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a b s t r a c t

There is a continuing threat that the highly pathogenic avian influenza virus will cause future influenza
pandemics. In this study, we screened a library of compounds that are biologically active and structurally
diverse for inhibitory activity against influenza neuraminidase (NA). We found that aurintricarboxylic acid
eywords:
urintricarboxylic acid

nfluenza
euraminidase
ntivirals

(ATA) is a potent inhibitor of NA activity of both group-1 and group-2 influenza viruses with IC50s (effective
concentration to inhibit NA activity by 50%) values at low micromolar concentrations. ATA was equally
potent in inhibiting the NA activity derived from wild-type NA and its H274Y mutant which renders NA
resistance to inhibition by oseltamivir. Although ATA is structurally distinct from sialic acid, molecular
modeling experiments suggested that ATA binds to NA at the enzyme’s substrate binding site. These results
indicate that ATA may be a good starting material for the design of a novel class of NA inhibitors for the

es.
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. Introduction

Influenza virus causes severe epidemics of respiratory illness
ach year. In recent years, frequent outbreaks of H5N1 subtype
vian influenza infections in humans have caused serious concerns
Chang et al., 2006). Although vaccination is considered the first
ine of defense, current strategies for vaccine design and manu-
acturing may not be sufficient to combat an influenza pandemic.
euraminidase (NA) inhibitors (NAIs) are effective therapeutic
gents against influenza viruses by targeting the viral NA pro-
ein (von Itzstein et al., 1993; Li et al., 1998; Moscona, 2005). The
dvent of zanamivir (Relenza) and oseltamivir (Tamiflu) has clearly
stablished that NA is a valid drug target for development of anti-
nfluenza therapeutics (Klumpp and Graves, 2006; Garman and
aver, 2004). Although these agents are effective as prophylactics
nd treatment of influenza virus infection, alternative treatments

re needed as drug-resistant strains have already emerged in some
atients who received oseltamivir treatment (de Jong et al., 2005;
arr et al., 2002; Gubareva et al., 2001; Monto et al., 2006; Yen et
l., 2007).

∗ Corresponding author at: No. 35, Keyan Road, Zhunan Town, Miaoli County 350,
aiwan, Republic of China. Tel.: +886 37 246 166x35717; fax: +886 37 586 456.

E-mail address: tsuanhsu@nhri.org.tw (J.T.-A. Hsu).
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Influenza virus NA is essential for virus replication by facilitat-
ng the release of progeny virions from infected cells (Seto and Rott,
966; Palese et al., 1974). NA is also important for the trafficking of
irus in the mucus layer of the respiratory tract so that the viruses
an get access to the underlying epithelial cells (Klenk and Rott,
988). NA is present on the surface of viral envelope and is com-
osed of a tetramer of identical 60-kDa glycosylated subunits. X-ray
rystallographic studies have revealed the structure of the head
f the tetrameric NA (Colman et al., 1983). NAs from influenza A
iruses are classified into two genetically distinct groups: group-2
ncludes the N2 and N9 subtypes that have been used for structure-
ased drug design (Varghese et al., 1983; von Itzstein et al., 1993)
nd group-1 includes the N1 subtype of the H5N1 or H1N1 strains.
he structure of group-1 H5N1 avian influenza NA was recently
olved, and it has suggested new opportunities for drug design
ecause the discovery of a novel cavity adjacent to the active site
hat would close upon substrate binding (Russell et al., 2006).

In this study, we screened a compound library for inhibition of
he NA activity derived from influenza A/Udorn/72 (H3N2) virus
nd identified aurintricarboxylic acid (ATA) as a candidate inhibitor.

TA has previously been shown to interfere with a variety of cel-

ular processes. It was described as a general inhibitor of nucleases
Hallick et al., 1977). ATA has also been shown to protect various
ell types from apoptotic cell death which was induced by a vari-
ty of factors (Roberts-Lewis et al., 1993; Benchokroun et al., 1995;

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:tsuanhsu@nhri.org.tw
dx.doi.org/10.1016/j.antiviral.2008.10.006
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ndrew et al., 1999; Tsi et al., 2002; Marchisio et al., 2003). There
ere also reports to indicate that ATA could inhibit various types

f kinases involved in cellular singaling pathways, e.g., I kappa B
inase (IKK), extracellular signal-regulated kinase (ERK) (Tsi et al.,
002; Myskiw et al., 2007). ATA was also shown to inhibit cytokine-

nduced JAK-STAT signaling pathway (Chen et al., 2002). Further,
TA has been described as a insulin-like growth factor I (IGF-I)
imetic and could promote proliferation of cells in serum-free

ulture medium presumably through activation of the insulin-like
rowth factor 1 signaling pathway (Beery et al., 2001).

