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bstract

RNA polymerase of influenza virus is a specific enzyme necessary for the viral replication. A siRNA against the RNA polymerase and the
NA polymerase inhibitor L-742,001 reduced accumulation of viral RNAs in the infected cells. L-742,001 strongly inhibited virus re-growth
fter removal of the agent from the culture, whereas the neuraminidase inhibitor zanamivir did not. L-742,001-resistant mutants showed a Thr-20
o Ala substitution in the PA subunit of RNA polymerase. The drug-resistant virus showed a slight reduction in the susceptibility to L-742,001

n both the plaque assay (threefold reduction) and enzyme assay (two- to three-fold reduction). The resistance levels were lower than those of
anamivir-resistant mutants in the plaque assay. Against zanamivir-resistant mutants, L-742,001 retained the same antiviral activity as against the
ild-type strain. These results indicate that L-742,001 is most likely to act at the PA subunit, and possesses a unique profile. It is suggested that

A subunit of RNA polymerase is a promising target for anti-influenza virus agents.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Influenza virus is one of the major causative agents of respi-
atory viral infections, and carries high rates of morbidity and
ortality. Infection with the influenza virus is a life-threatening

vent for high-risk patients, such as the elderly, residents of nurs-
ng homes, and those with cardiovascular, pulmonary, or renal
isease, diabetes, and/or immunosuppression. The influenza
irus is rapidly disseminated around the world in seasonal epi-
emics, and sometimes 10–20% of the total population are
nfected. The World Health Organization reported that annual
pidemics resulted in 250,000–500,000 deaths all over the world
World Health Organization, 2004).

Vaccination is the most common prophylaxis. Vaccination

an prevent infection in 70–90% of healthy adults, but in
nly 30–40% of elderly and immunocompromised individ-
als (Fukuda et al., 1999; Nichol et al., 1998). Therefore,
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he administration of antiviral agents is an important option
or the influenza virus infection. Now, two classes of anti-
nfluenza agents, ion channel blockers and neuraminidase (NA)
nhibitors, are used for the treatment of influenza viral infec-
ion. The ion channel blockers, amantadine and rimantadine,
nhibit virus replication at the early stage of the infection by
locking the M2 ion channel. However, these ion channel block-
rs show no activity against the influenza B virus and rapidly
elect resistant virus strains (Hayden and Couch, 1992). In
ome clinical settings, these agents often caused serious side
ffects. On the other hand, the NA inhibitors, zanamivir and
seltamivir, are effective against both the influenza A and B
iruses with low side effects. Although NA inhibitor-resistant
iruses have been isolated in clinical settings as well as in vitro,
hese resistant viruses are less pathogenic (Carr et al., 2002;
erlocher et al., 2002). The clinical usefulness of NA inhibitors
as been reported (Cheer and Wagstaff, 2002; Kaiser et al.,
003).

Recently, some NA-resistant viruses have been reported to

e transmissible to humans and ferrets (Herlocher et al., 2004;
iso et al., 2004). Also, oseltamivir-resistant viruses have been

solated from highly virulent H5N1 avian influenza viruses (Le
t al., 2005). In such situation, it is necessary to prepare other
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dx.doi.org/10.1016/j.antiviral.2007.12.010
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Fig. 1. Structure and in vitro activity of L-742,001.

reatment options for influenza virus infection than existing anti-
nfluenza virus agents.

Influenza virus RNA polymerase, which consists of three
ubunits, PB1, PB2, and PA, is a unique protein because of
ts multifunctional activities, including capped RNA binding,
ndonuclease cleavage, and RNA-directed RNA transcription
ctivities. These functions are essential for virus replication.
lso RNA polymerase of influenza virus is highly conserved

mong influenza viruses A, B, and C (Yamashita et al., 1989),
ut it has no homologues in mammalian cells.

