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ABSTRACT: Influenza viruses have been responsible for the
largest pandemics in the previous century. Although vaccination
and prophylactic antiviral therapeutics are the primary defense
against influenza virus, there is a pressing need to develop new
antiviral agents to circumvent the limitations of current therapies.
The endonuclease activity of the influenza virus PAN protein is
essential for virus replication and is a promising target for novel
anti-influenza drugs. To facilitate the discovery of endonuclease
inhibitors, we have developed a high-throughput fluorescence
polarization (FP) assay, utilizing a novel fluorescein-labeled
compound (Kd = 0.378 μM) and a PAN construct, to identify
small molecules that bind to the PAN endonuclease active site.
Several known 4-substituted 2,4-dioxobutanoic acid inhibitors with high and low affinities have been evaluated in this FP-based
competitive binding assay, and there was a general correlation between binding and the reported inhibition of endonuclease
activity. Additionally, we have demonstrated the utility of this assay for identifying endonuclease inhibitors in a small diverse
targeted fragment library. These fragment hits were used to build a follow-up library that that led to new active compounds that
demonstrate FP binding and anti-influenza activities in plaque inhibition assays. The assay offers significant advantages over
previously reported assays and is suitable for high-throughput and fragment-based screening studies. Additionally the
demonstration of the applicability of a mechanism-based “targeted fragment” library supports the general potential of this novel
approach for other enzyme targets. These results serve as a sound foundation for the development of new therapeutic leads
targeting influenza endonuclease.

Influenza viruses cause some of the most common and
aggressive infections of the upper respiratory tract and

lungs.1 During the 2010−2011 season, 89% of total viruses
detected in North America were influenza type A viruses.2

Infections with unusually virulent strains of the influenza A
virus have led to many millions of deaths in a single season,
notably during the 1918 influenza pandemic.3 Although
vaccination can prevent influenza in 70%−90% of healthy
adults,4 vaccines are only protective against a limited range of
strains and are not effective against new, potentially pandemic
strains. Also, even in the best case scenarios, the rate of
protection is less than 40% in high-risk groups such as infants,
the elderly, pregnant women, and individuals with weakened
immune systems. In addition, the ∼6 month lag time for the
development and manufacture of new vaccines will always limit
their applicability.5−7 The neuraminidase inhibitors oseltamivir
(Tamiflu) and zanamivir (Relenza) are two very effective drugs
developed to attenuate the incidence of influenza infection
when used prophylactically and to reduce the severity of
symptoms when given within 1−2 days of infection.8 However,

the long-term effectiveness of these drugs is a concern due to
the emergence of drug-resistant strains. Thus, there is an urgent
need for new measures to prevent and treat influenza virus
infection, especially in high-risk groups and during an influenza
pandemic.
There have been significant efforts to identify novel targets in

the influenza life cycle against which small molecule inhibitors
can be developed.9−18 The influenza RNA-dependent RNA
polymerase (RdRp) catalyzes both transcription and replication
during infection and is highly conserved among influenza A, B,
and C strains. Influenza RdRp is a heterotrimer composed of 3
subunits (PA, PB1, and PB2) that associates with the 5′- and 3′-
ends of each viral RNA (vRNA) nucleoprotein genome
segment where it is poised to perform both transcription and
replication.19−21 Transcription begins with the binding of PB2
to capped host cell pre-mRNAs, following which PA N-terminal
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domain (PAN) catalyzes endonuclease activity that results in
cleavage of the host pre-mRNA. This “cap-snatching”
mechanism generates short capped RNA oligoribonucleotides
that are then used to prime viral mRNA transcription by
PB1.22,23,26−28

Recent crystal structures have revealed that the endonuclease
active site resides within the PA N-terminal domain
(PAN).

22,25,26 In two separate studies strong structural evidence
that PA contains the endonuclease site22 was further refined by
calorimetry studies, which demonstrated that Mn2+ binds
preferentially over Mg2+ and that two Mn2+ ions are bound to
the construct.23 These studies when taken together lend strong
support for a two-metal active-site model for PA endonuclease.
New work in the design of small molecule inhibitors that

target this polymerase is an area of growing interest, and these
recent structural studies on RdRp subdomains22,25,26 will
facilitate these efforts. The cap-snatching process is essential
for influenza infection, and the structurally characterized
endonuclease active site of PAN has been recognized as a
promising target for the discovery of novel anti-influenza drugs.
A series of 4-subsituted-2,4-dioxobutanoic acids that selectively
target the endonuclease activity was previously discovered by
researchers at Merck.29,30 Bunyavirus is an RNA virus that also
contains a similar endonuclease for cap-snatching during
transcription, and a co-crystal structure with 2,4-dioxo-4-
phenylbutanoic acid (DPBA, compound 1, Figure 1) revealed

