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Abstract

Influenza polymerase is a heterotrimer protein with both endonuclease and RNA-dependent
RNA polymerase (RdRp) activity. It plays a critical role in viral RNA replication and transcrip-
tion and has been targeted for antiviral drug development. In this study, we characterized
the activity of recombinant RdRp purified at 1:1:1 ratio in both ApG-primed RNA replication
and mRNA-initiated RNA transcription. The heterotrimer complex showed comparable
activity profiles to that of viral particle derived crude replication complex, and in contrast to
the crude replication complex, was suitable for detailed mechanistic studies of nucleotide
incorporation. The recombinant RdRp was further used to examine distinct modes of inhibi-
tion observed with five different nucleotide analog inhibitors, and the apparent steady-state
binding affinity K., was measured for selected analogs to correlate antiviral activity and
enzymatic inhibition with substrate efficiency.

Introduction

Influenza A viruses cause recurrent epidemics and global pandemics that claim the lives of mil-
lions. The emergence of novel strains and variants will continue to pose challenges to public
health [1]. Influenza viruses belong to the family of Orthomyxoviridae viruses and are classi-
fied into 16 HA subtypes (H1-H16) and 9 NA subtypes (N1-N9) based on the antigenicity of
their hemagglutinin (HA) and neuraminidase (NA) proteins [1, 2]. Like all members of this
family, the viral genome is composed of eight segments of single-strand, negative-sense RNA
that encode 10 viral proteins: three proteins that form viral RNA-dependent RNA polymerase
(RdRp) (PA, PB1 and PB2), four structural proteins (HA, NA, M1 matrix protein and the M2
ion channel protein), two nonstructural proteins (NS1A and NS2/NEP), and a nucleoprotein
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(NP) [2, 3]. Multiple antiviral drugs targeting various stages of the viral life cycle have been
approved or are in clinical trials for treatments of influenza [4-6].

Influenza A virus ribonucleoprotein complexes (RNPs) are responsible for viral RNA tran-
scription and replication and are central to the viral life cycle [7]. The RNA comprises a linear
viral genome, a single RARp, and multiple copies of NP monomers. The RdRp is formed by
the association of acidic subunit PA and two basic subunits PB1 and PB2. The N-terminal
domain of PA functions as an endonuclease, while its C-terminal domain interacts with PB1
[8-10]. The PB1 subunit performs both de novo RNA-dependent RNA synthesis and mRNA-
primed transcription. PB1 contains four conserved motifs that form a large catalytic domain at
the center of the protein [11, 12]. The N-terminal domain of PBI interacts with PA, while its
C-terminus interacts with the N-terminus of PB2 [13], forming the RARp heterotrimer com-
plex. PB2 binds the m’guanosine (m’G) cap of host pre-mRNAs and enables downstream
cleavage by the endonuclease domain of PA. Cleavage of host pre-mRNA generates a m’G
capped10-13-mer oligonucleotide that serves as a primer for viral RNA transcription. Crystal
structures have demonstrated that cap-binding domain of PB2 binds a cap analog m’GTP
while the N-terminal domain interacts with the C-terminus of PB1 [14, 15]. In addition, PB2
plays important roles in polymerase activity, host range, cold sensitivity, and pathogenesis [8,
16]. Nucleotide analog inhibitors targeting the influenza RdARp complex have been an attrac-
tive strategy due to frequent occurrence of drug-resistant viruses to M2 ion channel blockers
and neuraminidase inhibitors. A clear and detailed mechanism of inhibition of polymerase
inhibitors is crucial for the design of effective antivirals.

Nucleoside/nucleotide analogs have played key roles as antiviral agents for herpes simplex
virus (HSV), human immunodeficiency virus (HIV), hepatitis B virus (HBV), hepatitis C virus
(HCV), and most recently Ebola virus (EBOV) [17, 18] [19]. 2’-deoxy, 2’F guanosine (2’FdG)
[20] [21, 22] and 2’-deoxy, 2’F cytidine (2’FdC) [23] showed potent anti-influenza activity in
vitro and in vivo models, however neither advanced to the clinic. T-705 (Favipiravir) is the
only approved influenza antiviral but is limited for use during pandemics [24, 25]. The discov-
ery of new nucleoside analogs has been hampered by the difficulty of obtaining recombinant
RdRp heterotrimer complex. In recent years, several groups have studied recombinant RdRp
either in the form of partially purified protein, with PA subunit in significant excess, or using
chimeric complexes with subunits expressed from different viral strains [26-30].

We recently reported the expression and purification of a homogeneous trimeric polymer-
ase complex[31]. In this study, we have characterized the replication and transcription activi-
ties of the recombinant polymerase complex and used it to determine distinct modes of action
for five nucleoside inhibitors of influenza virus. The recombinant polymerase complex and
defined templates allowed visualization of single nucleotide incorporation of the active metab-
olite of Favipirivir and related analog T-1106 triphosphate, which were not direct chain termi-
nators and could not be observed in RNP or crude polymerase reactions. Further engineering
of template sequences elucidated unique modes of action of Favipiravir and related analog T-
1106 triphosphate, as well as 2’FdG and two additional modified guanosine analogs. In addi-
tion to mode of action, the recombinant polymerase complex was used to determine relative
incorporation efficiency, one of the measures of intrinsic potency for nucleotide antivirals.

Materials and methods
Reagents

MDCK (NBL-2) cells were obtained from ATCC (Manassas, VA) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) from Life Technologies (Carlsbad, CA) supplemented
with 10% heat inactivated fetal bovine serum (Hyclone, Logan, Utah) and 100U/ml penicillin-
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Fig 1. Chemical structures of nucleotide analogs (A) and RNA oligonucleotides (B) used in this study.

https://doi.org/10.1371/journal.pone.0185998.9001

streptomycin (Life Technologies, Carlsbad, CA). Influenza A viruses A/Hong Kong/8/68 and
A/Puerto Rico/8/34 were purchased from Advanced Biotechnology Inc. (Columbia, MD).