Some researchers have reported the antiviral effect of RNA
nterference (RNAi) against RNA polymerase using specific
mall interfering RNA (siRNA). RNA polymerase-specific
iRNA inhibited virus production in both in vitro cultured cells
nd in vivo murine models (Ge et al., 2003, 2004; Tompkins et
l., 2004). Also, several compounds have been identified as RNA
olymerase inhibitors, i.e., 2,4-diketobutanoic acids (Tomassini
t al., 1994; Hastings et al., 1996), flutimide (Tomassini et al.,
996), hydroxamic acids (Cianci et al., 1996), tetramic acids
Parkes et al., 2003), and T-705 (Furuta et al., 2005). Among
hese compounds, L-742,001, a 2,4-diketobutanoic acid ana-
ogue (Fig. 1, Hastings et al., 1996) showed the most potent
NA polymerase inhibition without any cytotoxicity.

In this study, we showed that the PA subunit of RNA poly-
erase of influenza virus would be a key target for anti-influenza

irus agents. Furthermore, we documented the unique antiviral
rofile of an RNA polymerase inhibitor, L-742,001.

. Materials and methods

.1. Virus, cells, and compounds

We used A/PR/8/34 (PR8) as the influenza virus and Madin-
arby canine kidney (MDCK) cells as the host cells. MDCK

ells were maintained in minimum essential medium (MEM;

igma–Aldrich, St. Louis, MO) containing 10% heat-inactivated
CS, 50 units/mL penicillin, and 50 �g/mL streptomycin at
7 ◦C with 5% CO2. L-742,001 (Hastings et al., 1996) was
ynthesized at Kyorin Pharmaceutical Co. Ltd. (Tokyo, Japan).
anamivir was purchased from a commercial source.
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.2. siRNA introduction

siPA-1, a PA-specific siRNA, was constructed based on
A-2087 (Ge et al., 2003), and synthesized by Ambion
nc. (Austin, TX). The sequence of siPA-1 was as follows:
ense, 5′-GCAAUUGAGGAGUGCCUAAdTdT-3′; antisense,
′-UUAGGCACUCCUCAAUUGCdTdT-3′.

siRNA was introduced to the host cells according to Ge
t al. (2003) with minor modifications. Briefly, MDCK cells
ere trypsinized, washed, and re-suspended in serum-free RPMI
640 medium (Sigma–Aldrich) at 1 × 107 cells/mL. Cells were
ixed with 2.5 nmol/mL siRNA and electroporated at 400 V

nd 800 �F using a GTE-10 electroporation system (Shimadzu,
yoto, Japan). Electroporated cells were re-suspended in RPMI
640 medium containing 10% FCS, plated on six-well plates,
nd cultured for 24 h. The cells were used for plaque assays and
he quantification of intracellular viral RNA accumulation.

.3. Plaque assays

Confluent MDCK cells in six-well plates were infected
ith 50–100 PFU of the PR8 virus per well. After 1 h, each
ell was overlaid with MEM containing 0.6% agarose, 0.2%
SA, 10 mM HEPES buffer, 0.01% DEAE dextran, 0.01 mg/mL
cetyl-trypsin, and antiviral agents at several concentrations. The
gar overlay was removed after 2 days of incubation at 36 ◦C
ith 5% CO2. Plaques were visualized by staining the cells with
.1% crystal violet, and the plaques were counted. The drug con-
entration required for 50% inhibition (50% inhibitory concen-
ration [IC50]) was calculated using linear regression analysis of
dilution series covering the effective concentrations of the drug.

