is information regarding
the locations of the different enzymatic domains based on amino
acid sequence alignments and comparison with other viruses, mu-
tation analysis of the RSV L protein, and testing in functional
assays, and a study with a capping inhibitor (13–18). These studies
have shown that the L protein contains six regions that are highly
conserved among all NNS RNA viruses. Regions II and III contain
the RNA polymerization domain (14, 16, 18). Region V contains a
domain required for addition of a cap to the mRNA termini, and
this likely occurs by an unusual polyribonucleotidyl transferase
activity (15, 19, 20). Region VI contains a methyltransferase do-
main for methylating the mRNA cap (13). Polyadenylation of
mRNAs is not thought to involve a specific enzymatic domain but
to occur by RdRp stuttering on a uridine tract during mRNA
synthesis (21, 22).

Although the structure of the RdRp complex remains poorly
characterized, the steps involved in RSV transcription and RNA
replication are relatively well defined (23, 24). The RSV genome
contains a single promoter located within the first 12 nucleotides
of the leader (le) region at the 3= end of the RNA, which signals
initiation of both mRNA transcription and RNA replication (25,
26). Although the 10 viral genes do not have their own indepen-
dently functioning promoters, they each are flanked by conserved
cis-acting elements: a gene start (gs) signal at the beginning of each
gene and a gene end (ge) signal at the end (27, 28). Transcription
likely begins when the RdRp binds the promoter and initiates
RNA synthesis opposite position 3 of the le region (29). When the
RdRp initiates at this site, it synthesizes and releases a short RNA.
It is then thought to scan the template and reinitiate RNA synthe-
sis at the gs signal of the first gene (29). The RdRp caps the RNA
cotranscriptionally, and this enables the RdRp to become proces-
sive and to elongate the mRNA to the ge signal (15). The ge signal
causes the RdRp to stutter and polyadenylate and then release the
mRNA. Most of the RdRp can remain attached to the template
and reinitiate RNA synthesis at the next gs signal; it then continues
in this fashion along the genome (28). By stopping and restarting
RNA synthesis at the gene junctions, the RdRp is able to sequen-
tially synthesize the 10 individual mRNAs from the single le pro-
moter. To perform RNA replication, the RdRp binds to the same
promoter sequence, but in this case it initiates RNA synthesis op-
posite position 1 (29, 30). Replicative RNA becomes encapsidated
with N protein as it is synthesized, and this is thought to cause the
RdRp to become superprocessive, enabling it to override the ge
signals and elongate the RNA to the end of the genome to generate
a complementary antigenome RNA (31, 32). It currently is un-
clear in what ways the RdRps that engage in mRNA and antig-
enome synthesis differ from each other or when the distinction
arises.

The 3= end of the antigenome contains a trailer (tr) promoter
region that allows the RdRp to initiate genome synthesis (33, 34).
The first 12 nucleotides (nt) of the tr promoter are almost identical
to those of the le promoter and signal initiations from positions

�1 and �3. Similar to events at the le promoter, the RNA initiated
at �1 is extended into a full-length replication product, whereas
the RdRp that initiates at �3 produces a small RNA (16, 33).
There is no gs sequence adjacent to the tr promoter on the antig-
enome, so unlike the le promoter, the tr promoter does not signal
production of capped and polyadenylated mRNAs. Nonetheless,
the tr promoter also can be considered to signal initiation of rep-
lication (from �1) and transcription (from �3), but in this case,
the transcription pathway leads to synthesis of a short RNA only
(which might play a role in inhibiting the cellular stress granule
response) (35). In addition to initiating de novo RNA synthesis
from the �1 and �3 initiation sites, when the RdRp engages with
the tr promoter, it also can modify the tr RNA by folding the RNA
into a secondary structure, and adding 1 to 3 nucleotides (in the
order GUC) to the RNA 3= end by using the folded RNA as a
template (16, 36). This activity also occurs in RSV-infected cells
(16), but its significance during infection is not understood.

Inhibitors not only are useful as potential leads for developing
antiviral drugs but also can be used to dissect different RdRp func-
tions, providing insight into RdRp molecular biology that might
otherwise be elusive and furthering our understanding of molec-
ular mechanisms that drive infection. Several compounds that
inhibit RSV RdRp activity have been described (15, 37–41, 54). In
this study, we investigated AZ-27 (Fig. 1), a benzothienoazepine
compound derived from YM-53403 (41). Resistance to YM-53403
was conferred by replacement of Y1631 of the L protein, suggest-
ing that the compound directly targets the L protein (40). AZ-27
has approximately 75-fold increased potency compared to that of
YM-53403, with a 50% effective concentration (EC50) of 10 nM
against RSV strain A2 under multicycle growth conditions (42).
Consistent with being an RdRp inhibitor, AZ-27 was able to in-
hibit gene expression of an intracellular, stably maintained RSV
replicon, and resistance to AZ-27 also was conferred by mutations

FIG 1 Chemical structure of AZ-27.
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at Y1631 in both infectious virus and the replicon system (42).
Surprisingly, YM-53403 and AZ-27 are significantly less potent
against subgroup B strains of RSV than subgroup A strains, de-
spite the fact that the site where resistance mutations arise is con-
served in both subgroups (42). While there is compelling evidence
that AZ-27 targets the RSV RdRp, the site of resistance is not in a
putative enzymatic domain but lies between conserved regions V
and VI of L, the regions involved in capping mRNA; thus, the
specific step(s) that it inhibits remains unclear.