All natural nucleotide triphosphates ATP, GTP, UTP, and CTP were obtained from GE
Healthcare (Pittsburgh, PA). Radiolabeled nucleotides a->P-GTP, UTP, and ATP (3000 Ci/m-
mol, 10 mCi/mL) were purchased from PerkinElmer (Waltham, MA). All of the nucleoside
analogs shown in Fig 1A and their triphosphate (TP) forms were synthesized at Gilead Sci-
ences except 2’FdG for which TP was from TriLink Biotechnologies (San Diego, CA). All syn-
thetic RNA oligonucleotides (Fig 1B) were synthesized by TriLink Biotechnologies. These
include PA-30, a 30-mer template analogous to the 3’ end of the PA gene; PA-Pro, a 15-mer
promoter with partially complementary sequence to PA-30, SNI-G, a template for single
nucleotide incorporation (SNI) with GTP or GTP analog; SNI-Pro, the corresponding pro-
moter oligo used in SNI studies as described by Jin et al. [26]; and the miniHA template resem-
bling the 3’- and 5’- ends of the HA gene with the panhandle promoter structure [32] as
illustrated in Fig 1B.
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The radiolabeled cap-1 mRNA primer **P-m’G'67 was prepared as described previously
[20]. Briefly, 10 ug pGEM zf(+) plasmid was digested with 800 U Smal at room temperature
overnight and purified by ethanol precipitation. RNA transcription was carried out at 37°C
overnight using the MegaScript Sp6 transcription kit (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol. After 10 minute incubation with DNAse I, the final RNA was
recovered by phenol chloroform extraction. 5’-capping was achieved by the following: 60 pg of
RNA transcript was denatured by heating at 95°C for 10 minutes, cooled to room temperature
and added to a capping reaction mixture containing the ScriptCap m’G Kit, 2’-O-methyl
transferase enzyme (CellScript, Madison, WI), and 500 pCi of 0-**P-GTP for 6 hours at 37°C
in a final volume of 100 pL. The final cap-1 RNA product was inactivated at 95°C for 10 min-
utes and passed through G25 spin columns (GE Healthcare, Pittsburgh, PA) to remove unin-
corporated nucleotide.

Baculovirus expression and purification of recombinant influenza A RNA
polymerase

The PA, PB1 and PB2 genes of Influenza A virus RNA polymerase were amplified by reverse-
transcription and PCR from HIN1 strain A/PR/8. The 3x FLAG tag was added to the N-termi-
nal full-length PA and cloned into pFastBacl vector (Life Technologies, Carlsbad, CA). Full-
length PB1 and PB2 genes were cloned into pFastBac Dual vector (Life Technologies) as
described previously[31]. Recombinant baculovirus was generated for PA and PB1/PB2 using
S£9 cells and was used to co-infect Trichopulsia ni cells (Hi5) at 1.5 x 10° cells/ml in ESF-921
medium (Expression Systems, David, CA). Purification and biochemical characterization of
the polymerase heterotrimer was described previously [31]. The purified polymerase complex
was stored at -80°C prior use.

Isolation of crude ribonucleoprotein complex

Crude ribonucleoprotein (cRNP) complex was prepared from virions by detergent disruption
as described previously [25, 33]. Briefly, 3 mg influenza A/PR/8/34 (HIN1) viral stock (~1.8 x
10"? viral particles, Advanced Biotechnologies Inc., Eldersburg, MD) was pelleted at 54,000g
for 2 hours. The pellet was disrupted by exposure to 2% Triton X-100 for 30 minutes at room
temperature in a total of 100 uL buffer containing 100 mM Tris-HCI (pH 8.0), 200 mM KCl, 3
mM dithiothreitol (DTT), 10% glycerol, 10 mM MgCl,, 2 U/mL RNasin Ribonuclease Inhibi-
tor (Promega, Madison, WI), and 2 mg/mL Lysolechithin type V (Sigma-Aldrich, St. Louis,
MO). Aliquots of cRNP were stored at -80°C.

Activity against influenza A virus (A/Hong Kong)

MDCK cells were seeded in 96-well plates at a density of 1 x 10* cells per well in 100 uL of
MEM medium supplemented with 10% FBS. Medium was removed the next day and the cells
were washed twice with 100 uL MEM medium supplemented with 0.125% (w/v) BSA (MEM-
BSA). Serially diluted compounds were added to cells in 150 uL. MEM-BSA and cells were
infected with influenza A (A/Hong Kong/8/68, Advanced Biotechnologies Inc.) at MOI 0.005
in 50 uL of MEM-BSA medium supplemented with 8 pg/mL trypsin (Worthington, Lakewood,
NJ). After five day incubation at 37°C, virus-induced cytopathic effect was determined by add-
ing CellTiterGlo viability reagents (Promega, Madison, WI) and the luminescence signal was
measured using Perkin Elmer’s Envision MultiLabel plate reader (Santa Clara, CA). The cyto-
toxicity of compounds in MDCK cells was determined in replicate plates with the same setup
as used in the antiviral assay, except no virus was added to the cell culture. ECs, and CCs
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values were calculated by non-linear regression analysis using GraphPad Prism (La Jolla, CA)
and four parameter logistic sigmoidal dose-response (variable slope) equations.

Influenza polymerase inhibition (IC5o) assays

Nucleotide analog inhibitors were serially diluted 3-fold in water and added to reaction mix-
ture containing 10% virus cRNP (v/v), 100 mM Tris-HCI (pH 8.0), 100 mM KCl, 1 mM DTT,
10% glycerol, 0.25% Triton-101 (reduced), 5 mM MgCl,, 0.4 U/mL RNasin, and 200 pM ApG
dinucleotide primer (TriLink, San Diego, CA). Reactions were initiated by addition of ribonu-
cleotide triphosphate (NTP) substrate mix containing 1 uM GTP (at 0.5 x K,,,), 0.01 uM o->>P
GTP, and 100 uM of ATP, CTP, and UTP (PerkinElmer, Shelton, CT). Reactions were incu-
bated at 30°C for 90 minutes then spotted onto DE81 filter paper. Filters were air dried,
washed with 0.125 M Na,HPO4 (3x), water (1x), and Ethanol (1x) and air dried before expo-
sure to Typhoon phosphor imager screen. Product formation was quantified on a Typhoon
Trio (GE Healthcare, Piscataway, NJ). ICs, values were calculated for inhibitors by fitting the
data to a four-parameter sigmoidal dose response with variable slope in GraphPad Prism.

Influenza RARp enzyme activity assays

The polymerase activity of RdRp was studied in a similar manner as in the ICs, assay described
above. The recombinant polymerase trimer was pre-incubated for 5 minutes in a buffer con-
taining 50 mM Tris-HCI (pH 8.0), 2 mM DTT, 5 mM magnesium acetate, 0.25 U/pL RNAsin,
1.6 uM PA-30 template, 1.6 pM PA-Pro promoter or miniHA template and one of the two
RNA primers: 300 uM ApG dinucleotide primer (TriLink, San Diego, CA) for replication
activity, or 13 ng/uL rabbit globin mRNA (Sigma-Aldrich) for transcription. Reactions were
initiated by addition of NTP substrate mixture containing 0.01 uM o->’P-GTP,1 uM GTP, and
100 pM for each of the rest of NTPs: ATP, CTP and UTP (PerkinElmer, Shelton, CT). For the
activity assays, reactions were incubated at 30°C and 5 pL aliquots were spotted onto DE81 fil-
ter paper over a 60-minute time course. The filters were processed as mentioned above and
exposed to a phosphor imager and the amount of o.->>P-GTP was quantified on a Typhoon
Trio (GE Healthcare, Piscataway NJ). Unwashed filters containing known quantities of radio-
label were used to calculate rates of incorporation for >*P-GTP. To visualize products, aliquots
of the reactions were quenched with equal volumes of gel loading dye containing 90% form-
amide, 100 mM EDTA, 0.1% (w/v) bromphenol blue and xylene cyanol. Reactions were ana-
lyzed by electrophoresis (10% polyacrylamide, 8 M urea). The dried gels were exposed to
phosphorimager screen and visualized using the Typhoon Trio and ImageQuant Software
(GE, Piscataway, NJ.)