In addition to the aforementioned cellular processes that ATA
ay be interfering, ATA has also been reported to inhibit the

eplication of different kinds of viruses including human immun-
deficiency virus (HIV) (Schols et al., 1989), SARS-CoV (Yap et al.,
005; He et al., 2004), and vaccinia virus (Myskiw et al., 2007),
tc. In this study, we discovered that ATA also inhibits the function
f the NA encoded by influenza viruses. We also found that ATA is
qually effective in inhibiting the wild-type NA and the oseltamivir-
esistant NA with a H274Y mutation (NAH274Y) (de Jong et al., 2005).
olecular modeling experiments indicate that ATA binds to the

ame binding site as the substrate does.

. Materials and methods

.1. Drugs and reagents

The test compounds were mainly from The Spectrum Collection
MicroSource Discovery Systems, Inc., Gaylordsville, CT, USA)
ontaining 2000 biologically active and structurally diverse
ompounds. In addition, several in-house collected compounds
ncluding ATA were also included for screening as NA inhibitors.
TA was purchased from Sigma–Aldrich (St. Louis, MO, USA). It was
issolved in dimethyl sulfoxide (DMSO) as a 10 mM stock stock solu-
ion and stored at −20 ◦C. Oseltamivir carboxylate (GS4071) was
ynthesized by Dr. K.-S. Shia at the National Health Research Insti-
utes (NHRI) of Taiwan. The chemiluminescent substrate sodium
2-chloro-5-(4-methoxyspiro{1,2-dioxetane-3,2′-(5-chloro) tri-
ycle [3.3.1.1]decan}-4-yl-phenyl 5-acetamido-3,5-dideoxy-�-d-
lycero-d-galacto-2-nonulopyranoside)onate) and the NA released
he product 1,2-dioxetane utilized in the NA high-throughput
creening assay were indicated in the NA-Star® Kit (Applied
iosystems, Foster City, CA, USA). The fluorogenic substrate 2′-
4-methylumbelliferyl)-�-d-N-acetylneuraminic acid (MU-NANA)
nd the product 4-methylumbelliferyl (4-MU) utilized in the NA
ssay were obtained from Sigma–Aldrich.

.2. Viruses and cells

The influenza strains A/WSN/33 (H1N1), A/Udorn/72 (H3N2)
Shih et al., 1998) and the H5N1 influenza virus reassortant strain
IBRG-14 (Wood and Robertson, 2007) were utilized in this study.
adin-Darby canine kidney (MDCK) cells were obtained from the

merican Type Culture Collection (Manassas, VA, USA) and main-
ained in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10%
etal bovine serum. DMEM containing 2 �g/ml TPCK (tolylsulfonyl
henylalanyl chloromethyl ketone)-trypsin was used as an infec-
ion medium for MDCK cells.

.3. Site-directed mutagenesis of the NA gene
pGEM-T Easy plasmids (Promega, Madison, WI, USA) bearing
he NA gene fragment from influenza virus strains A/WSN/33 and
IBRG-14 were used as targets for site-directed PCR mutagenesis
f NA. To generate site-specific mutations, two primer sets were

s
t
N
s
m

arch 81 (2009) 123–131

esigned:

WSN H274Y-F (5′-AAT TCT TAC TAC GAG GAA TGT TCC TGT TAC-3′).
WSN H274Y-R (5′-CTC GTA GTA AGA ATT AGG TGC ATT CAA CTC-
3′).
VN H274Y-F (5′-AAT TAT GCC TAT GAG GAA TGC TCC TGT TAT-3′).
VN H274Y-R (5′-CTC ATA GGC ATA ATT AGG ATC CAA TTC-3′).

Mutation sites were created by PCR using 0.4 mM dNTP, 0.3 �M
rimers, 2 ng template DNA and an appropriate amount of Turbo
fu DNA polymerase and buffer (Stratagene, La Jolla, CA, USA). The
hermal cycling profile was 95 ◦C for 5 min followed by 20 cycles of
4 ◦C for 30 s, 50 ◦C for 1 min, and 68 ◦C for 10 min, with final exten-
ion of 68 ◦C for 10 min. After PCR amplification, DpnI was added
o digest the plasmid template. The amplified DpnI-insensitive

utated plasmids were introduced into E. coli for selection of the
esigned mutant sequences.