In this study, we examined AZ-27 activity against RSV with two
goals in mind: first, to gain more information regarding the mech-
anism of action of this compound to aid development of small-
molecule inhibitors against RSV, and second, to use AZ-27 as a
chemical probe to help us understand different RdRp activities
and how transcription and RNA replication become differenti-
ated. As described above, the RSV RdRp is involved in numerous
activities, so there were multiple points at which the inhibitor
could have an effect. The data obtained show that AZ-27 inhibits
the initiation of de novo RNA synthesis at the promoter, and that
this inhibits both transcription and RNA replication. However,
AZ-27 does not inhibit back-priming, suggesting that although de
novo initiation and back-priming both involve RdRp interacting
with the promoter, they might be performed by different struc-
tural forms of the RdRp.

MATERIALS AND METHODS
Cells and virus. HEp-2 cells (ATCC) were grown in Opti-MEM reduced
serum medium (Invitrogen) supplemented with 2% fetal bovine serum
(FBS). RSV strains A2 and B9320 were used as examples of subgroups A
and B, respectively. Recombinant RSV containing AZ-27 resistance mu-
tations in the L gene (Y1631H and Y1631C) were generated by reverse
genetics using a previously described RSV A2 backbone (43), which con-
tains a position 4G-to-C substitution relative to the 3= terminus of the le.
This le substitution has been shown to have no effect on the efficacy of
AZ-27 (37). The resistant virus stocks that were used in the experiments
that were described here were sequenced to confirm that the Y1631 mu-
tations were present and that there were no second-site mutations.

Minigenome assays. Minigenome-expressing plasmids were derived
from plasmid MP28, which has been described previously (26). Each
minigenome cassette was flanked with a T7 promoter at the 5= end and a
hepatitis delta virus ribozyme to generate the RNA template 3= end. The
le-containing minigenome, used to measure transcription activity, con-
tained a chloramphenicol acetyltransferase (CAT) gene divided into two
segments of 580 and 190 nt by the N-P gene junction. The 3= end of the
minigenome contained the 44-nt le, NS1 gs signal, and 37-nt NS1 non-
translated region, and the 5= end contained the last 12 nt of the L non-
translated region, L ge signal, and 155-nt 5= trailer region. The trailer
region had a C-to-G substitution at position 2 relative to the 5= end to
inhibit minigenome synthesis from the replicative intermediate antig-
enome. The tr-containing minigenome, used to measure replication ac-
tivity, had a similar minigenome structure, except that the 3= end of the
minigenome contained nucleotides 1 to 36 of the tr promoter region
directly abutting the nonspecific CAT sequence. In addition, the terminal
22 nt from the 5= trailer region was deleted to limit RNA replication to a
single step, and a hammerhead ribozyme was inserted between the re-
maining trailer region and the T7 promoter. RNA synthesis was reconsti-
tuted in HEp-2 cells as described previously (44). Cells were transfected
with 0.2 �g of minigenome DNA, 0.4 �g of pTM1 N, 0.2 �g of pTM1 P,
0.1 �g of pTM1 M2-1, and 0.1 �g of pTM1 L plasmids using Lipofectin
(Invitrogen) according to the manufacturer’s instructions. Cells were in-
fected simultaneously with MVA-T7 to express T7 RNA polymerase and
drive plasmid expression (45). Immediately following addition of the
transfection mixture to the cells, AZ-27 serially diluted in dimethyl sul-

foxide (DMSO) (such that the concentration of DMSO was equivalent in
each well) was added at the concentration indicated; an equivalent volume
of DMSO without compound was added as a control. After 18 h, the
transfection mixture was replaced with Opti-MEM containing 2% FBS
and either fresh DMSO or AZ-27 at the appropriate concentration. Ap-
proximately 40 h posttransfection, RNA samples were harvested.

RNA analysis. Total intracellular RNA was isolated using an RNeasy
kit (Qiagen) according to the manufacturer’s instructions. Northern blot
transfer, probe preparation, and probe hybridization were performed as
described previously (26). For minigenome analyses, negative- or posi-
tive-sense 32P-labeled, CAT-specific riboprobes were synthesized with T7
RNA polymerase as described previously (32). RSV N mRNA was detected
with a [32P]ATP-incorporated DNA probe, specific to positive-sense N
RNA, prepared as described previously (46). Primer extension analysis
was performed using a 32P-end-labeled primer that hybridized at posi-
tions nt 12 to 31 of the CAT 1 gene to detect CAT 1 mRNA. Primer
extension reactions were performed as described previously (33). The
position of the gs initiation site was determined by comigration of an
end-labeled DNA oligonucleotide, corresponding in sequence to the ex-
pected primer extension product. Products were visualized by autora-
diography and quantified by phosphorimage analysis using a Bio-Rad
personal molecular imager system and Quantity One quantification soft-
ware.