Single nucleotide incorporation assay using radiolabeled 5’-capped
MRNA primer

Recombinant influenza polymerase trimer (80 ng/uL) was incubated with 595 nM *’P-m’G'67
and 1.6 uM miniHA template in buffer containing 50 mM HEPES (pH 7.8), 2 mM DTT, 5
mM magnesium acetate, 0.2 U/mL RNasin for 60 minutes at 37°C. After the endonuclease
cleavage of **P-m’G'67 was completed, 20 uM of endonuclease inhibitor 4-(1,4-bis(4-chloro-
benzyl)piperidin-4-yl)-2,4-dioxobutanoic acid [34] was added to the reaction mixture. The
polymerase reactions were initiated by adding nucleotide analogs and three other natural
NTPs (all at final concentrations of 500 uM) and 10 uCi o-**P-ATP. Reactions were incubated
at 37°C for 30 minutes and quenched with equal volumes of gel loading dye containing 90%
formamide, 100 mM EDTA, 0.1% (w/v) bromphenol blue and xylene cyanol. Reactions were
analyzed by electrophoresis (25% polyacrylamide, 8 M urea). The dried gels were exposed to
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phosphorimager screen and visualized using the Typhoon Trio and ImageQuant Software
(GE, Piscataway, NJ.)

Determination of the apparent binding affinity of NTP analogs

The apparent binding affinity K,,, was determined for GTP and T-1106-TP as described by
Jin et al [26]. 250 nM recombinant polymerase trimer was pre-incubated with 2.5 pM SNI-G
template, 1 uM SNI-Pro promoter, and 400 uM ApG primer in a buffer containing 40 mM
Tris-HCI (pH 7.0), 20 mM NaCl, 5 mM MgCl,, 2 mM DTT, and 0.2 U/pL RNasin at 37°C. The
reaction was initiated by adding a mixture of 25 uM CTP, 25 uM UTP, 25 uCi of o->>P-UTP,
and various concentrations of GTP or analogs. Reactions proceeded for 35 minutes and were
quenched with equal volumes of loading dye containing 90% formamide, 100 mM EDTA,
0.1% (w/v) amount of bromphenol blue and xylene cyanol. The products were separated by
25% PAGE, visualized, and quantified by autoradiography as described above. Data were fit
with Eq I, where %Max and %Min are respectively the ratios of (10+11+12+13+14-mer)/
(9+10+11+12+13+14-mer) at the highest nucleotide concentration and the baseline level of
mis-incorporation of CTP/UTP in the absence of the correct nucleotide (GTP) encoded by the
template sequence, K, is the concentration at which half of the reactant (9-mer) is converted
to products (10+11+12+13+14-mers), and S is the concentration of nucleotide analog.

(%Max — %Min) - S

Y = %Mi I
KaPP+S e ()

Results
RNA replication and transcription monitored by filter binding assay

The polymerase activity of the purified RdRp heterotrimer complex was characterized in a fil-
ter binding assay utilizing the RNA template PA-30, a 30-mer containing a conserved 12
nucleotide sequence from the 3’-end of the Influenza A RNA encoding the PA protein, and a
partially complementary 15-mer promoter sequence mimicking the 5’end of the viral genome,
PA-Pro (Fig 1). A dinucleotide ApG primer was used to investigate the replication step, while
rabbit globin mRNA was used to study mRNA-primed transcription. Recombinant RdRp with
exogenous template was assayed in parallel with cRNP from detergent disrupted viral particles
containing endogenous viral RNA templates. The incorporation of radiolabeled GTP was used
to measure the product formation.

A comparison of the enzymatic activities of cRNP and recombinant RdRp is shown in Fig
2.2A shows GTP incorporation rate by crude replication complex as a function of viral parti-
cles, and 2B shows incorporation rates as a function of recombinant polymerase concentration
using the PA-30 template. Although the templates were different for the recombinant RdRp
and the cRNP, the relative replication and transcription activities were comparable between
these two sources of polymerase. Replication and transcription activities of cRNP and the
recombinant polymerase were linear over time (Fig 2C and 2D), and neither recombinant
RdRp nor cRNP showed de novo RNA synthesis in the absence of a primer (S3 Fig). This
allowed for analysis of the two distinct modes of RNA synthesis: ApG-primed RNA replication
or capped mRNA-primed RNA transcription.

RNA replication and transcription monitored by gel electrophoresis

The polymerase activity of RARp heterotrimer complex was further characterized in parallel
with that of the cRNP in a gel-based assay in which the RNA products could be visualized. No
exogenous RNA template was provided for cRNP whereas two RNA templates, PA-30 and
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Fig 2. Activity of RNA replication and transcription by recombinant influenza RdRp heterotrimer. (A) The rate of **P-a-GTP incorporation by
cRNP is proportional to the estimated viral particles used to generate cRNP; (B) The rate of **P-a-GTP incorporation by recombinant RdRp is
proportional to the PA/PB1/PB2 trimer protein concentration; (C and D) The product formation presented by an arbitrary unit on the phosphor
imager is linear with time and similar between the replication and transcription rates observed with cRNP (panel C) and recombinant RdRp (panel
D) during ApG-primed RNA replication (@) or rabbit globin mRNA-primed RNA transcription (H). (E) Product formation using different RNA
templates was analyzed on a 10% polyacrylamide gel. In contract to cRNP-catalyzed RNA synthesis (far left lane) which generated a smeared
ladder of long products at the top of the gel, recombinant RdRp generated approximately template length products during ApG-primed RNA
replication (D, B). Furthermore, transcripts of PA-30 and mini-HA containing an additional 9—11 nucleotides were generated during rabbit globin
mRNA-primed RNA transcription (C, A).

https://doi.org/10.1371/journal.pone.0185998.g002

miniHA, were used with RdRp. Results are shown in Fig 2E. Shown in lane 1, cRNP generated
long transcripts near the top of the gel and short abortive initiation products. Lane 2 shows a
transcript of the PA-30 template generated by the recombinant trimer and short abortive initi-
ation products. Similarly, the recombinant trimer generated transcripts corresponding to the
miniHA template, as well as intermediate length transcripts and abortive initiation products
(lane 3). In mRNA primed reactions with recombinant trimer (lanes 4 and 5), abortive initia-
tion was not observed and the products are correspondingly ~9-11 nucleotides longer than
the PA-30 template (lane5) and miniHA template (lane 6). MiniHA has been predicted to
form a double hairpin ‘panhandle’ promoter structure by mimicking the viral genome and
thus enhancing RdRp activity[35], while PA-30 transcription is increased with a semi-comple-
mentary promoter sequence mimicking the 5’-end of viral RNA described previously[27].