.4. NA production in insect cells

The NA gene for strain A/WSN/33 (H1N1) was obtained from
POLI-N1-R (Fodor et al., 2002) by PCR with primers carrying sites
or EcoRI and XhoI, N1Bac-F: 5′-CCG CTC GAG CGG CGC CAC CAT
AA TCC AAA CCA GAA AAT-3′ and N1Bac-R: 5′-CCG GAA TTC CGG
TA CTT GTC AAT GGT GAA CGG CAA-3′ C. The NIBRG-14 (H5N1)
ubtype NA gene was retrieved from a cDNA library established by
everse transcription with primer Uni12: 5′-AGC AAA AGC AGG-3′

ollowed by PCR amplification with primers N1Bac-F and N1Bac-R.
The PCR-amplified NA inserts were cloned into pGEM-T Easy

ectors (Promega). Then, NA genes were cut out of the pGEM-
plasmid by digestion with EcoRI and XhoI restriction enzymes.

he EcoRI–XhoI fragments were then introduced into the modified
ransfer vector pBacPAK8 (Clontech, Palo Alto, CA, USA), which car-
ies an Enhanced Green Fluorescent Protein gene under the weak
etallothionein promoter as a selection marker (Chen et al., 2004).

hese constructs were co-transfected with linear BacPAK8 viral
NA into Sf9 insect cells. In the Sf9 system, successful homolo-
ous recombination produces infectious baculovirus expressing NA
roteins. To select single clones of recombinant baculoviruses, the
ulture medium from baculovirus-infected insect cell cultures was
arvested and serially diluted to infect Sf9 cells in 96-well plates.
ubsequently, selected virus clones were amplified in a 6-well plate.
ulture media of infected cells were then collected and stored
s virus stocks for the production of NA to be utilized in the NA
nzymatic assay. Recombinant baculoviruses, i.e., Bac-NAWT(WSN),
ac-NAH274Y(WSN), Bac-NAWT(H5N1), Bac-NAH274Y(H5N1), were gener-
ted to express the wild-type and H274Y mutants of NA originating
rom influenza A/WSN/33 (H1N1) and NIBRG-14 (H5N1). Although
he His is not exactly located at 274 in the NAWT(WSN) or NAWT(H5N1),
he His to Phe point mutation was referred to as H274Y in this study
ecause “H274Y” has been utilized in the literature to designate
his specific amino acid change responsible for Tamiflu resistance
Zürcher et al., 2006; Abed et al., 2006; Baz et al., 2007).

.5. Neuraminidase inhibition assay

The large-scale influenza virus suspension was prepared from
DCK cells infected with influenza virus. To inactivate viral infec-

ivity, virus suspensions were treated with formaldehyde at a final
oncentration of 0.01% at 37 ◦C for 30 min. We demonstrated that

uch preparations were safe for handling on the bench because
he viral titer is under the detection limit without decreasing the
A activity (results not shown). Aliquots of the inactivated virus
upernatants were stored at −80 ◦C. The NA enzymatic activity was
easured using the fluorogenic substrate MU-NANA (Potier et al.,
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979). The NA activity assay was conducted in 96-well plates con-
aining 10 �l diluted virus supernatant (containing active influenza
A) and 100 �M MU-NANA substrate per well in buffer (32.5 mM 2-

N-morpholino)-ethanesulfonic acid (Wood and Robertson, 2007),
mM CaCl2 at pH 6.5). For compounds screening or for evaluating

he inhibitory activity of ATA, the inactivated virus supernatants
ere pre-incubated with the test compounds for 30 min at 30 ◦C.

he enzymatic reactions were then carried out for 1 h at 37 ◦C and
hen terminated by 150 �l of the stop solution (25% ethanol, 0.1 M
lycine, pH 10.7), and fluorescence intensity of the product 4-MU
as measured using a Fluoroskan spectrofluorometer (Labsystems,
elsinki, Finland) with excitation and emission wavelengths of 330
nd 445 nm, respectively. The IC50 for reducing NA activity was then
etermined. Free 4-MU was used to generate a standard curve to
ssess NA activity.

.6. CPE inhibition test

To examine if the initial hit compounds identified from the
A inhibition assay can inhibit the cytopathic effect (CPE) of cells

nfected by influenza viruses, 96-well tissue culture plates were
eeded with 200 �l of 1 × 105 MDCK cells/ml in DMEM with 10%
BS. After cells were incubated 18–24 h at 37 ◦C, virus at a multi-
licity of infectivity (MOI) of 0.2 per cell was mixed with different
oncentrations of compounds and were then added to the cells.
fter 1 h viral adsorption, the infected cells were overlaid with 50 �l
MEM and 0.5% DMSO and incubated at 37 ◦C for 72 h. At the end
f the incubation, cells were fixed with 100 �l of 10% formaldehyde
or 1 h at room temperature. After removal of the formaldehyde,
he cells were stained with 0.1% crystal violet for 15 min at room
emperature. The plates were washed and dried, and the intensity
f crystal violet staining for each well was measured at 570 nm.
he concentration required for a test compound to reduce the CPE
f the virus by 50% (IC50) was determined. Oseltamivir carboxylate
GS4071) was used as a reference control in the CPE inhibition test.