Immunoprecipitation of L-P complexes and effect of AZ-27 on com-
plex integrity. HEp-2 cells were transfected with 0.5 �g of pTM1 P and/or
0.25 �g pTM1 V5-tagged L plasmids using Lipofectin (Invitrogen) ac-
cording to the manufacturer’s instructions. The cells were infected simul-
taneously with MVA-T7 to express T7 RNA polymerase and drive plasmid
expression. After �18 h, the transfection mixture was replaced with Opti-
MEM containing 2% FBS and cells were harvested at 48 h posttransfec-
tion. Cell pellets were washed with phosphate-buffered saline and lysed in
20 mM Tris, pH 7.4, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, incubated
on ice for 15 min, and then centrifuged for 10 min at 16,000 � g at 4°C to
clear the lysate. The supernatant was collected and combined with 1 �l
mouse anti-V5 antibody (Invitrogen) and 50 �l of �MACs protein G
beads (Miltenyi Biotec) and incubated at 4°C with rotation for 2 h to
precipitate L-P complexes. Magnetic � columns were placed in the mag-
netic field of a �MACs separator and washed once with 200 �l of lysis
buffer. Samples were applied to the column and washed four times with
200 �l of lysis buffer to purify L/P complexes. The flowthrough was dis-
carded. To test the impact of AZ-27 on V5-L interactions with P, columns
were washed three to five times (depending on the experiment) with 30 �l
of in vitro transcription buffer (50 mM Tris, pH 7.4, 8 mM MgCl2, 10%
glycerol, no dithiothreitol [DTT]) containing either AZ-27 (dissolved in
DMSO) at a final concentration of 10 �M or an equivalent volume of
DMSO. The flowthrough from each wash was collected in separate tubes
and combined with 30 �l of SDS-PAGE loading buffer. To harvest L-P
protein complexes remaining on the column, 20 �l of 1� SDS-PAGE
loading buffer, preheated to 95°C, was added to each column and incu-
bated for 5 min. A further 50 �l of preheated SDS-PAGE loading buffer
was applied to each column, and the flowthrough containing eluted pro-
tein was collected. Proteins were separated by SDS-PAGE and transferred
to nitrocellulose. Proteins were detected using a goat anti-RSV antibody
(ab20745; 1:500; Abcam) to detect P and mouse anti-V5 antibody (1:
1,000; Invitrogen) to detect V5-L.

In vitro transcription run-on assay. RSV transcription in crude cell
extracts was analyzed as described previously (47). Briefly, HEp-2 cells
were infected or mock infected with RSV at a multiplicity of infection
(MOI) of 5 for 17 to 22 h (as specified in the figure legend), following
which the medium was replaced with medium containing 2 �g/ml acti-
nomycin D. After 1 h, cells were gently lysed and scraped into transcrip-
tion buffer (50 mM Tris-acetate [pH 8], 8 mM Mg-acetate, 300 or 100 mM
K-acetate [as specified in the figure legends], 2 mM DTT, 1 mM spermi-
dine, 10 mM creatine phosphate, 1 �g/ml aprotinin, 16 U creatine phos-
phokinase, 1 mM ATP, 1 mM CTP, 1 mM GTP, 50 �M UTP, 2 �g/ml
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actinomycin D), and cell debris was removed by centrifugation. Aliquots
of soluble extract were combined with additional transcription buffer
containing 10 �Ci [�-32P]UTP, RNase inhibitor, and either DMSO or
compound AZ-27 serially diluted in DMSO (such that the concentration
of DMSO was equivalent in each reaction) in a total reaction volume of
50 �l. Reaction mixtures were incubated for 1 to 4 h at 30°C (as specified
in the figure legends), following which total RNA was extracted using a
Qiagen RNeasy kit according to the manufacturer’s instructions. Purified
total RNA samples were further processed by RNase H digestion to re-
move poly(A) tails from mRNA transcripts, allowing resolution of indi-
vidual mRNA bands. RNase H-treated RNA samples were subjected to
denaturing gel electrophoresis on a 4% acrylamide gel containing 7 M
urea. RNA products were analyzed by autoradiography and quantified by
phosphorimage analysis.

In vitro assay of RdRp activities at the tr promoter. The RSV L/P
complex was purified from insect cells as described previously (16). RNA
synthesis reactions were performed using two different conditions. For
the first condition, reaction mixtures consisted of 2 �M RNA oligonucle-
otide representing nt 1 to 25 of tr promoter sequence (Dharmacon); 50
mM Tris-HCl at pH 7.4; 8 mM MgCl2; 5 mM DTT; 10% glycerol; ATP,
CTP, and GTP each at 1 mM and UTP at 50 �M with 10 �Ci of [�-
32P]UTP. DMSO or various concentrations of AZ-27, serially diluted in
DMSO (such that the concentration of DMSO was equivalent in each
reaction mix) as indicated, were included in the reaction mixtures. Reac-
tion mixtures were incubated at 30°C for 10 min, and then RSV L-P
(containing �200 ng of L protein) was added to the transcription mix last,
such that the final reaction volume was 50 �l. Reaction mixtures were
incubated at 30°C for 3 h and then heated to 90°C for 3 min to inactivate
the RdRp and cooled briefly on ice. Reaction mixtures were diluted in an
equal volume of stop buffer (deionized formamide containing 20 mM
EDTA, bromophenol blue, and xylene cyanol) and analyzed by electro-
phoresis on a 20% polyacrylamide gel containing 7 M urea in Tris-borate-
EDTA buffer. Under the other condition, reaction mixes contained 2 �M
RNA oligonucleotide representing nt 1 to 16 of tr promoter sequence
(Dharmacon); 50 mM Tris, pH 7.4; 8 mM MgCl2; 5 mM DTT; 10%
glycerol; 500 �M (each) GTP and UTP and 10 �M ATP with 2 �l [�-
32P]ATP. DMSO or AZ-27 was included in each reaction mixture, as
described above. Reaction mixtures were preincubated prior to addition
of L-P protein as described above. Reaction mixtures then were incubated
at 30°C for 2 h, heated to 90°C for 3 min to inactivate the RdRp, and cooled
briefly on ice, and then an equal volume of stop buffer was added. Reac-
tions were analyzed by electrophoresis on a 25% polyacrylamide gel con-
taining 6 M urea in Tris-taurine-EDTA buffer. The nucleotide lengths of
the RNA products were determined by comparison to a molecular weight
ladder generated by alkali hydrolysis of a 32P end-labeled RNA oligonu-
cleotide representing the anticipated RNA products from the �1 and/or
�3 sites. RNA products were analyzed by autoradiography and quantified
by phosphorimager analysis.