.4. Quantification of intracellular viral RNA accumulation

Confluent MDCK cells were infected with the PR8 virus.
f necessary, MDCK cells infected with the PR8 virus were
ultured with the treatment of either siRNA or L-742,001. Sev-
ral hours after cultivation, the culture medium was removed
nd the cells were lysed using Trizol LS reagent (Invitrogen,
arlsbad, CA). Viral RNA was isolated from lysates follow-

ng the Manufacturer’s protocol. Reverse transcription (RT)
as carried out using an Omniscript reverse transcriptase kit

Qiagen, Valencia, CA) in a 20 �L reaction mixture, con-
aining 200 ng of total RNA and specific primers, at 37 ◦C
or 1 h. The sequences of the specific primers were as fol-
ows: Nucleoprotein (NP) mRNA, PA mRNA, and �-actin

RNA, pd(T)12-18 (Amersham Biosciences, Piscataway, NJ);
8S rRNA, random hexamer (Invitrogen); NP virion RNA
vRNA), 5′-CTCATCCTTTATGACAAAGAAG-3′; PA vRNA,
′-GCTTCTTATCGTTCAAGCTCTTAGG-3′.

One microliter of RT reaction mixture was then used
or real-time PCR using gene-specific primers, TaKaRa
x TaqR HS (Takara Bio, Shiga, Japan) and SYBR

reen I (Invitrogen). The sequences of PCR primers

or each RNA are shown as follows: NP vRNA and
P mRNA, 5′-CTCATCCTTTATGACAAAGAAG-3′ and 5′-
GATCATCATGTGAGTCAGAC-3′; PA vRNA and PA
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RNA, 5′-GCTTCTTATCGTTCAAGCTCTTAGG-3′ and 5′-
CAAGAAGCATTAAGCAAAACCCAG-3′; �-actin mRNA

host cell), 5′-ACGGCATCGTCACCAACTG-3′ and 5′-TGTT-
AACGTCTCGAACATGATCTG-3′; 18S rRNA (host cell),
′-CGGCTACCACATCCAAGGAAG-3′ and 5′-AGCTGG-
ATTACCGCGGCTG-3′.
Before the PCR, the mixture was incubated at 94 ◦C for 2 min.

he reaction was then basically performed at 94 ◦C for 20 s,
5 ◦C for 30 s, 72 ◦C for 30 s, and 75 ◦C for 6 s for 35 cycles. The
mounts of PCR products were monitored with a SmartCycler
Cepheid, Sunnyvale, CA) and analyzed with Cepheid Smart-
ycler Software (Version 1.2b). Each amount of viral RNA was
ormalized to the level of �-actin mRNA or 18S rRNA of host
ells in the same sample. In this experiment, NP vRNA and NP
RNA were used as representative of the general virus RNA. �-

ctin mRNA and 18S rRNA were used as the internal standards
f the host cells.

.5. RNA polymerase inhibitory assay

The influenza RNA polymerase inhibitory assay was per-
ormed by a modification of a previously described procedure
Bouloy et al., 1978). Briefly, the PR8 virus was grown in
0-day-old embryonated eggs, purified by ultracentrifugation,
nd re-suspended in 10 mM Tris–HCl (pH 7.8), 100 mM NaCl,
mM DTT, and 20% glycerol. Purified PR8 virus (60 ng)
as solubilized and incubated for 45 min at 30 ◦C with var-

ous concentrations of the drug solution and reaction buffer
1 �g/mL globin mRNA, 50 mM HEPES–NaOH pH 7.0, 0.1%
P-40, 2.5 mM DTT, 0.5 mM EDTA, 50 mM KCl, 5 mM MgCl2,
.2 mM ATP, CTP, GTP, 2 �M UTP, and 5 �Ci 32P-�-UTP
3000 Ci/mmol, Amersham Biosciences). The reaction product
as precipitated by trichloroacetic acid and then filtered through
Whatman GF/C glass fiber filter. The inhibitory activity was
uantified using liquid scintillation counting, and then IC50 was
alculated.