.7. Cytotoxicity assay

Cell viability was determined by MTS assay (Cory et al., 1991).
DCK cells were grown (7000 cells/well) in 96-well plate for 24 h.

he medium was replaced with that containing serial diluted com-
ound and the cells were further incubated for 72 h. The culture
edium were removed and added 100 �l including MTS and PMS
ixture solution, the plate was incubated for 30 min. MTS and

MS are purchased from sigma and prepared in PBS (phosphate-
uffered saline). To identify a 96-well microtiter plate, 2 ml reagent
ontaining both MTS and PMS at the ratio of 20:1 was mixed imme-
iately with 8 ml serum-free DMEM. Each drug concentration was
erformed with four repeats. The optical density was measured at
D490 nm in ELISA reader.

.8. Plaque assay

Plaque assays were used to determine the effect of ATA on
nfluenza virus replication. The plaque assay was performed as
escribed (Sidwell and Smee, 2002) in 6-well plates containing
onfluent MDCK monolayer cells. GS4071 was used as a reference
ontrol in this experiment. The cells were inoculated with influenza
/WSN/33 (H1N1), A/Udorn/72 (H3N2), or NIBRG-14 (H5N1) virus
t the titer of approximately 50–100 plaque forming units (PFU) per

ell. After 1 h incubation at 35 ◦C, the infection media were aspi-

ated off and each well was then covered with 3 ml agar overlay
edia containing various concentrations of compounds and incu-

ated for 2 days at 35 ◦C in a CO2 incubator. The cells were then fixed
y the addition of 1 ml 10% formaldehyde for 1 h at room tempera-
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ure. After the removal of formaldehyde, the cells were stained with
.5% crystal violet for 15 min at room temperature. The plates were
ashed and dried, and the number of plaques was counted for each
ell. The concentration required for ATA to reduce the number of
laques by 50% (EC50) was then determined.

.9. Virus yield reduction assay

Vero cells were infected with influenza virus A at an MOI of
.0001 and various concentrations of compounds were added to
he cell culture media. After 48 h, the culture media were collected
nd then subjected to virus titration by plaque forming assay as
escribed.

.10. Molecular modeling

The docking of ATA into the binding site of the H5N1 avian
nfluenza NA protein (Russell et al., 2006) was explored using GEM-
OCK (Yang and Chen, 2004; Yang and Shen, 2005; Yang et al., 2007)
nd GOLD (Jones et al., 1997) softwares, which have been shown to
e powerful tools for molecular recognition and virtual screening
Thomsen and Christensen, 2006; Knox et al., 2007). To validate the

olecular modeling programs, we first evaluated the docking accu-
acies of GEMDOCK and GOLD by docking two known NA inhibitors,
S4071 (oseltamivir carboxylate) and zanamivir, into the binding
ite. The 3D structure of ATA was prepared by CORINA (Sadowski
t al., 1994) and the structures of the GS4071 and zanamivir were
xtracted from the crystal structures for N1 NA (PDB code 2HU4
Russell et al., 2006)) and N8 NA (PDB code 2HTQ (Russell et al.,
006)), respectively, in the Protein Data Bank (PDB). The binding
ocket (called NA2HU4) of the H5N1 avian influenza NA (PDB code
HU4 (Russell et al., 2006)) was defined to include the amino acid
esidues within a 10 Å radius sphere centered around the binding
ite of GS4071. The coordinates of the atoms in the binding pocket
ere obtained from the PDB.

. Results

.1. ATA inhibits the NA and replication of influenza virus

The Microsource Spectrum Collection compounds and several
n-house collected compounds were tested for inhibition of NA
ctivity using the chemiluminescent NA-Star® assay kit. In this
ssay, a decrease in chemiluminescence would indicate inhibition
f the release of 1,2-dioxetane by enzymatic hydrolysis of NA-
tar® mediated by NA (inactivated viral suspensions of influenza
/Udorn/72 (H3N2)). The compounds were tested at 50 �M in the
A activity assay, where GS4071 was employed as a positive con-

rol. In this screening assay, NA derived from the NIBRG-14 strain
as untilized. There were 24 initial hits, including ATA, display-

ng inhibition of >50% of chemiluminescence signal (Table 1). Since
e wished to discover compounds that are active in inhibiting

nfluenza virus replication, the initial hits from the NA inhibition
ssay were subject to CPE inhibition assay. ATA and periplocymarin
ere the only two compounds that at 10 �M could inhibit >50% of
PE without causing apparent cytotoxicity (Table 1). The IC50 of ATA

n the CPE inhibition assay was 9.4 �M and the selectivity index
CC50/IC50) for ATA was approximate 10.2.

Further analysis revealed that ATA inhibited influenza virus NAs

n a dose-dependent manner (Fig. 1). The IC50 values for ATA were
.3 �M, 13.8 �M, and 3.3 �M for NA in inactivated viral suspensions
f influenza A/WSN/33 (H1N1), A/Udorn/72 (H3N2), and NIBRG-
4 (H5N1) by using fluorogenic substrate-Mu-NANA, respectively.
hus, ATA was a potent inhibitor of human influenza virus NAs
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Table 1
Anti-influenza virus agents identified by high-throughput screening.