Infection and treatment of cells for analysis of RNA and protein
levels under single-cycle growth conditions. Cells in 6-well plates were
infected with RSV at an MOI of 4 PFU/cell with serum-free Opti-MEM
containing either DMSO or various concentrations of AZ-27 (serially di-
luted in DMSO, such that the concentration of DMSO was equivalent in
each well) as indicated. The virus was allowed to adsorb for �1 h, after
which the inoculum in each well was removed and replaced with 1 ml of
Opti-MEM containing 2% FBS and fresh DMSO or various concentra-
tions of AZ-27 as appropriate. At 18 h postinfection, cells were scraped
into the medium and collected by centrifugation. The cell pellets were
processed for RNA analysis by Northern blotting as described above.

RESULTS
AZ-27 inhibits RSV mRNA transcription and genome replica-
tion. The RSV RdRp is a multifunctional complex, and there were
many potential steps at which AZ-27 could exert its inhibitory
effect, including promoter recognition and transcription or repli-

cation initiation, RNA synthesis elongation, mRNA cap addition
and/or methylation, or encapsidation of replicative RNA. It also
was possible that AZ-27 interfered with expression or stability of
the RdRp complex. AZ-27 previously had been shown to inhibit
RSV gene expression in the RSV replicon system (42). This system
consists of cells stably transfected with a subgenomic RSV replicon
that contains the RSV genes required for transcription and ge-
nome replication, as well as an antibiotic resistance marker. Cells
containing an actively transcribing and replicating replicon are
selected and maintained by virtue of the antibiotic resistance.
Thus, while this assay provided evidence to support the hypothesis
that AZ-27 is an RdRp inhibitor, it could not distinguish between
any of the possible inhibition mechanisms described above.
Therefore, our first step was to determine if AZ-27 could specifi-
cally inhibit either transcription or replication, as this would pro-
vide insight as to which RdRp function AZ-27 was affecting. For
example, if it were a capping inhibitor, it would be expected to
inhibit transcription but not replication. To analyze transcription
and replication as independent events, we performed experiments
in a transient-transfection assay that employs a nonreplicating
minigenome. In this system, mRNA transcription and RNA rep-
lication are uncoupled from each other, as described previously
(26, 48). To analyze mRNA transcription, cells were transiently
transfected with a plasmid expressing a minigenome containing a
3= le promoter and gs signal (Fig. 2A) and plasmids expressing the
RSV N, P, L, and M2-1 proteins. AZ-27 was added to the cells at a
range of concentrations immediately following transfection and
maintained in the medium until the cells were harvested. RNA was
isolated and analyzed by Northern blotting using probes specific
to either the input minigenome template or the positive-sense
RNA products it would generate (Fig. 2B and C). Analysis of the
input template indicated that its levels were not affected by in-
creasing concentrations of AZ-27 (Fig. 2B), confirming that
AZ-27 did not impact either vaccinia virus replication or T7 poly-
merase activity, both of which are necessary to drive the minige-
nome system. In contrast, AZ-27 inhibited expression of minige-
nome-specific mRNAs in a concentration-dependent manner
(Fig. 2C and E). Similar results were obtained by primer extension
analysis (Fig. 2D and E). These findings demonstrate that AZ-27
inhibits mRNA transcription independently of any effect it has on
RNA replication.

In the experiment described above, the levels of mini-antig-
enome produced from the minigenome template were too low to
be readily detected. Therefore, to examine the effect of AZ-27 on
RNA replication, a modified version of the minigenome template
was used in which the le promoter and first gs signal were deleted
and replaced with the tr promoter (Fig. 3A). The tr promoter is a
stronger replication promoter than the le promoter, and because
transcription-specific signals near the promoter were removed, no
mRNAs were synthesized and the replication product could be
more readily detected and quantified. Minigenome RNA replica-
tion was reconstituted in the presence of increasing concentra-
tions of AZ-27, as described above. Northern blot analysis of the
replication product showed that its levels of accumulation were
reduced with increasing concentrations of AZ-27 (Fig. 3C), with a
concentration inhibition curve similar to that for transcription
(compare Fig. 2E and 3D). Thus, AZ-27 inhibits an RdRp activity
that is required for both transcription and RNA replication.