.6. Isolation of L-742,001- and zanamivir-resistant viruses

L-742,001-resistant PR8 viruses were isolated after in vitro
erial passages. MDCK cells infected with the PR8 virus in

EM containing 10 mM HEPES buffer, 0.1% BSA, 1 �g/mL
cetyl-trypsin, and L-742,001 were incubated for 3–7 days at
6 ◦C with 5% CO2 until a cytopathic effect was observed. The
ulture supernatants were centrifuged, and aliquots were used
or sequential selection. A resistant virus was generated upon
ix passages (P1–P6) of the parent virus at a MOI of 0.05 after
tepwise exposure to the antiviral compounds. Each passage was
erformed at the following concentrations: 2 (for P1), 4 (for P2),
(for P3), 32 (for P4), 32 (for P5), and 32 (for P6) �g/mL. The

trains generated by the respective passages were designated as
L-1, PL-2, PL-3, PL-4, PL-5, and PL-6. As a control, the par-

nt PR8 virus was also passaged the same number of times in
DCK cells in the absence of the antiviral agent. The strains

solated by the respective passages were designated as PC-1,
C-2, PC-3, PC-4, PC-5, and PC-6.
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Zanamivir-resistant viruses were isolated after four serial pas-
ages (P1–P4) with up to 1000 �g/mL of zanamivir in the same
ay as described above. Each isolated strain was designated as
Z-1, PZ-2, PZ-3, and PZ-4, respectively.

.7. Characterization of L-742,001- and
anamivir-resistant viruses

PL-1, PL-2, and PL-6 were used as the representatives of
-742,001-passaged strains. The susceptibility of each virus to
-742,001 was measured by a plaque assay. Also, the sequence
f cDNA of each virus was analyzed. Viral RNA was iso-
ated from the supernatant of the cells infected with each virus
sing Trizol LS reagent. Reverse transcription (RT) was car-
ied out with Superscript II RNase H-Reverse Transcriptase
Invitrogen). PCRs of PB1, PB2, PA, and NP genes were
erformed using pfu Turbo Hotstart DNA polymerase (Strata-
ene, La Jolla, CA) and gene-specific primers, which were
ased on PB1, PB2, PA, and NP sequences (Genbank accession
umbers AF389116, AF389115, AF389117, and AF389119,
espectively). Each PCR-amplified product was purified and
equenced by the dye-terminator method.

PZ-4 strains were used as the representatives of zanamivir-
assaged strains. The mutations in the neuraminidase (NA) gene
nd hemagglutinin (HA) gene of PZ-4 strains were determined
sing NA and HA gene-specific primers based on the reported
ene sequence (Accession number AF389120 and AF389118).

.8. Re-growth of virus after removal of anti-influenza virus
gents

Virus re-growth after removal of the compounds was mon-
tored by the method reported previously (Takahashi et al.,
003). The MDCK cells in 96-well plates were infected with
he PR8 virus at a MOI of 0.001. After 30 min, the inoculum
as removed, and the cells were overlaid with MEM contain-

ng 10 mM HEPES buffer, 0.1% BSA, 1 �g/mL acetyl-trypsin,
nd 3 and 10 �g/mL of L-742,001 or zanamivir. After 10 h incu-
ation at 35 ◦C with 5% CO2, the supernatants were removed,
hen each well was washed and further incubated with drug-free

edium. The virus yields in the supernatant were measured by
laque assay at 20 h post-infection.

. Results

.1. Knockdown effect on RNA polymerase by siRNA

The knockdown effect of siRNA siPA-1, specific to the
A subunit of RNA polymerase, was observed as in the case
f PA-2087 (Ge et al., 2003). Pre-treatment of MDCK cells
ith siPA-1 completely inhibited PR8 virus production. siPA-1
trongly down-regulated PA mRNA and PA vRNA by lev-
ls exceeding 90% compared with untreated cells (Fig. 2).
iPA-1 also inhibited the accumulation of NP mRNA and NP
RNA.
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ig. 2. Effects of PA-specific siRNA on accumulation of viral RNAs. MDCK c
f 0.1, and harvested for RNA isolation 0, 4, and 6 h after infection. The levels o
rimers, followed by real-time PCR. The level of each viral RNA species is norm
re shown. (A) PA mRNA; (B) PA vRNA; (C) NP mRNA; (D) NP vRNA.