Characterization of nucleotide analogues in Influenza polymerase
inhibition (ICso) assays and antiviral assays (ECsp)

Five guanosine nucleotide analogs (Fig 1) were tested for inhibition of ApG-primed RNA syn-
thesis catalyzed by cRNP complex in filter binding assays. The longer endogenous viral
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Table 1. Inhibition of influenza virus and crude replication complex.

Cell-based Biochemical
Nucleoside Analogs ECsp (M)'2 CCsp (MM) ICs of TP (uM)'3
2'FdG 19+5 >200 3.8+26
T-705 2411 >100 0.56+0.22
T-1106 27+6 >100 0.17+0.07
4vinyl-FdG 116 + 48 >200 24.0+0.2
4'CN-FdG >200 >200 8025

'All values are average + STD from at least three independent measurements.

2ECs, values were measured in MDCK cells infected with Influenza A/HK/68.

3|Cs values were determined using viral ribonucleoprotein complexes from detergent-disrupted Influenza A/
PR/8/34.

https://doi.org/10.1371/journal.pone.0185998.t001

template and low polymerase concentration in cRNP afforded better sensitivity than the
recombinant polymerase trimer for ICs, measurements. Antiviral activity was measured in
cell-based viral replication assays. Potency and cytotoxicity data from these assays are shown
in Table 1. The biochemical potency of the triphosphates ranged from 0.17 uM to 80 uM, in
the order of T-1106-TP > T-705-RTP > 2FdGTP > 4vinyl-FdGTP > 4 CN-FdGTP. In the
cellular anti-viral assays, T-705 showed the highest activity with EC5, of 2.2 uM, followed by
2’FdG, T-1106, and 4’vinyl-FdG with ECs, values of 18, 27 uM, and 110 uM, respectively,
while 4CN-FdG remained inactive at the highest concentration tested (200 pM). The rank
ordering of compounds in the biochemical assay paralleled that of the cellular assays, with the
exception of T-1106-TP. This compound was 3-times more potent than T-705-RTP in the bio-
chemical assay, but was 12-times less potent in the antiviral assays. We speculate that this dis-
crepancy may be caused by insufficient formation of active triphosphate of T-1106 in the
MDCK cells used in the antiviral assay.

Mechanism of action for NTP analog inhibitors

Development of gel based assays using recombinant polymerase complex and defined tem-
plates enabled characterization of mechanisms of action of nucleotide inhibitors, which could
not be distinguished using cRNP complex containing viral RNA. The mechanisms of action
for five guanosine triphosphate analogs were examined in a gel-based assay using the miniHA
template and a capped radiolabeled mRNA m’G'67. After pre-cleavage of the radiolabeled
primer, a specific endonuclease inhibitor 4-(1,4-bis(4-chlorobenzyl)piperidin-4-yl)-2,4-dioxo-
butanoic acid was added to inhibit endonuclease activity and prevent cleavage of the newly
elongated transcripts formed in the presence of NTPs or NTP analogs. As shown in Fig 3, the
template sequence allows visualization of multiple guanosine or adenosine analog incorpora-
tions. In the reaction containing all four natural NTPs at 500 uM concentration (lane 1), the
majority of radiolabeled products accumulated near the top of the gel. When 2’FAGTP was
substituted for GTP (lane 2), a reduced amount of radiolabeled RNA was present at the top of
the gel; however, the lack of chain-terminated transcripts suggested that the analog was stably
incorporated into RNA. T-705-RTP has been reported to be incorporated through base-pair-
ing with either cytosine or uracil by influenza RdRp, terminating RNA synthesis after two con-
secutive incorporations [26, 36]. Our single nucleotide incorporation data in Fig 3 is in general
agreement with these observations. In lane 3, T-1106-TP shows competition with ATP for
incorporation opposite U as well as GC base pairing, and delayed chain termination. This
blocks formation of long transcripts after multiple incorporations. The 4’-vinyl and 4’-cyano-
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Fig 3. Mechanism of action for different nucleotide analogs during recombinant RdRp-catalyzed RNA synthesis. (A) Reaction scheme
showing cleavage of the 3P-m”G'67 primer by influenza polymerase heterotrimer, base pairing with miniHA template, and expected transcription
product. (B) Reaction mixtures contained miniHA template, radiolabeled capped RNA primer 3*P-m’G'67, 500 uM GTP or GTP analogs, and

500 uM for each of natural CTP, UTP, and ATP. Products were separated by 25% PAGE and visualized by autoradiography. The top of the gel was
illustrated to show the formation of long transcription products. The ladder of nucleotide bases on the side bar demonstrates the correct incoming
nucleotide base-pairing with the miniHA template.

https://doi.org/10.1371/journal.pone.0185998.g003

FAGTP analogs (lanes 4 and 5) showed direct chain-termination at the first guanosine incor-
poration site and blocked formation of long products. Interestingly, even though T-705-RTP
(lane 6) and T-1106-TP are close analogues, T-705-RTP generated a product pattern signifi-
cantly different from that of T-1106-TP. T-705-RTP decreased competition with adenosine
with a clear ladder of different sized products; decreased accumulation of the first GTP incor-
poration product; and could stably incorporate and increase long product at the top of the gel.
In the absence of GTP or its analog (lane 7), the polymerase was able to bypass the first GTP
site through mis-incorporation of other NTPs, but transcription is stalled at the second GTP
incorporation site and no formation of longer transcripts were observed. The recombinant
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RdRp heterotrimer enabled the detailed study of these five structurally diverse compounds
which was not feasible using cRNP (S2 Fig).

Steady-state kinetic analysis for single nucleotide base incorporation

The recombinant polymerase assay system also enabled comparison of substrate incorpo-
ration efficiency between natural substrates and nucleotide analogs. We studied single nucle-
otide incorporation for three GTP analogs with a pre-formed RdRp-RNA primer/template
elongation complex. While we were unable to define pre-steady state kinetic parameters k,;
and K, due to the slow, highly abortive initiation and mis-incorporation of natural nucleo-
tides, we measured the concentration of nucleotide analog required to elongate 50% of a
RNA 9-mer to 10-14-mer products in a fixed short reaction time (K,,), which provides a rel-
ative comparison of substrate efficiency. The Ky, values for GTP, T-1106-TP, and 4’-vinyl-
FdG are summarized in Fig 4B. The ratio of Kypp(analog):Kapp(GTp) Provides a selectivity factor.