AZ-27 does not disrupt L-P interaction. One possible expla-
nation for why AZ-27 inhibits transcription and replication is that
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it disrupts the integrity of RdRp complexes. As a step toward de-
termining if this was the case, we determined if AZ-27 disrupts the
interaction between the two RdRp subunits, L and P, which com-
prise the minimal RdRp. V5-tagged L protein and untagged P
protein were expressed in HEp-2 cells in a transient transfection.
Cell lysates were passed through a column charged with anti-V5
antibody to isolate V5-L-P complexes, and the columns were

washed multiple times with lysis buffer. The columns then were
washed with a buffer that supports RSV transcription in vitro (see
below), containing AZ-27 at a final concentration of 10 �M (a
significantly higher concentration than that required to detect an
effect on RdRp activity in cells) or an equivalent volume of DMSO,
and the fractions were collected. Following the wash steps, the L
(and L-P) complexes remaining on the column were eluted with
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from three independent experiments, with standard errors shown.
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SDS-PAGE lysis buffer. The column eluate containing the pro-
teins that had remained attached to the beads following the washes
and the AZ-27 and DMSO washes were analyzed by Western blot-
ting using antibodies to detect P or V5-L (Fig. 4). This analysis
showed that essentially all of the P that was present in the L-P
complexes remained attached to L on the column throughout the
AZ-27 washes and was eluted only by SDS-PAGE lysis buffer (Fig.
4, upper, compare lane 9 with lanes 10 to 14), similar to what was
observed with the DMSO-only washes (Fig. 4, upper, lanes 3 to 8).
This result shows that AZ-27 does not disrupt L-P interaction.

AZ-27 has a more potent inhibitory effect on transcription of
3=- than 5=-proximal RSV genes. The minigenome experiments
described above indicated that AZ-27 can inhibit an early step in
RSV transcription and genome replication. However, because the
compound was added immediately following transfection and be-
cause the accumulation of RSV minigenome-encoded RNAs was
measured, these experiments did not provide information to in-
dicate if RdRp already associated with the nucleocapsid template
was susceptible to inhibition with AZ-27. To address this, we ex-
amined the effect of AZ-27 in an in vitro transcription run-on
assay, which utilizes crude cell extracts from RSV-infected cells. In
this experiment, transcription/replication complexes are already

preformed and active on the template prior to addition of the
compound. Thus, this assay monitors the ability of RdRps already
associated with the template to continue RNA synthesis, as well as
for free and released RdRp to initiate and reinitiate transcription.
Cells were mock infected or infected with RSV. At approximately
18 h postinfection, when nucleocapsids have accumulated to a
high level in the cytoplasm, the cells were harvested and clarified
lysates were incubated in a buffer containing actinomycin D, to
inhibit cellular (but not RSV) transcription, and nucleoside
triphosphates (NTP), including [�-32P]UTP. AZ-27 was included
at various concentrations in the transcription mixes. Following
incubation and treatment to remove their poly(A) tails (to allow
resolution of the different gene transcripts), RSV mRNA tran-
scripts were separated by denaturing gel electrophoresis and de-
tected by autoradiography (Fig. 5A). No labeled transcripts were
detected in reaction mixtures containing lysate from mock-in-
fected cells, whereas a series of RNA transcripts were detected in
reaction mixtures containing lysate from RSV-infected cells, con-
firming that the transcripts that were detected were products of
the RSV RdRp (Fig. 5A, compare lanes 1 and 2). The identities of
the RSV transcripts were assigned based on their known nucleo-
tide length and comparison to a 900-nt size marker (data not
shown). The strong doublet at the top of the gel presumably in-
cludes L mRNA and genome/antigenome RNAs, as these RNAs
would be expected to have a strong signal due to their length
(which allows a greater level of incorporation of the radiolabeled
nucleotide). However, this doublet was not clearly observed in all
gels, possibly due to this large RNA becoming trapped in the wells
in some cases. Inclusion of AZ-27 in the transcription reaction
mixes caused a concentration-dependent decrease in the accumu-
lation of all RSV transcripts, consistent with inhibition of RdRp
activity (Fig. 5A). However, not all transcripts were affected sim-
ilarly. For example, examination of the bands near the top of the
gel showed that with increasing AZ-27 concentration, the levels of
N transcript were reduced to a greater extent than those of the M
and M2 transcripts. Likewise, near the bottom of the gel, the levels
of NS1 and NS2 transcripts were affected more than that of the SH
transcript. Thus, AZ-27 affected the synthesis of different RSV
gene transcripts to different extents. This differential effect clearly
was not dependent on transcript length. Instead, it appeared that
AZ-27 had a more potent effect on the accumulation of transcripts
synthesized from the 3=-proximal than 5=-proximal genes (the
RSV gene order from 3= to 5= is NS1, NS2, N, P, M, SH, G, F, M2,
and L) (Fig. 5B). This finding suggests that AZ-27 inhibited RdRp
initiating at the 3= end of the template to a greater extent than
RdRp that already was associated with the nucleocapsid.

AZ-27 has a differential effect on RSV RdRp activities at the
promoter. The results described above suggest that AZ-27 inhibits
an early stage in RSV mRNA transcription. They also suggest that
AZ-27 inhibits a polymerase activity that is common to both
mRNA transcription and RNA replication. Together, these find-
ings suggest that AZ-27 inhibits one or more of the steps that
occur as the RdRp engages with the promoter and begins RNA
synthesis. To determine if this is the case, we examined the effect of
AZ-27 in an in vitro assay, involving NTPs, purified recombinant
RdRp (L-P complexes), and an RNA oligonucleotide template
consisting of the RSV tr promoter.