.2. Intracellular inhibition of RNA polymerase by

-742,001

L-742,001 inhibited RNA polymerase activity and viral pro-
uction (Fig. 1). We also investigated the effect of L-742,001 on

c
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ig. 3. Effect of L-742,001 on the accumulation of viral RNAs. MDCK cells were infe
nd harvested for RNA isolation at 3, 4, 5, and 6 h after infection. The levels of mRN
rimers, followed by real-time PCR. The level of each viral RNA species is normali
re shown. (A) PA mRNA; (B) PA vRNA; (C) NP mRNA; (D) NP vRNA.
ere electroporated with 2.5 nmol/mL siPA-1, infected with PR8 virus at a MOI
A and vRNA specific to PA and NP were studied using RT with RNA-specific

d to the level of �-actin mRNA in the same sample. The relative levels of RNAs

he accumulation of viral RNA levels in infected cells. MDCK

ells were infected with the PR8 virus at a MOI of 0.1 in the
bsence or presence of 10 �g/mL (=2 × IC50) of L-742,001. At
he indicated time after viral infection, PA mRNA, PA vRNA,
P mRNA, and NP vRNA in the infected cells were quanti-

cted with the PR8 virus at a MOI of 0.1 in the presence of 10 �g/mL L-742,001
A and vRNA specific to PA and NP were measured by RT using RNA-specific
zed to the level of 18S rRNA in the same sample. The relative levels of RNAs
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Table 1
Isolation and characterization of L-742,001-resistant viruses

Virus Passage no. Drug conc. used for
selection (�g/mL)

IC50 (�g/mL)a PA82 cDNA sequence PA20 amino acid residue

A/PR/8/34 (parent) 0 0 4.86 ACA Thr

PC-2 P2 0 4.53 NDb NDb

PC-6 P6 0 3.09 ACA Thr

PL-1 P1 2 3.08 ACA Thr
PL-2 P2 4 13.0 GCA Ala
PL-6 P6 32 11.9 GCA Ala

f cont
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a Drug concentration required to reduce the number of plaques to 50% that o
b Not determined.

ed by real-time PCR. In the absence of L-742,001, PA mRNA
nd PA vRNA increased time-dependently after the infection
Fig. 3A and B). In contrast, in the presence of L-742,001, PA
RNA and PA vRNA remained at base line levels. The same

henomenon was observed in the cases of NP mRNA and NP
RNA (Fig. 3C and D).

.3. Characterization of L-742,001- and
anamivir-resistant viruses

The susceptibility of PL strains to L-742,001 was determined
y plaque assay. PL-1 strain was as sensitive as the parent virus,
hereas the PL-2 strain displayed a threefold lower susceptibil-

ty (Table 1). Also, the susceptibility of PL-6 strain to L-742,001
as almost the same as that of PL-2 strain (Table 1). When
DCK cells were infected with the resistant strain at a MOI of

.001 in the presence of L-742,001 at 16 �g/mL, the resistant
train showed logarithmic growth. On the other hand, no growth
as observed in the control strain at the same concentration (data
ot shown). These results indicate that PL strains except for the
L-1 strain show resistance to L-742,001.