B
A nucleotide Kapp (UM) Selectivity
CTP GTP
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s —  — 197
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Fig 4. Determination of apparent binding affinity (K;,) of GTP, T-1106-TP, and 4’vinyl-FdGTP during single nucleotide incorporation by the
recombinant influenza RdRp. (A) Diagram illustrating formation of RNA 9-mer product from ApG primer and further elongation to RNA 14-mer
product; (B) Summary of K,,, and selectivity for GTP and analogs; Incorporation of GTP (panel C), T-1106-TP (panel D), and 4'vinyl-FdGTP (panel E)
as a function of NTP analog concentration. The product formation is plotted as a function of compound concentration for GTP (panel F), T-1106-TP
(panel G), and 4'vinyl-FAGTP (panel H), respectively. The calculated K, values for GTP, T-1106-TP, and 4'vinyl-FdGTP are 9 nM, 27 nM, and 29 uM
respectively.

https://doi.org/10.1371/journal.pone.0185998.9004
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The K., for GTP was calculated to be 9 nM, consistent with the reported value of 8 nM [26].
The K., value of 27 nM for T-1106-TP yields a selectivity factor of 3 for natural GTP over T-
1106-TP, 6.3 times lower than the reported selectivity over T-705-TP [26]. These data were
consistent with the 3-fold lower enzymatic ICs, observed for T-1106-TP vs. T-705-RTP
(Table 1). Kgpp, for 4'vinyl-FdGTP was 29 pM, in agreement with weak enzymatic inhibition
observed with this analog.

Discussion

Xing, et al recently described the purification of the recombinant influenza polymerase het-
erotrimer and showed that the endonuclease activity was significantly increased over the
broadly used N-terminal truncated PA subunit[31]. In this paper, we evaluated the RdRp
activity of this heterotrimer complex during both ApG-primed RNA replication and mRNA-
dependent RNA transcription. Similar to the viral-derived cRNP, the recombinant RdRp
appears to be 2-fold more efficient during replication than transcription, indicating endonu-
clease cleavage could be rate-limiting during mRNA transcription. Using the recombinant
RdRp and sequence-defined RNA template and primer, we were able to investigate the
mechanism of action for nucleoside analogs active against influenza virus. Most of the mar-
keted nucleoside antivirals exert their effects by incorporation into nascent DNA or RNA
and subsequent chain termination. However, nucleoside inhibitors of influenza virus dem-
onstrated distinct modes of action. The stable incorporation of 2’FAGTP suggested a kinetic
inhibition mechanism of action, in which the nucleoside analog disrupts and delays exten-
sion of RNA. However, this observation was in direct conflict with Tisdale’s report of direct
chain-termination upon 2’FdGTP incorporation [20]. We have observed similar delayed
chain-termination effect of T-705RTP as reported by Jin et al [26]. The fact that T-705RTP
and its close analog T-1106-TP can be incorporated as either “A or G” bases also suggests
hypermutation as an antiviral mechanism, described by Crotty et al as accumulation of
mutations in viral RNA leading to a drop in viral fitness[37]. While these two analogs cause
chain termination after two or more subsequent incorporations, the likelihood of more than
two subsequent incorporations of these analogs in the presence of physiological levels of nat-
ural NTP is small. The increased potency of T-1106-TP with respect to T-705-RTP correlates
with its enhanced ability to be incorporated as adenosine (Fig 3). Interestingly, both 4’vinyl-
and 4CN-FdGTP analogs showed a clear chain-termination effect. Understanding modes of
action of nucleotide inhibitors may identify potential efficacy or toxicity liabilities and guide
drug development. Using crude replication complex we were unable to observe incorpo-
ration of T705-RTP or the 4’vinyl and 4 CN-FAGTP analogs, suggesting that they may not be
substrates of influenza polymerase (S2 Fig). The recombinant polymerase complex and
defined templates also demonstrated reduced mis-incorporation of natural nucleotides,
allowing distinction between stably incorporated analogs such as 2’FAGTP and the chain ter-
minators 4’vinyl- and 4CN-FdGTP. The 4’vinyl- and 4CN-FdGTP did not block formation
of long transcripts in cRNP assays due to poor substrate efficiency combined with significant
mis-incorporation of natural nucleotides. Recombinant influenza A polymerase heterotri-
mer provided a useful tool to elucidate subtle mechanisms of action differences for nucleo-
side antivirals. By using highly purified recombinant influenza A polymerase heterotrimer
and defined RNA templates, we have shown how five different nucleotide analogs with seem-
ingly subtle structure modifications could lead to very different mechanisms of action. These
findings will enable future efforts to develop more effective and selective nucleoside antivi-
rals targeting influenza polymerase.
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Supporting information

S1 Fig. Methylation of capped primer. Methylation of m’Gy-67mer RNA was assessed by
incorporation of "¢ from trace labeled S-adenosyl methionine (SAM), (PerkinElmer, Walth-
ham, MA) using the ScriptCap vaccinia virus 2°-O-Methyl transferase kit (CellScript, Madison,
WI). 5 pg (229 pmoles) of m’Goy-67mer RNA prepared as described previously was incubated
with 25 umoles SAM and 13 pmoles '*C-SAM in ScriptCap reactions prepared according to
manufacturer’s instructions. A sham reaction was included containing all reagents except 2°-
O-Methyl transferase enzyme. Reactions were incubated at 37°C for 1 h and then passed
through G-25 Sepharose columns twice to remove unreacted SAM. 10 uL of complete reaction
mixtures were spotted on filter papers and '*C incorporation was measured by liquid scintilla-
tion counting. (A) "*C incorporation in ScriptCap methyltransferase reactions was measured
by scintillation counting in parallel with background samples and sham samples; (B) A
C-SAM standard curve was used to calculate the amount of '*C in samples (uCi); (C) Specific
activity of the "*C-SAM mixture allowed calculation of reaction efficiency by average pmoles
of the trace labeled "*C incorporated per pmol RNA.

(PPTX)

S2 Fig. De novo vs. primed transcription of miniHA. Gel images show de novo synthesis
(left lane) and primed RNA synthesis (right lane). RdRp was pre-incubated for 5 minutes in
a buffer containing 50 mM Tris-HCI (pH 8.0), 2 mM DTT, 5 mM magnesium acetate, 0.25
U/uL RNAsin, 1.6 pM miniHA template in the presence and absence of 300 uM ApG
(Trilink Biotechnologies). Reactions were initiated by addition of NTP substrate mixture
containing 0.01 uM o-**P-GTP, 1 uM GTP, and 100 uM for each of the rest of NTPs: ATP,
CTP and UTP (PerkinElmer, Shelton, CT). To visualize products, aliquots of the reactions
were quenched with equal volumes of gel loading dye containing 90% formamide, 100

mM EDTA, 0.1% (w/v) bromphenol blue and xylene cyanol. Products were separated by
electrophoresis (15% polyacrylamide, 8 M urea). The dried gels were exposed to phosphori-
mager screen and visualized using the Typhoon Trio and ImageQuant Software (GE, Piscat-
away, NJ.)