Chemical name NA activity inhibition at 50 �M (%) CPE inhibition IC50 (<10 �M) Cytotoxicity assay CC50 (�M)

Theaflavin digallate 61.5 – N.D.
Isoliquiritigenin 62.6 – N.D.
Amprolium 95.0 – N.D.
2′2′-Bisepigallocatechin digallate 60.6 – >50.0
Periplocymarin 75.2 0.3 <50.0
Citromycetin 46.8 – N.D.
Mecysteine hydrochloride 51.3 – N.D.
Ketoconazole 72.2 – N.D.
Miconazole nitrate 100.0 – N.D.
Piperazine 100.0 – N.D.
Sulconazole nitrate 99.6 – N.D.
Econazole nitrate 96.4 – N.D.
Clotrimazole 94.5 – N.D.
Cyproterone 55.7 – N.D.
Myricetin 61.6 – N.D.
Diosmetin 59.0 – N.D.
Sennoside A 61.9 – N.D.
Tetrachloroisophthalonitrile 76.9 – N.D.
Meloxicam 62.1 – N.D.
Bisanhydrorutilantinone 71.9 – N.D.
Ethyl1-benzyl-3-hydroxy-2-oxo(5H)pyrrole-4-carboxylate 71.9 – N.D.
Benzyl isothiocyanate 75.5 – N.D.
Ascorbic acid acetonide 83.5 – N.D.
Aurintricarboxylic acid (ATA) 100.0 9.4 95.5
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S4071a 100.0

.D.: Not-determined. Symbol (–) means the value of IC50 was above than 10 �M.
a GS4071 was included as a positive control.

f both group-1 and -2 NAs (Russell et al., 2006). Control experi-
ents determined that ATA, up to 1.18 mM, did not interfere with

he fluorescence emission of 4-MU, the enzymatic product in the
A reaction (data not shown). Thus, ATA indeed inhibited the NA-
ediated hydrolysis of MU-NANA. The IC50 of GS4071 was less than

.1 nM for all the 3 kinds of influenza A viruses tested (not shown).
The effects of ATA on influenza virus replication were further

valuated using plaque reduction and yield reduction assays. ATA
t various concentrations was evaluated in virus plaque reduction
ssays for influenza A/WSN/33 (H1N1), A/Udorn/72 (H3N2), and the
eassortant NIBRG-14 (H5N1). ATA, in a dose-dependent manner,

educed the plaque formation units (PFU) caused by infection of
DCK cells with different strains of influenza virus (Fig. 2A). The

C50 values for viral plaque formation were estimated to be 4.1 �M,
.3 �M, and 5.4 �M for influenza A/WSN/33 (H1N1), A/Udorn/72

ig. 1. Inhibition of NAs derived from A/WSN/33 (H1N1), A/Udorn/72 (H3N2), and
IBRG-14 (H5N1) by ATA. Formaldehyde-treated virus suspensions were used in

he MU-NANA fluorogenic substrate method with various concentrations of ATA.
he squares, triangles, and circles represent A/WSN/33 (H1N1), A/Udorn/72 (H3N2),
nd NIBRG-14 (H5N1) NA, respectively.
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H3N2), and NIBRG-14 (H5N1), respectively. The EC50 of GS4071
as approximately 40 nM for all the 3 kinds of influenza A viruses

ested (not shown).
To evaluate the effect of ATA in the yield of progeny virus assay,

arious concentrations of ATA were added to infected MDCK cells
y influenza A/WSN/33 with an MOI of 0.0001. After 48 h post-
nfection, the culture supernatants were collected for virus yield
etermination by plaque forming assay. As shown in Fig. 2B, at
4 �M ATA seemed to have only marginal activity for reducing the
ield of influenza progeny virus from infected cells. However, at
8 �M, ATA exhibited strong antiviral activity to reduce the viral
ield by >1000 fold. As a reference control, GS4071 was only effec-
ive to reduce the viral yield when cells were treated by GS4071 at
0 �M (Fig. 2C). At lower concentrations of GS4071, no reduction in
he yield of progeny virus could be observed.

.2. ATA inhibited the wild-type NA and H274Y
seltamivir-resistant NA

We were interested in examining whether ATA is also effec-
ive in inhibiting the oseltamivir-resistant of H5N1 and H1N1 NAs
ue to a H274Y mutation in NAs (Wang et al., 2002). For safety
easons, we intended to avoid generating and manipulating drug-
esistant influenza virus mutants. Therefore, insect cell protein
xpression technology was employed to express several variant NAs
or the study of their sensitivity to ATA. Both cell lysates and cell
ulture supernatants of insect cells infected with Bac-NAWT(WSN),
ac-NAH274Y(WSN), Bac-NAWT(H5N1), or Bac-NAH274Y(H5N1) had NA
ctivity (data not shown). That the cell culture supernatants also
ontained substantial NA activity may be due to the fact that NA
s likely to be embedded in the envelope of budded baculovirus
articles as suggested by Mather et al. (1992). The sensitivity