As described in Introduction, the RSV promoters contain two
initiation sites at positions �1 and �3, which are likely to be the
replication and transcription initiation sites, respectively. We
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have shown previously that the RdRp initiates at both of these sites
in the in vitro assay to generate RNA (de novo RNA synthesis) (16,
36). The RdRp also can interact with the tr promoter sequence to
perform a back-priming and 3= extension reaction in which it
folds the tr RNA into a secondary structure and extends the 3= end.
This activity yields a characteristic pattern of products: the dom-
inant modification is the addition of one to three nucleotides,
added in the order G then U then C (3= extension). Occasionally,
the RdRp can extend the 3= extension products to the end of the
template (3= extension elongation). The de novo RNA synthesis
and 3= extension activities were assayed in parallel by performing
reactions with a template consisting of 25 nt of tr sequence and a
reaction mix containing [�32P]UTP (Fig. 6A). De novo RNA syn-
thesis products ranged in size from 12 to 25 nt, reflecting the facts
that the RdRp can initiate at position �3 and the first UTP incor-
poration site is at nucleotide 14 (Fig. 6B, lower, lane 5). With
increasing concentrations of AZ-27, the accumulation of all RNA
transcripts �25 nt in length was inhibited (Fig. 6B, lower, lanes 5
to 10), demonstrating that AZ-27 inhibited de novo RNA synthesis
from both the �1 and �3 sites. 3= Extension activity was moni-
tored by examining products of 27 and 28 nt in length (Fig. 6B,
upper and lower, lane 5). In contrast to its effect on de novo RNA
synthesis, AZ-27 had little or no detectable effect on addition of 2
or 3 nt by back-priming and 3= extension (Fig. 6B, upper, lanes 5 to
10). However, the compound did inhibit further extension of the
back-primed RNA, inhibiting this process to the same extent as de
novo RNA synthesis (Fig. 6B and C). These data show that AZ-27
did not inhibit the addition of 1 to 3 nucleotides by back-priming
but did inhibit de novo RNA synthesis and further elongation of
the back-primed RNA.

Studies with T7 RNA polymerase have shown that shortly after
beginning RNA synthesis, the polymerase undergoes a conforma-

tional change to allow it to break promoter contacts and extrude
the nascent RNA (49), and it appears that this sequence of events
also applies to RNA-dependent RNA polymerases (50). Back-
priming and 3= extension of the RSV tr promoter RNA might not
involve the same sequence of events as initiation of RNA synthesis
at a promoter; nonetheless, one plausible explanation for why the
addition of 1 to 3 nucleotides by back-priming was refractory to
AZ-27 activity, whereas further elongation was inhibited, is that
AZ-27 inhibits the ability of the RdRp to undergo conformational
changes necessary to transition into an elongation mode. If so, this
also could be the case during de novo RNA synthesis. To determine
if the initiation and elongation steps of de novo RNA synthesis
were differentially affected by AZ-27, an experiment was per-
formed under conditions that allowed detection of very short
RNA products (Fig. 6D). Previous studies using the in vitro RSV
RNA synthesis assay have shown that �3C is the dominant initi-
ation site in the tr promoter. Therefore, reactions were performed
with [�-32P]ATP as the radiolabeled NTP. As ATP is the fourth
nucleotide in the tr template, this allowed detection of 2-nt prod-
ucts generated following initiation at position �3. To simplify
interpretation of the data, CTP was omitted from the reactions to
prevent initiation from the �1 site, and the assay was performed
using a template consisting of tr nucleotides 1 to 16. Analysis of the
products generated under these conditions in the absence of
AZ-27 showed that two dominant products were generated: a
14-nt transcript, which is consistent with initiation of the RdRp at
position �3 and extension to the end of the template, and a 2-nt
product (Fig. 6E, lane 4). The abundance of the 2-nt product,
compared to the level for longer RNAs, suggests that extension
beyond 2 nt is a rate-limiting step in de novo RNA synthesis from
the RSV promoter. Increasing concentrations of AZ-27 inhibited
production of the 2-nt product to the same extent as inhibition of
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experiments, with standard errors shown.
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the 14-nt product (Fig. 6E, lanes 4 to 9, and F). These results show
that AZ-27 inhibited de novo RNA synthesis by the RdRp at a step
prior to or including formation of the first phosphodiester bond.
This is in contrast to the finding that AZ-27 did not inhibit the
ability of the RdRp to add 1 to 3 nucleotides to the tr RNA by a
back-priming mechanism. Thus, AZ-27 had a differential effect
on RSV RdRp activities at the promoter.

AZ-27 is less potent against the RdRp of RSV B than against
that of RSV A. Previous studies have shown that while AZ-27 is
effective against subgroup B strains of RSV, it is less potent than
against RSV subgroup A strains (41). This difference was observed
by assaying RSV replication under multicycle growth conditions
using an enzyme-linked immunosorbent assay (ELISA)-based as-
say and virus release assay. One possible explanation for the dif-
ference between subgroups A and B is that their RdRps could be
sufficiently different in structure that AZ-27 affects their activities
differently. However, RSV A and B exhibit slightly different pat-
terns of cytopathic effect, and RSV B replicates more slowly in cell
culture. Therefore, an alternative explanation is that AZ-27 inhib-
its RSV A and B RdRps to a similar extent, but there is a bottleneck
in some aspect of RSV B replication such that viral RNA accumu-
lation and virus release are not correlated in RSV B infection. If
this were the case, the concentration of AZ-27 required to inhibit
RSV B replication might be greater. To distinguish between these

possibilities, we compared the effects of AZ-27 on RSV strains A2
and B9320 as representatives of subgroups A and B, respectively,
under single-cycle growth conditions. HEp-2 cells were infected
with RSV subgroup A or B at a target MOI of 4 PFU/cell and
incubated in the presence of various concentrations of AZ-27.
Cells were harvested at 18 h postinfection, which is before signif-
icant virus release occurs, and analyzed for RSV RNA expression
by Northern blotting using an RSV N-specific probe. This analysis
showed that N mRNA accumulation was inhibited by AZ-27 in
both RSV A and B infections, but that an approximately 100-fold
greater concentration of AZ-27 was required to inhibit mRNA
production from RSV B than RSV A (Fig. 7A and B). Analysis of
intracellular RSV protein expression by Western blotting using an
anti-RSV polyclonal antibody yielded a similar result (data not
shown). These results, combined with the previous findings re-
garding AZ-27 EC50s during multicycle growth, show that there is
a correlation between RSV RNA accumulation and virus spread
and confirm that AZ-27 has a differential effect on the RdRps of
RSV A and B.