(PPTX)

S3 Fig. cRNP mechanism of action study of guanosine analogs. The mechanism of action of
guanosine analogs was interrogated in assays utilizing concentrated cRNP and *’P-radiolabeled
capped primer with endogenous viral template. Lanes 1-4 show the cleaved RNA primer plus
next incoming CTP coded by the endogenous viral RNA, and the product formation in the
presence of 2—-4 natural NTPs. Lanes 5 and 6 show incorporation of T1106-TP at the first GTP
coded by the template sequence, and ablation of long product formation in wells at the top of
the gel in the presence of natural nucleotides. Lanes 7 and 8 show a weak band corresponding
to incorporation of 2’-FdGTP, and generation of long products in the presence of natural NTP.
Lanes 9-14 show neither incorporation of the 4’substituted analogs and T-705-RTP nor forma-
tion of long products in the presence of natural NTPs, leaving the MOA of these analogs ambig-
uous. For this experiment, concentrated cRNP (10% assay volume) was incubated with 460 nM
3p_labeled m’G;-67 for 3 h in buffer containing 100 mM Tris (pH 8.0,) 100 mM KCl, 5 mM
MgCl,, 1 mM DTT, 0.25% Triton N-101, 10% glycerol, and 0.4 U/uL RNAsin. After 3 h incuba-
tion, reactions were quenched with endonuclease inhibitor and 500 uM natural NTPs and/or
analogs were added. After 60 minutes, primer extension reactions were quenched with addition
of equal volumes of 100 mM EDTA in loading dye. Products were separated by 25% PAGE on
a large format gel and quantified by autoradiography. While incorporation and chain
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termination is observed for T-1106 Triphosphate and stable incorporation is observed for
2’FdGTP, the MOA of the less efficiently incorporated analogs is not discernable.
(PPTX)

Author Contributions

Conceptualization: Ona Barauskas, Weimei Xing, Michael Clarke, Gabriel Birkus, Brian E.
Schultz, HyockJoo Kwon, Joy Y. Feng.

Data curation: Ona Barauskas, Weimei Xing, Joy Y. Feng.
Formal analysis: Ona Barauskas, Weimei Xing, HyockJoo Kwon, Joy Y. Feng.

Investigation: Ona Barauskas, Weimei Xing, Esmeralda Aguayo, Madeleine Willkom, Anna-
purna Sapre, Michael Clarke, Gabriel Birkus, Brian E. Schultz, Roman Sakowicz, HyockJoo
Kwon, Joy Y. Feng.

Methodology: Ona Barauskas, Weimei Xing, Esmeralda Aguayo, Madeleine Willkom, Anna-
purna Sapre, HyockJoo Kwon, Joy Y. Feng.

Supervision: Ona Barauskas, Weimei Xing, Brian E. Schultz, Roman Sakowicz, HyockJoo
Kwon, Joy Y. Feng.

Validation: Weimei Xing.
Visualization: HyockJoo Kwon, Joy Y. Feng.
Writing - original draft: Ona Barauskas, Weimei Xing, HyockJoo Kwon, Joy Y. Feng.

Writing - review & editing: Ona Barauskas, Weimei Xing, Brian E. Schultz, HyockJoo Kwon,
Joy Y. Feng.

References

1. DasK, Aramini JM, Ma LC, Krug RM, Arnold E. Structures of influenza A proteins and insights into anti-
viral drug targets. Nat Struct Mol Biol. 2010; 17(5):530-8. Epub 2010/04/13. https://doi.org/10.1038/
nsmb.1779 PMID: 20383144.

2. Neumann G, Noda T, Kawaoka Y. Emergence and pandemic potential of swine-origin HIN1 influenza
virus. Nature. 2009; 459(7249):931-9. Epub 2009/06/16. https://doi.org/10.1038/nature08157 PMID:
19525932.

3. Hutchinson EC, von Kirchbach JC, Gog JR, Digard P. Genome packaging in influenza A virus. J Gen
Virol. 2010; 91(Pt 2):313-28. Epub 2009/12/04. https://doi.org/10.1099/vir.0.017608-0 PMID:
19955561

4. HsuJ, Santesso N, Mustafa R, Brozek J, Chen YL, Hopkins JP, et al. Antivirals for treatment of influ-
enza: a systematic review and meta-analysis of observational studies. Ann Intern Med. 2012; 156
(7):512—24. Epub 2012/03/01. https://doi.org/10.7326/0003-4819-156-7-201204030-00411 PMID:
22371849

5. Eyerl, Hruska K. Antiviral agents targeting the influenza virus: a review and publication analysis. Veter-
inarni Medicina. 2013; 58(3):113-85.

6. SongJY, NohJY, Choi WS, Cheong HJ, Kim WJ. Antiviral therapy in seasonal influenza and 2009
H1N1 pandemic influenza: Korean experiences and perspectives. Expert Rev Anti Infect Ther. 2015; 13
(11):1361-72. https://doi.org/10.1586/14787210.2015.1076334 PMID: 26256778

7. Moeller A, Kirchdoerfer RN, Potter CS, Carragher B, Wilson IA. Organization of the influenza virus repli-
cation machinery. Science. 2012; 338(6114):1631—4. Epub 2012/11/28. https://doi.org/10.1126/
science.1227270 PMID: 23180774.

8. Boivin S, Cusack S, Ruigrok RW, Hart DJ. Influenza A virus polymerase: structural insights into replica-
tion and host adaptation mechanisms. J Biol Chem. 2010; 285(37):28411-7. Epub 2010/06/12. https://
doi.org/10.1074/jbc.R110.117531 PMID: 20538599.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185998 October 11, 2017 13/15


https://doi.org/10.1038/nsmb.1779
https://doi.org/10.1038/nsmb.1779
http://www.ncbi.nlm.nih.gov/pubmed/20383144
https://doi.org/10.1038/nature08157
http://www.ncbi.nlm.nih.gov/pubmed/19525932
https://doi.org/10.1099/vir.0.017608-0
http://www.ncbi.nlm.nih.gov/pubmed/19955561
https://doi.org/10.7326/0003-4819-156-7-201204030-00411
http://www.ncbi.nlm.nih.gov/pubmed/22371849
https://doi.org/10.1586/14787210.2015.1076334
http://www.ncbi.nlm.nih.gov/pubmed/26256778
https://doi.org/10.1126/science.1227270
https://doi.org/10.1126/science.1227270
http://www.ncbi.nlm.nih.gov/pubmed/23180774
https://doi.org/10.1074/jbc.R110.117531
https://doi.org/10.1074/jbc.R110.117531
http://www.ncbi.nlm.nih.gov/pubmed/20538599
https://doi.org/10.1371/journal.pone.0185998