f these NA variants to ATA was tested using cell lysates pre-
ared from insect cells infected by baculoviruses. In our assay,
he H274Y mutation in NA of the H1N1 and H5N1 subtypes, i.e.,
AH274Y(WSN)and NAH274(H5N1), resulted in resistance to oseltamivir
arboxylate (GS4071), the active ingredient of oseltamivir (Mendel
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Fig. 2. Inhibition of influenza virus plaque formation units by ATA (A) and reduction in viral yields from infected cells treated with ATA (B) and GS4071 (C) at different
concentrations. (A) Approximately 50–100 PFU/well of three different subtypes of influenza A virus, A/WSN/33 (H1N1), A/Udorn/72 (H3N2), or NIBRG-14 (H5N1), was used
t r ove
c 01 A/
t post-i
f

e
v
t
N

o infect MDCK cells in 6-well plates. After the viral adsorption stage, 3 ml of aga
oncentration of ATA is indicated at the top. MDCK cells were infected with MOI 0.0
o the infected cells at the adsorption stage of A/WSN/33 replication cycle. After 48
orming assay.
t al., 1998), as indicated by a 191- and 885-fold increase in the IC50
alues, respectively (not shown). Such results are largely consis-
ent with a previous report indicating that the H274Y mutation in
AWT(WSN) conferred a 754-fold increase in the IC50 of oseltamivir

(
i
N
t

rlay media containing various concentrations of ATA was added to the cells. The
WSN/33 (H1N1) and various concentrations of ATA (B) and GS4071 (C) were added
nfection hours, the culture supernatant were collected for virus titration by plaque
Abed et al., 2006). The IC50 values of ATA in inhibiting NA activ-
ty were estimated to be 8.7 �M, 18.4 �M, 5.4 �M and 2.3 �M for
AWT(WSN), NAH274Y(WSN), NAWT(H5N1), and NAH274Y(H5N1), respec-

ively (Fig. 3). Thus, ATA remained equally potent in inhibiting the
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.3. Molecular modeling

The GEMDOCK and GOLD were employed to predict the docked
onformations of ATA, GS4071, and zanamivir, respectively, in the
inding cavity of NA2HU4 based on calculated binding energies.
ig. 4 shows that the docked conformations of two known com-
ounds (GS4071 and zanamivir) with the lowest scoring values
ere compared with the crystal structures based on the root-mean-

quare deviation (RMSD) of heavy atoms. The average RMSDs from
EMDOCK and GOLD were less than 1.2 Å and 1.5 Å for GS4071

nd zanamivir, respectively. Thus, the derived GEMDOCK and GOLD
arameters were adapted to predict the docked conformation of
TA in the binding site.

The docked conformation (Figs. 4 and 5) and the hydrogen bond
etwork of ATA are slightly different from those of GS4071 and of

ig. 4. Docked conformations of aurintricarboxylic acid (ATA) (green), GS4071
gray), and zanamivir (blue) in H5N1 avian influenza neuraminidase. The docked
onformation of ATA is obtained by using GEMDOCK and the binding pocket of N1
euraminidase is derived from Protein Data Bank (PDB code 2HU4). The main con-
act residues (yellow) of N1 neuraminidase are labeled and hydrogen bonds (dash
ith green line) between ATA (green) and the neuraminidase are indicated. (For

nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)
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ted with Bac-NAWT(WSN), Bac-NAH274Y(WSN), Bac-NAWT(H5N1), or Bac-NAH274Y(H5N1) for
icated concentrations of ATA was detected by the MU-NANA fluorogenic substrate
e NAWT and NAH274Y were derived from influenza NIBRG-14 (H5N1).

anamivir. To analyze the binding mechanism of ATA to NA2HU4, we
ivided the binding site of NA2HU4 into several subsites, S1 (R292,
347, R371 and R118), S2-S3 (E119, R156, D151, R152, W178 and
227) and S4-S5 (I222, R224, S246 and E276) (Stoll et al., 2003;
ati et al., 2002). GS4071 and zanamivir inhibits NA by mimicking

he electrostatic and hydrogen bond interactions of substrate bind-
ng at three subsites (S1, S2, and S3) and hydrophobic interactions
f the S4–S5 subsites (Kim et al., 1997). The conformational anal-
sis indicated that in the subsite S1, ATA forms a hydrogen bond
etwork that is highly conserved for the known NAIs (Stoll et al.,
003; Kati et al., 2002; Russell et al., 2006) (Table 2). ATA also forms
ydrogen bonds with Y347, R371, and R118 but not with the guani-
ine group of R292, which forms a hydrogen bond with GS4071
nd zanamivir. An in vitro selection study demonstrated that the

utation R292K is the most common substitution in Group 2 NAs

esistant to oseltamivir (Tai et al., 1998). The resistance results par-
ially from the loss of a hydrogen bond from R292 to the carboxylate
roup of oseltamivir. This mutation would have little effect in Group

ig. 5. Computational conformation of aurintricarboxylic acid (ATA) in H5N1 avian
nfluenza neuraminidase. The conformations of ATA and zanamivir are docked by
sing GEMDOCK, and the conformation of zanamivir is obtained from the X-ray
tructure (PDB code 2HU4). The main contact residues (yellow) are labeled and
ydrogen bonds (dash with green line) between ATA and the neuraminidase are

ndicated. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.)
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Table 2
The contact residues, hydrogen bonds, and close hydrophobic contacts between H5N1 avian influenza neuraminidase and docked conformations of three compounds.