To determine the amino acid changes in L-742,001-passaged

trains, the cDNA sequences of RNA polymerase genes in PL-1,
L-2, and PL-6 strains were determined and compared with that
f the parent virus. In L-742,001-resistant PL-2 and PL-6 strains,
single point mutation was observed at amino acid residue posi-

t
c
t
m

able 2
ntiviral activities of L-742,001 and zanamivir against L-742,001- and zanamivir-res

irus Mutation

PA NAb HAc

arent Thr20 NDd NDd

L-2 Thr20Ala NDd NDd

arent NDd Glu119 Wild-type
Z-4-1 NDd Glu119Gly Lys165Glu

Leu320Pro
Z-4-2 NDd Glu119Gly Lys144Glu
Z-4-3 NDd Glu119Asp Lys144Glu

a Drug concentration required to reduce the number of plaques to 50% that of cont
b Based on N2 numbering system (Colman et al., 1993).
c Based on H3 numbering system (Nobusawa et al., 1991).
d Not determined.
rols.

ion 20 in the PA subunit of the cDNA (Thr-20 to Ala). On the
ther hand, no mutation was observed in PL-1 strain or PC-6
train, which were sensitive to L-742,001. These results sug-
est that the amino acid residue position 20 in the PA subunit is
orrelated with susceptibility to L-742,001. As for PB1 and PB2
ubunits, no mutation was observed in the amino acid sequences
n the PL-2 strain. We also analyzed the cDNA sequences of NP,
he other component of RNA polymerase complex involved in
ranscription/replication. However, no mutation was observed in
P of cDNA in the PL-2 strain.
To evaluate the sensitivity of the mutated enzyme to

-742,001, an RNA polymerase inhibitory assay was per-
ormed as described in Section 2. The PA-mutated enzyme
howed two- to three-fold lower susceptibility to L-742,001 as
ompared with wild-type enzyme at the concentrations rang-
ng from 0.37 �g/mL to 10 �g/mL. The IC50s of L-742,001
gainst PA-mutated enzyme and wild-type enzyme in RNA
olymerase assay were 1.24 �g/mL and 0.69 �g/mL, respec-
ively.

Three zanamivir-resistant PZ-4 strains (PZ-4-1, PZ-4-2, and
Z-4-3) displayed high resistance (>30,000-fold) to zanamivir
s compared with the parent strain (Table 2). A point muta-

ion at the deduced amino acid residue position 119 in NA of
DNA (Glu to Gly or Asp; N2 numbering) was observed in
hese PZ-4 strains. These mutations correspond to the amino acid

utation observed previously in the zanamivir-resistant strains

istant viruses

L-742,001 IC50 (�g/mL)a Zanamivir IC50 (�g/mL)a

4.28 0.0188
15.8 0.0208

2.20 0.0289
1.97 >1000

1.99 >1000
1.83 >1000

rols.
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Fig. 4. Viral re-growth after the removal of L-742,001 or zanamivir. MDCK
cells were infected with the PR8 virus at a MOI of 0.001. The cultures were
treated with L-742,001 or zanamivir for 10 h and then the compounds were
r
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emoved. Viral yields in the supernatant at 20 h post-infection were determined
y a plaque assay.

Blick et al., 1995; Staschke et al., 1995; Gubareva et al., 1997).
ll these strains also had one or two mutations in HA, espe-

ially Lys144Glu. These mutations in HA might contribute to
he zanamivir resistance.

Although L-742,001 showed slight decreased activity against
-742,001-resistant strains, this compound was as effective
gainst zanamivir-resistant strains as against the parent virus
Table 2).

.4. Virus re-growth after exposure to L-742,001

To characterize the antiviral action of L-742,001, we exam-
ned the influenza virus inhibitory effect after removal of
-742,001 (Fig. 4). After influenza virus-infected MDCK cells
ere exposed to L-742,001 or zanamivir for 10 h, these agents
ere removed and the infected cells were continuously cultured

or 10 h without the agents.
During the exposure to the antiviral agents, virus yields in

he culture were below the detection limit. At 10 h after removal
f zanamivir (20 h post-infection) at a dose of 10 �g/mL, that is
20 times the IC50 (0.0314 �g/mL), virus yield was increased to
pproximately the same level as the control. In contrast, at 10 h
fter removal of L-742,001 at a dose of 10 �g/mL [2 times the
C50 (4.86 �g/mL)], viral yield in the culture remained at a low
evel around the detection limit. These results indicate that L-
42,001 had a greater inhibitory effect on virus re-growth than
anamivir.