@° PLOS | ONE

Characterization of recombinant influenza A polymerase

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

He X, Zhou J, Bartlam M, Zhang R, Ma J, Lou Z, et al. Crystal structure of the polymerase PA(C)-PB1
(N) complex from an avian influenza H5N1 virus. Nature. 2008; 454(7208):1123—-6. Epub 2008/07/11.
https://doi.org/10.1038/nature07120 PMID: 18615018

Obayashi E, Yoshida H, Kawai F, Shibayama N, Kawaguchi A, Nagata K, et al. The structural basis for
an essential subunit interaction in influenza virus RNA polymerase. Nature. 2008; 454(7208):1127-31.
Epub 2008/07/29. https://doi.org/10.1038/nature07225 PMID: 18660801

Tiley LS, Hagen M, Matthews JT, Krystal M. Sequence-specific binding of the influenza virus RNA poly-
merase to sequences located at the 5’ ends of the viral RNAs. J Virol. 1994; 68(8):5108—16. Epub 1994/
08/01. PMID: 8035510.

Chu C, Fan S, Li C, Macken C, Kim JH, Hatta M, et al. Functional analysis of conserved motifs in influ-
enza virus PB1 protein. PLoS ONE. 2012; 7(5):e36113. Epub 2012/05/23. https://doi.org/10.1371/
journal.pone.0036113 PMID: 22615752.

Sugiyama K, Obayashi E, Kawaguchi A, Suzuki Y, Tame JR, Nagata K| et al. Structural insight into the
essential PB1-PB2 subunit contact of the influenza virus RNA polymerase. EMBO J. 2009; 28
(12):1803—11. Epub 2009/05/23. https://doi.org/10.1038/emboj.2009.138 PMID: 19461581.

Guilligay D, Tarendeau F, Resa-Infante P, Coloma R, Crepin T, Sehr P, et al. The structural basis for
cap binding by influenza virus polymerase subunit PB2. Nat Struct Mol Biol. 2008; 15(5):500-6. Epub
2008/05/06. https://doi.org/10.1038/nsmb.1421 PMID: 18454157

Ruigrok RW, Crepin T, Hart DJ, Cusack S. Towards an atomic resolution understanding of the influenza
virus replication machinery. Current opinion in structural biology. 2010; 20(1):104—13. Epub 2010/01/
12. https://doi.org/10.1016/j.sbi.2009.12.007 PMID: 20061134

Hayashi T, Wills S, Bussey KA, Takimoto T. Identification of Influenza A Virus PB2 Residues Involved in
Enhanced Polymerase Activity and Virus Growth in Mammalian Cells at Low Temperatures. J Virol.
2015; 89(15):8042—9. Epub 2015/05/29. https://doi.org/10.1128/JVI.00901-15 PMID: 26018156.

De Clercq E. A 40-year journey in search of selective antiviral chemotherapy. Annu Rev Pharmacol
Toxicol. 2011; 51:1-24. Epub 2010/09/08. https://doi.org/10.1146/annurev-pharmtox-010510-100228
PMID: 20809796

Coats SJ, Garnier-Amblard EC, Amblard F, Ehteshami M, Amiralaei S, Zhang H, et al. Chutes and lad-
ders in hepatitis C nucleoside drug development. Antiviral Res. 2014; 102:119—-47. https://doi.org/10.
1016/j.antiviral.2013.11.008 PMID: 24275341.

Warren TK, Jordan R, Lo MK, Ray AS, Mackman RL, Soloveva V, et al. Therapeutic efficacy of the
small molecule GS-5734 against Ebola virus in rhesus monkeys. Nature. 2016; 531(7594):381-5.
https://doi.org/10.1038/nature 17180 PMID: 26934220

Tisdale M, Ellis M, Klumpp K, Court S, Ford M. Inhibition of influenza virus transcription by 2’-deoxy-2’-
fluoroguanosine. Antimicrob Agents Chemother. 1995; 39(11):2454—8. Epub 1995/11/01. PMID:
8585725.

Tisdale M, Appleyard G, Tuttle JV, Nelson DJ, Nusinoff-Lehrman S, Al Nakib W, et al. Inhibition of influ-
enza A and B viruses by 2’-deoxy-2’-fluororibosides. Antivir Chem Chemother. 1993; 4(5):281-7.

Jakeman KJ, Tisdale M, Russell S, Leone A, Sweet C. Efficacy of 2’-deoxy-2'-fluororibosides against
influenza A and B viruses in ferrets. Antimicrob Agents Chemother. 1994; 38(8):1864—7. PMID:
7986023.

Kumaki Y, Day CW, Smee DF, Morrey JD, Barnard DL. In vitro and in vivo efficacy of fluorodeoxycyti-
dine analogs against highly pathogenic avian influenza H5N1, seasonal, and pandemic H1N1 virus
infections. Antiviral Res. 2011; 92(2):329—40. https://doi.org/10.1016/j.antiviral.2011.09.001 PMID:
21925541.

Furuta Y, Gowen BB, Takahashi K, Shiraki K, Smee DF, Barnard DL. Favipiravir (T-705), a novel viral
RNA polymerase inhibitor. Antiviral Res. 2013; 100(2):446-54. https://doi.org/10.1016/j.antiviral.2013.
09.015 PMID: 24084488.

Furuta Y, Takahashi K, Kuno-Maekawa M, Sangawa H, Uehara S, Kozaki K, et al. Mechanism of action
of T-705 against influenza virus. Antimicrob Agents Chemother. 2005; 49(3):981-6. https://doi.org/10.
1128/AAC.49.3.981-986.2005 PMID: 15728892.

Jin Z, Smith LK, Rajwanshi VK, Kim B, Deval J. The ambiguous base-pairing and high substrate effi-
ciency of T-705 (Favipiravir) Ribofuranosyl 5'-triphosphate towards influenza A virus polymerase. PLoS
ONE. 2013; 8(7):e68347. Epub 2013/07/283. https://doi.org/10.1371/journal.pone.0068347 PMID:
23874596.