ATA (−99.78 kcal/mola) Oseltamivir (−101.65 kcal/mola) Zanamivir (−123.52 kcal/mola)

S1
Y347 R347-O.hydroxylb-O.hydroxylc, 2.23d R347-O.hydroxyl-O.carboxylic, 2.91 –
R292 – R292-N.guanidino-O.carboxylic, 2.60 R292-N.guanidino-O.carboxylic, 3.28

292-N.guanidino-O.carboxylic, 3.32
R371 R371-N.guanidino-O.hydroxyl, 3.25

R371-N.guanidino-O.carboxylic, 2.61
R371-N.guanidino-O.carboxylic, 2.68
R371-N.guanidino-O.carboxylic, 2.83

R371-N.guanidino-O.carboxylic, 2.80
R371-N.guanidino-O.carboxylic, 2.95

R118 R118-N.guanidino-O.carboxylic, 3.10
R118-N.guanidino-O.carboxylic, 2.89

– R118-N.guanidino-O.carboxylic, 2.87
R118-N.guanidino-O.carboxylic, 3.12

S2–S3
E119 R119-O.carboxylic-O.carboxylic, 3.27

R119-O.carboxylic-O.carboxylic, 3.30
R119-O.carboxylic-N.amine, 2.60 R119-O.carboxylic-N.guanidino, 3.02

D151 D151-O.amide-O.hydroxyl, 2.99
D151-O.carboxylic-O.carboxylic, 2.92

D151-O.carboxylic-N.amine, 2.56
D151-O.carboxylic-O.amide, 3.09

D151-O.carboxylic-N.guanidino, 2.60

R156 R156-N.guanidino-O.carboxylic, 3.11
R156-N.guanidino-O.carboxylic, 3.34

– –

E227 E227-O.carboxylic-O.hydroxyl, 2.60 – E227-O.carboxylic-N.guanidino, 2.96
R152 – – R152-N.guanidino-O.amide, 3.10
W178 W178-O.amide-O.hydroxyl, 2.51

W178-O.amide-O.carboxylic, 2.38
– W178-O.amide-N.guanidino, 3.10

W178-O.amide-N.guanidino, 3.23

S4–S5
I222 These five residues form hydrophobic interactions

with substitution 2-hydroxybenzoic acid group
These five residues form hydrophobic interactions
with substitution 1-ethylpropyl group

These five residues form hydrophobic interactions
with substitution 1,2,3-trihydroxypropyl group

R224
S246
E276 E276-O.carboxylic-O.hydroxyl, 3.11
E277 E277-O.carboxylic-O.hydroxyl, 2.96
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Docked energy.
b The atom name of a residue in the neuraminidase.
c The atom name of a compound.
d The distance of a hydrogen bond between compounds and neuraminidase.

NAs because the carboxylate group forms an additional hydrogen
ond with Y347 (Russell et al., 2006).

Results from GEMDOCK and GOLD suggest that ATA interacts
n subsite S2 with the side chain of E119 and the backbone oxygen
f D151 and, in subsite S3, with the carboxyl group of E227 and
ackbone oxygen of W178 through several hydrogen bond interac-
ions (Figs. 4 and 5 and Table 2). In addition, the carboxyl group of
TA appears to form new hydrogen bonds with the nitrogen atoms
f R156 in a bidentate hydrogen bond donor–acceptor mode. On
he other hand, the known NAIs GS4071 and zanamivir utilized
he amino group to form strong charge–charge type hydrogen
ond interactions with E119 and D151 (Kim et al., 1997). The 2-
ydroxybenzoic acid group of ATA has steric interactions with the
ydrocarbon chains of I222, R224, S246 and E276 that constitute a
ydrophobic pocket in S4 and S5 and is related to the inhibition of
A by ATA (Russell et al., 2006; Kim et al., 1997). The H274 amino
cid residue that is mutated in GS4017-resistant influenza strains
s positioned in this pocket (Russell et al., 2006; Le et al., 2005).
he H274Y mutation could perturb the rearrangement space of
276, leading to increased resistance to GS4071 (Varghese et al.,
998; Yen et al., 2005; Wang et al., 2002). Upon comparison of
he orientations of the substitution groups of GS4071 and ATA
n this pocket, we observed that ATA binding allows for more
earrangement space for E276.