. Discussion

The aim of this study was to evaluate the potential of RNA
olymerase as a target of anti-influenza virus agents by employ-

ng RNAi technique and RNA polymerase inhibitor. To use
-742,001 as a representative compound of RNA polymerase

nhibitors, we confirmed that the antiviral effect of L-742,001
as due to its RNA polymerase inhibitory activity.
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When the infected MDCK cells were pre-treated with PA-
pecific siRNA, virus production was completely inhibited.
iRNA-induced degradation of its specific mRNA (PA mRNA)
nd suppressed NP mRNA, NP vRNA, and PA vRNA. Similarly,
he amounts of PA mRNA and NP mRNA were down-regulated
hen cells were treated with L-742,001. Moreover, L-742,001

nhibited the accumulation of PA vRNA and NP vRNA. It was
eported that diketobutanoic acids, including L-742,001, did not
nhibit elongation but inhibited the endonucleolytic processing
f RNA for transcription (Tomassini et al., 1994). The inhibitory
ffect of L-742,001 on mRNA accumulation is due to its endonu-
lease inhibitory activity, whereas the down-regulation of vRNA
ay be due to the decrease of de novo synthesis of RNA poly-
erase.
L-742,001 and PA-specific siRNA greatly prevented viral

ranscription and replication, leading to the inhibition of viral
roduction. These results suggest that RNA polymerase is essen-
ial for all viral transcription and replication. In contrast, Ge
t al. (2003) reported that M-specific siRNA inhibited only

mRNA and not M vRNA or other viral RNAs, since M-
rotein is not required until a late stage of virus infection. As
e et al. discussed, these results reflect the difference of mode
f action between RNA polymerase inhibitors and M protein
nhibitors.

To study the specific target of L-742,001 genetically, L-
42,001-resistant viruses were generated. We have detected a
ingle mutation at the amino acid residue position 20 in the PA
ubunit of L-742,001-resistant viruses. These viruses exhibited
pproximately threefold lower susceptibility to L-742,001. A
eduction in the susceptibility to L-742,001 was also observed
t the enzyme level.

There is substantial variation at position 20 in PA among
arious influenza A viruses. So we analyzed PA gene sequence
n several influenza A viruses and studied their susceptibility
o L-742,001. A/Panama/2007/99 and A/New Caledonia/20/99,
hich carried Ala at position 20 in PA, were less sensitive

han A/PR/8/34 strain (IC50 for each virus was 22.2 �g/mL
nd 9.29 �g/mL, respectively, while IC50 for A/PR/8/34 was
.95 �g/mL). On the other hand, A/Yamagata/120/86, which
arried Thr at position 20 in PA, was sensitive (IC50 was
.989 �g/mL). These results suggest that substitution to Ala at
osition 20 in the PA subunit is involved in L-742,001-resistance,
nd that L-742,001 targets the PA subunit of RNA polymerase,
hus leading to the antiviral effect.

Despite the serial passages of L-742,001-resistant viruses,
hey showed low level resistance to L-742,001. On the other
and, the zanamivir-resistant viruses showed at least 30,000-fold
esistance to zanamivir. It was also reported that the zanamivir-
nd oseltamivir-resistant viruses have up to 100,000-fold resis-
ance to NA inhibitors (Gubareva et al., 1996; Tai et al., 1998).
hese data indicated that L-742,001 showed less decrease in
ctivity against L-742,001-resistant viruses than NA inhibitors
gainst NA inhibitor-resistant viruses. We should note, however,

hat NA inhibitor-resistant viruses often had some mutations
n HA, which might influence the HA binding efficiency
nd contribute to NA inhibitor resistance. It is likely that the
esistance observed in cell culture-based assay might be higher
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han the resistance observed in vivo experiments. HA mutations
ere also observed in PZ-4 strains, suggesting that it might be