Aggarwal S, Bradel-Tretheway B, Takimoto T, Dewhurst S, Kim B. Biochemical characterization of
enzyme fidelity of influenza A virus RNA polymerase complex. PLoS ONE. 2010; 5(4):e10372. Epub
2010/05/11. https://doi.org/10.1371/journal.pone.0010372 PMID: 20454455.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185998 October 11, 2017 14/15


https://doi.org/10.1038/nature07120
http://www.ncbi.nlm.nih.gov/pubmed/18615018
https://doi.org/10.1038/nature07225
http://www.ncbi.nlm.nih.gov/pubmed/18660801
http://www.ncbi.nlm.nih.gov/pubmed/8035510
https://doi.org/10.1371/journal.pone.0036113
https://doi.org/10.1371/journal.pone.0036113
http://www.ncbi.nlm.nih.gov/pubmed/22615752
https://doi.org/10.1038/emboj.2009.138
http://www.ncbi.nlm.nih.gov/pubmed/19461581
https://doi.org/10.1038/nsmb.1421
http://www.ncbi.nlm.nih.gov/pubmed/18454157
https://doi.org/10.1016/j.sbi.2009.12.007
http://www.ncbi.nlm.nih.gov/pubmed/20061134
https://doi.org/10.1128/JVI.00901-15
http://www.ncbi.nlm.nih.gov/pubmed/26018156
https://doi.org/10.1146/annurev-pharmtox-010510-100228
http://www.ncbi.nlm.nih.gov/pubmed/20809796
https://doi.org/10.1016/j.antiviral.2013.11.008
https://doi.org/10.1016/j.antiviral.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24275341
https://doi.org/10.1038/nature17180
http://www.ncbi.nlm.nih.gov/pubmed/26934220
http://www.ncbi.nlm.nih.gov/pubmed/8585725
http://www.ncbi.nlm.nih.gov/pubmed/7986023
https://doi.org/10.1016/j.antiviral.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21925541
https://doi.org/10.1016/j.antiviral.2013.09.015
https://doi.org/10.1016/j.antiviral.2013.09.015
http://www.ncbi.nlm.nih.gov/pubmed/24084488
https://doi.org/10.1128/AAC.49.3.981-986.2005
https://doi.org/10.1128/AAC.49.3.981-986.2005
http://www.ncbi.nlm.nih.gov/pubmed/15728892
https://doi.org/10.1371/journal.pone.0068347
http://www.ncbi.nlm.nih.gov/pubmed/23874596
https://doi.org/10.1371/journal.pone.0010372
http://www.ncbi.nlm.nih.gov/pubmed/20454455
https://doi.org/10.1371/journal.pone.0185998

@° PLOS | ONE

Characterization of recombinant influenza A polymerase

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Olson AC, Rosenblum E, Kuchta RD. Regulation of influenza RNA polymerase activity and the switch
between replication and transcription by the concentrations of the vRNA 5’ end, the cap source, and the
polymerase. Biochemistry. 2010; 49(47):10208—15. Epub 2010/11/03. https://doi.org/10.1021/
bi101011j PMID: 21033726.

Zhang S, Weng L, Geng L, Wang J, Zhou J, Deubel V, et al. Biochemical and kinetic analysis of the
influenza virus RNA polymerase purified from insect cells. Biochem Biophys Res Commun. 2010; 391
(1):570-4. Epub 2009/11/26. https://doi.org/10.1016/j.bbrc.2009.11.100 PMID: 19932088

Hwang JS, Yamada K, Honda A, Nakade K, Ishihama A. Expression of functional influenza virus RNA
polymerase in the methylotrophic yeast Pichia pastoris. J Virol. 2000; 74(9):4074-84. Epub 2001/02/07.
PMID: 10756019.

Xing W, Barauskas O, Kirschberg T, Niedziela-Majka A, Clarke M, Birkus G, et al. Biochemical Charac-
terization of Recombinant Influenza A Polymerase Heterotrimer Complex: Endonuclease Activity and
Evaluation of Inhibitors. PLoS ONE. 2017; 12(8):1—14. https://doi.org/10.1371/journal.pone.0181969
PMID: 28809961.

Brownlee GG, Sharps JL. The RNA polymerase of influenza a virus is stabilized by interaction with its
viral RNA promoter. J Virol. 2002; 76(14):7103-13. https://doi.org/10.1128/JV1.76.14.7103-7113.2002
PMID: 12072510.

Tomassini JE. Expression, purification, and characterization of orthomyxovirus: influenza transcriptase.
Methods Enzymol. 1996; 275:90-9. PMID: 9026662

Tomassini J, Selnick H, Davies ME, Armstrong ME, Baldwin J, Bourgeois M, et al. Inhibition of cap
(m7GpppXm)-dependent endonuclease of influenza virus by 4-substituted 2,4-dioxobutanoic acid com-
pounds. Antimicrob Agents Chemother. 1994; 38(12):2827-37. Epub 1994/12/01. PMID: 7695269.

Crow M, Deng T, Addley M, Brownlee GG. Mutational Analysis of the Influenza Virus cRNA Promoter
and Identification of Nucleotides Critical for Replication. J Virol. 2004; 78(12):6263—70. https://doi.org/
10.1128/JVI.78.12.6263-6270.2004 PMID: 15163719.

Furuta Y, Takahashi K, Shiraki K, Sakamoto K, Smee DF, Barnard DL, et al. T-705 (favipiravir) and
related compounds: Novel broad-spectrum inhibitors of RNA viral infections. Antiviral Res. 2009; 82
(3):95-102. https://doi.org/10.1016/j.antiviral.2009.02.198 PMID: 19428599

Crotty S, Cameron CE, Andino R. RNA virus error catastrophe: direct molecular test by using ribavirin.
Proc Natl Acad Sci U S A. 2001; 98(12):6895-900. https://doi.org/10.1073/pnas.111085598 PMID:
11371613.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185998 October 11, 2017 15/15


https://doi.org/10.1021/bi101011j
https://doi.org/10.1021/bi101011j
http://www.ncbi.nlm.nih.gov/pubmed/21033726
https://doi.org/10.1016/j.bbrc.2009.11.100
http://www.ncbi.nlm.nih.gov/pubmed/19932088
http://www.ncbi.nlm.nih.gov/pubmed/10756019
https://doi.org/10.1371/journal.pone.0181969
http://www.ncbi.nlm.nih.gov/pubmed/28809961
https://doi.org/10.1128/JVI.76.14.7103-7113.2002
http://www.ncbi.nlm.nih.gov/pubmed/12072510
http://www.ncbi.nlm.nih.gov/pubmed/9026662
http://www.ncbi.nlm.nih.gov/pubmed/7695269
https://doi.org/10.1128/JVI.78.12.6263-6270.2004
https://doi.org/10.1128/JVI.78.12.6263-6270.2004
http://www.ncbi.nlm.nih.gov/pubmed/15163719
https://doi.org/10.1016/j.antiviral.2009.02.198
http://www.ncbi.nlm.nih.gov/pubmed/19428599
https://doi.org/10.1073/pnas.111085598
http://www.ncbi.nlm.nih.gov/pubmed/11371613
https://doi.org/10.1371/journal.pone.0185998