. Discussion

There is an urgent need for new anti-influenza therapeutics
nd the objective of this study was to identify novel NA inhibitors

hose chemical structures are distinct from that of sialic acid. After

creening approximately 2000 structurally diverse compounds,
e found that ATA has potent inhibitory activity for NA. ATA
as previously been found to inhibit influenza virus replication
nd the mechanism of action was attributed to the inhibition of

t
0
v
n
a

nfluenza viral polymerases activity by ATA (Steward et al., 1977;
iao et al., 1975). In these previous studies, ATA was shown to
nhibit viral polymerase in in vitro assays using purified influenza
irus protein. However, we have tested the inhibitory activity of
TA against influenza viral polymerase using a cell-based assay
nd we found that ATA did not inhibit influenza polymerase. In
his assay, we added ATA to human embryonic kidney 293 cells
o-expressing influenza A/WSN/33 (H1N1) polymerase complex
roteins including PA, PB1, PB2, and NP, along with a reporter plas-
id, pPOLI-CAT-RT. The reporter plasmid, pPOLI-CAT-RT, contained
vRNA-like RNA encoding the reporter gene chloramphenicol

cetyltransferase (CAT), in negative sense, flanked by the 5′ and
′ noncoding regions of the NS vRNA segment of influenza virus
Pleschka et al., 1996). To our surprise, ATA did not inhibit RNA-
ependent RNA polymerase (RdRp)-derived expression of CAT at a
oncentration up to 12 �M (not shown). At this concentration, viral
laque formation was clearly inhibited (Fig. 2A). Based on the cell-
ased RdRp assay, we concluded that the polymerase of influenza
/WSN/33 (H1N1) may not be the primary molecular target of ATA.

Our findings are reminiscent of previous studies on the
nhibitory effects of ATA for HIV-1. ATA was found to inhibit HIV
eplication and the mechanism was proposed to be through the
nhibition of the viral reverse transcriptase (RT) (Balzarini et al.,
986). However, later results indicated that ATA inhibits HIV repli-
ation primarily through the binding of virus to CD4 receptor on cell
urface (Schols et al., 1989; De Clercq, 2005). In addition to influenza
irus and HIV, ATA was recently reported to inhibit other viruses
uch as SARS-CoV and vaccinia virus (He et al., 2004; Myskiw et al.,
007). ATA is a very strong inhibitor of influenza virus compared

o its anti-SARS-CoV activity; the EC50 of ATA for SARS-CoV was
.2 mg/mL (He et al., 2004), whereas the EC50 of ATA for influenza
irus in this study was in the low �M range. It is interesting to
ote that the EC50 of ATA, measured in plaque reduction assay,
nd IC50, measured in the NA inhibition assay, were in the same
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rder of magnitude. However, the IC50 and EC50 of GS4071 were
ess than 0.1 nM and ∼40 nM, respectively, for influenza A/WSN/33
H1N1), A/Udorn/72 (H3N2), and the reassortant NIBRG-14 (H5N1).
nasmuch as ATA also has a pleiotropic effect on cellular functions
Hallick et al., 1977; Roberts-Lewis et al., 1993; Benchokroun et al.,
995; Andrew et al., 1999; Tsi et al., 2002; Marchisio et al., 2003;
yskiw et al., 2007; Chen et al., 2002; Beery et al., 2001), NA may

ot be the sole target that ATA interferes to exert its strong antiviral
ctions. Our findings are congruent with a recent report indicating
hat ATA inhibits the replication of vaccinia virus through targeting
oth cellular and viral factors (Myskiw et al., 2007).

Finally, molecular modeling experiments predicted that ATA
inds to the substrate binding site of NA. The molecular modeling
xperiments have been applied to examine the docking of ATA in
ts monomeric, dimeric, and trimeric froms since ATA was known
o be present in multimeric forms (Cushman et al., 1991a,b). The
ocked conformations of ATA monomer, ATA dimer, ATA trimer,
nd an ATA polymer using GEMDOCK are distinctive (results not
hown). We found that ATA dimer and ATA trimer lost some impor-
ant hydrogen bond interactions, which are present upon binding
f ATA monomer, GS4071 and zanamivir to NA (Table 2). Further,
n ATA polymer, which consists of more than three ATAs, cannot
e docked into the pocket. These observations imply that the ATA
onomer might be the best form to inhibit the activities of NA

mong the ATA monomeric or polymeric forms. It is warranted to
xamine the exact binding mode of ATA and NA through crystallo-
raphic studies. An understanding of the exact binding modes ATA
o NA would shed light on the design of a novel class of NAIs to
ombat influenza virus infections. The finding that ATA is a novel
AI shall prove to be important in the design of second-generation
AIs to block the replication of influenza viruses that are resistant

o oseltamivir treatment.
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