To confirm that the difference in the susceptibility of RSV A
and B was due to differences in the RNA synthesis activities of the
RdRp, the effect of AZ-27 on RSV subgroup B was tested in the in
vitro run-on transcription assay. Similar to what was observed in
the analysis of RNA accumulation in cell culture, AZ-27 was re-
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quired at a 100-fold higher concentration to cause a 50% reduc-
tion in transcription by RSV subgroup B RdRp than that of RSV
subgroup A (compare Fig. 5A with 7C). This result confirms that
the RdRp complexes of RSV subgroups A and B are differentially
sensitive to inhibition by AZ-27. Unlike the situation observed
with RSV A, there was no differential inhibition of 3=- versus 5=-
proximal gene expression. It is possible that this apparent differ-
ence is because of the longer incubation time required to detect
products in transcription run-on assays using RSV B, which
would bias the assay toward measuring initiation from the pro-
moter, rather than a combination of initiation and continued
transcription by preassociated RdRp.

Mutations in L confer resistance to AZ-27 in the transcrip-
tion run-on assay. Lastly, we examined if resistance mutations in
L could restore transcription by the subgroup A RdRp in the pres-
ence of AZ-27. Recombinant mutant viruses that contained sub-
stitutions of either Y1631H or Y1631C were tested. These two
substitutions previously have been shown to confer resistance to
AZ-27 in the context of virus infection and the replicon system,
respectively (37, 42). These mutant viruses were compared to
wild-type (wt) RSV subgroup A in the in vitro transcription
run-on assay in the presence of DMSO carrier or 400 nM AZ-27.
In this experiment, the assay incubation time was increased from
1 to 3 h to bias the assay toward detecting transcription initiation
by RdRps in the cell extract, as opposed to transcription per-
formed by preloaded RdRp, and thereby to amplify differences
between the viruses in the presence of AZ-27. Under these condi-
tions, AZ-27 almost completely inhibited transcription in extracts
from cells infected with wt RSV A2 (Fig. 8A, compare lanes 2 and
3, and B). In contrast, AZ-27 had no detectable effect on transcrip-
tion in extracts from cells infected with either of the two mutant
viruses (Fig. 8A, lanes 4 to 7, and B). These results confirm that

substitutions at position 1631 of L enable the RdRp to overcome
the barrier to transcription initiation that is imposed by AZ-27.

DISCUSSION

The goal of this study was to elucidate the mechanism of RSV
RdRp inhibition by a small-molecule inhibitor, AZ-27, with the
hope that this also would provide insight into the mechanism of
action of the compound and the molecular biology of the RdRp
complex. By analogy with other NNS RNA virus RdRps, the RSV
RdRp is a multifunctional machine that is able to synthesize and
modify RNA and presumably must transition between different
structural forms to perform different aspects of RNA synthesis.
The data presented in this study indicate that AZ-27 has a differ-
ential effect on RSV RdRp activities and inhibits mRNA transcrip-
tion and genome replication by inhibiting initiation of RNA syn-
thesis.

Evidence indicating that AZ-27 inhibits the initiation step of
RNA synthesis comes from the in vitro analyses of RSV RdRp
activity (Fig. 5 and 6). An in vitro transcription run-on assay
showed that AZ-27 had a more potent inhibitory effect on synthe-
sis of transcripts synthesized from genes at the 3= end of the ge-
nome than on those synthesized from the 5= end (Fig. 5). This
finding indicates that AZ-27 inhibits RNA synthesis from the pro-
moter. In RSV, the steps involved in initiating RNA synthesis at
the promoter could be parsed as follows. First, the RdRp interacts
with the 3= end of the encapsidated template and displaces N pro-
tein. It then binds to the promoter and initiates RNA synthesis.
Presumably, it undergoes conformational changes to enable it to
move away from the promoter and begin elongation, similar to
other polymerases. The assay used for the experiments shown in
Fig. 6 allowed the analysis of RdRp activities at the promoter at a
stage following displacement of the N protein from the RNA. The
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finding that AZ-27 inhibited de novo RNA synthesis in an assay
involving a naked RNA template (with no N protein present in the
reaction) indicates that AZ-27 can inhibit a step that occurs after
relaxation of the N-RNA structure. AZ-27 inhibited synthesis of
RNA initiated at either the �3 or �1 site of the promoter (Fig.
6B), consistent with the finding that the compound inhibited both
mRNA transcription and genome replication (Fig. 2 and 3). Anal-
ysis of small RNA products indicated that it inhibited the forma-
tion of even the first phosphodiester bond in RNA synthesis (Fig.
6E and F). Therefore, AZ-27 suppresses RSV transcription and
genome replication by inhibiting promoter binding and/or phos-
phodiester bond formation during the initiation step of these two
RNA synthesis processes. So far, we have not been able to establish
a promoter-binding assay for the RSV RdRp, so we cannot distin-
guish between these possibilities. It is intriguing that the RSV
RdRp is able to initiate transcription and replication from two
sites within a single promoter, and we are currently investigating
the mechanism by which this occurs. The data presented here
provide some insight by indicating that there is a common step or
steps involved in both initiation events.