orrelated to the resistance against zanamivir. On the other hand,
everal researchers reported that NA inhibitor-resistant mutants
howed 40–250-fold resistant to NA inhibitors as compared
ith the parent strains by NA inhibition assay (Blick et al., 1995;
taschke et al., 1995; Gubareva et al., 2001). At least, this infor-
ation suggests that the resistant level of NA inhibitor-resistant

irus is much higher than that of L-742,001-resistant virus.
L-742,001 strongly inhibited virus re-growth after removal of

he agent. Another RNA polymerase inhibitor, T-705 (Furuta et
l., 2005), also has been shown to inhibit re-growth of influenza
irus (Furuta et al., 2002; Takahashi et al., 2003). On the other
and, rapid virus re-growth was observed after the removal of
anamivir. In the case of antibacterial agents, the inhibition of
he re-growth of bacteria after removal of the drug from the
ulture is designated as post-antibiotic effect (“PAE”). PAE as
ell as pharmacokinetics is known to be an important factor for

he determination of a clinical regimen (Craig, 1993). In antivi-
al agents, re-growth inhibition may also be important factor in
he clinical outcome. The RNA polymerase inhibitor showed
trong re-growth inhibition, therefore, this profile of RNA poly-
erase inhibitors is favorable, and different from NA inhibitors.
-742,001 might not be a candidate as anti-influenza virus agent

n clinical settings, but a promising lead compound for future
edicinal chemistry.
The influenza virus RNA polymerase, which has multifunc-

ional activities, is a heterotrimer composed of the PB1, PB2,
nd PA subunits. The PB1 subunit plays a central role in the
atalytic activities of the RNA polymerase (Li et al., 2001). The
B2 subunit binds to cap structures of host pre-mRNA molecules
Ulmanen et al., 1981). Early studies suggested that PB2 was also
esponsible for endonuclease activity (Shi et al., 1995; Blok et
l., 1996), but it was recently reported that the endonuclease
ctive site is located in PB1 (Li et al., 2001). Since L-742,001
nhibits endonuclease activity of RNA polymerase (Hastings et
l., 1996), we expected that the amino acid change of L-742,001-
esistant viruses would have occurred in PB1 or PB2 subunits.
nexpectedly, it was detected in the PA subunit. The role of

he PA subunit is not well established. It has been suggested
hat PA is associated with RNA replication (Perales et al., 2000;
onda et al., 2002). However, recent studies indicated that PA

s involved in transcription as well as replication (Fodor et al.,
002; Regan et al., 2006). Recently, it was reported that the
-terminal region of PA plays a critical role in multiple func-

ions, such as cap-binding, endonuclease activity, etc. (Hara et
l., 2006). Since the L-742,001-resistant mutants have a muta-
ion in N-terminal region of PA subunit, our results support that
A is involved in not only replication but also transcription. A
hree-dimensional structural model of a recombinant influenza
irus RNA polymerase was reported, and it was suggested that
here were extensive contacts among the three polymerase sub-
nits (Area et al., 2004). Since L-742,001 is most likely to

ct at the PA subunit, the investigation with L-742,001 would
mprove the precision of the molecular modeling of RNA poly-

erase, and enhance the design of RNA polymerase inhibitors
or anti-influenza virus agents.

G

search 78 (2008) 194–201

In this paper, we evaluated the possibility of RNA polymerase
s a target of anti-influenza virus agents. We demonstrated that
NA polymerase inhibitors possess mechanisms different from

hose of existing anti-influenza virus agents and perform inter-
sting functions such as an inhibitory effect on re-growth. It is
lso suggested that the PA subunit of RNA polymerase can be
possible target of anti-influenza virus agents. Further study of

he RNA polymerase, including the PA subunit, will promote the
evelopment of new agents that are valuable for the treatment
f influenza virus infections in clinical use.
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