The most surprising finding in the study was that, despite in-
hibiting de novo RNA synthesis, AZ-27 had no effect on the ability
of the RdRp to add one to three nucleotides to the 3= end of the tr
RNA by back-priming and 3= extension, although it did inhibit
further elongation of this RNA (Fig. 6B and C). The 3= extension
activity of the RSV RdRp is an enigmatic phenomenon, as the role
of this activity in the viral replication cycle is not known. However,
recent analysis suggests that it is not an artifact of coincidental
secondary structure but rather is a relatively controlled process,
depending on sequence beyond the first 20 nt of the tr promoter to
occur accurately (36). Similar to de novo RNA synthesis, the back-
priming and 3= extension activity depends on the polymerization
domain of the RdRp (Fig. 6B, lane 4). The fact that AZ-27 did not
inhibit addition of 1 to 3 nucleotides by 3= extension indicates that
this compound does not impair RNA binding or phosphodiester
bond formation per se. One possible explanation is that AZ-27
specifically inhibits incorporation of ATP during RNA synthesis;
if so, this would inhibit initiation of de novo RNA synthesis, as well
as elongation of the 3= extension product (Fig. 6A). However,
AZ-27 is not a nucleoside analog and bears no obvious similarity
to ATP in its structure (Fig. 1) (41). Furthermore, if it were inhib-
iting ATP incorporation, in the transcription runoff assay, this
would be expected to lead to equal inhibition of transcription of all
RSV genes rather than preferential inhibition of 3=-proximal
genes (Fig. 5). Therefore, we think that this explanation is un-
likely. The other possibility is that there is something distinct be-
tween initiation of de novo RNA synthesis and the initial steps of 3=
extension that results in differential susceptibility to AZ-27. In this
scenario, we suggest two possible explanations for these findings.
One is that there are two conformations of RdRp, one responsible
for de novo RNA synthesis and the elongation phase of 3= exten-
sion and another responsible for addition of 1 to 3 nucleotides by
3= extension, and that these two pools of RdRp differ in their
susceptibility to AZ-27 binding. The other possibility is that initi-
ation of de novo RNA synthesis and the transition to the elonga-
tion phase of 3= extension both require conformational changes in
the RdRp, and it is RdRp conformational change that is inhibited
by AZ-27 binding.

Resistance to AZ-27 is not conferred by substitutions in a
known enzymatic domain but instead by a change in amino acid

Y1631, which lies between conserved regions V and VI, the puta-
tive polyribonucleotidyltransferase and methyltransferase do-
mains, respectively (Fig. 8) (42). Although this region of the L
protein is thought to be involved in capping, previous studies with
Sendai virus L protein have shown that mutations in conserved
regions V and VI can affect RNA synthesis (51, 52). Y1631 lies
adjacent to a region that is highly variable (amino acids 1730 to
1750) and which has been shown to accept large insertions and to
be a site where L can be split into two (14, 53). Thus, this resistance
site is adjacent to a likely hinge region in the RdRp, which might be
important for RdRp flexibility and dynamic transitions. This
structural information regarding the resistance site is consistent
with the hypothesis that AZ-27 impairs the ability of the RSV
RdRp to adopt a particular structural form required for RNA syn-
thesis and/or to transition between different structural states. It
should be noted that AZ-27 also might affect the polyribonucle-
otidyltransferase and/or methyltransferase functions of the RdRp,
but this has not yet been determined.

Previously, it had been shown that RSV subgroup B is less
susceptible to inhibition by AZ-27 than subgroup A (42). Here, we
confirmed that this difference is due to differential susceptibility
of the two viral RdRps to the inhibitor, with at least a 100-fold
higher concentration of AZ-27 being required for inhibition of
RNA synthesis by RSV B than RSV A (compare Fig. 5A and 7C).
This difference in RdRp susceptibility resulted in a differential
reduction in viral mRNA accumulation in cells (Fig. 7A and B)
and in an in vitro assay (Fig. 7C). The amino acid that can be
changed to confer resistance to AZ-27 (Y1631) is identical be-
tween RSV A and B (42). If AZ-27 inhibits RSV RdRp activity by
affecting structural transitions, it is possible that structural differ-
ences between the L proteins of RSV A and B, and in particular in
the hinge region around amino acids 1730 to 1750, account for the
differential susceptibility of these proteins. Structural analysis of
the RSV A and B RdRps will be helpful in determining if this is the
case. It should be noted that the data comparing susceptibility of
RSV A and B to AZ-27 are reassuring, because there appears to be
a direct correlation between inhibition of RdRp activity and virus
multicycle growth (Fig. 7) (42). This finding provides confirma-
tory evidence that the RSV RdRp is a valuable target for interven-
tion with antiviral drugs.

In summary, the results presented here show that AZ-27 inhib-
its the initiation step of transcription and RNA replication by RSV
A2. Interestingly, they also suggest either that there are two pools
of RSV RdRp that exists in at least two conformational states, and
that these pools have different activities at the tr promoter, or that
the initiation of RNA synthesis from the �1 and �3 sites of the
promoter requires structural transitions in the RdRp that can be
inhibited by AZ-27.
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