that DPBA interacts directly with the two active-site metal
ions.31 Given the high active-site homology between the
influenza endonuclease active site, these structural data also
strongly suggest that DPBA binds to PA in an orientation
similar to that of the bunyavirus endonuclease site.31 This
structural confirmation of the presumed inhibitor-endonuclease
complex supports the development of rapid and reproducible
assays that can measure the binding of small molecules to the
two-metal endonuclease active site in PAN.
Several biochemical and cell-based assays have been

developed to evaluate the activity of influenza RdRp.18,32−34

Although there has been some notable success in increasing the
throughput of RdRp polymerase assays,18 only two assays can
readily differentiate between the endonuclease and polymerase

activities of RdRp by the measurement of cap-dependent
polymerase activity19,23,29,33 or by the direct measurement of
nucleic acid hydrolysis by electrophoresis.22,35 The cap-
dependent endonuclease activity assay is radiometric, low-
throughput, labor-intensive, and impractical for high-through-
put approaches, while the electrophoretic method is primarily
useful for the low-throughput qualitative assessment of
endonuclease activity. These issues limit the applicability of
these assays to lead discovery in this area. On the other hand,
fluorescence polarization (FP) has been widely used in assays
that are compatible with high-throughput screening (HTS) and
fragment-based screens; this has allowed FP screening to be
used to successfully identify small molecule binders for
numerous protein targets.36−49 FP is used to monitor the
change in molecular motion of a labeled species upon binding
to a target and is calculated as the ratio of the difference
between the vertical and horizontal components of the emitted
light over the sum of each component. Polarization is a
dimensionless value (mP) and is therefore independent of the
emitted light or the concentration of the fluorophore.50 These
features make FP assays highly suitable for screening
compound libraries in a high-throughput format to identify
small molecule inhibitors. In this report, we describe the design,
optimization, and validation of a robust FP assay for binding to
the influenza endonuclease active site using the isolated PAN
domain of RdRp and a novel fluorescently labeled 4-subsituted-
2,4-dioxobutanoic acid probe (4). This FP assay has been
adapted to a format that would be suitable for HTS and was
successfully used to demonstrate the specificity of known
endonuclease inhibitors and to identify novel inhibitors of this
promising influenza target.

■ RESULTS AND DISCUSSION
Fluorescent Ligand Design. Compound 2 (Figure 1)

inhibits the influenza endonuclease-dependent polymerase
activity with an IC50 of 0.43 μM, making it one of the most
potent small molecule inhibitors of this type that has been
reported in the literature.30 No structural data are available for
the complex between 2 and PAN, but 2 is closely related to 1
(DPBA), which has been demonstrated to specifically inhibit
the isolated endonuclease domain22 and to coordinate the two
metal ions in the related active site of the bunyavirus
endonuclease.31 Our FP ligand design started from compound
2 because this compound has the best in vitro activity among all
reported influenza endonuclease inhibitors,30 and derivatives of
2 would be expected to show tight binding. Previous SAR
studies with influenza endonuclease inhibitory analogues of 2
have shown that hydrophobic groups were well tolerated when
the piperazine nitrogen is substituted with hydrophobic
groups,24 so we chose to add the fluorescent label (fluorescein)
at this position. A fluorescent ligand with a low Kd is desirable
to minimize the amount of protein and tracer needed to obtain
a strong FP signal while maintaining the required dynamic
range. A reasonably tight binding fluorescent ligand would also
be able to measure a wide range of inhibitor potencies and
provides the necessary sensitivity to identify more weakly
binding inhibitors. We were pleased to find through direct
binding experiments that 4 binds to PAN with a Kd of 0.378 μM
and a dynamic range of 124.3 ± 0.9 mP (Figure 2).
To confirm that the complex between 4 and PAN was the

result of a specific binding interaction, the direct binding
experiment was repeated with immunoglobulin G (IgG) and
bovine serum albumin (BSA) (2-fold serial dilutions from 100

Figure 1. Three known RdRp influenza endonuclease activity
inhibitors (1−3) and the structure of the fluorescent ligand (4) that
was developed for our FP assay.
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μM) in the presence of 4 (60 nM). Nonspecific binding to IgG
and BSA was not observed, as indicated by the absence of a
binding curve (Supplementary Figure 1). The difference in mP
values between buffer and protein is due to the tryptophan
residues in the protein.
Assay Development with Potential for HTS. In order to

assess the stability of the FP assay, we first examined three
variables, incubation time, total fluorescence, and DMSO
concentration, before embarking on the competitive binding
studies. The Kd and ΔmP values observed for measurements at
15-min and 24-h incubations at RT were practically identical
(Figure 2); an incubation time of 15 min was therefore chosen
for further optimization steps to facilitate rapid screening of
compounds.
To demonstrate that FP is independent of total fluorescence,

increasing concentrations of 4 (0.080−60 nM) were titrated
against a constant PAN concentration of 0.8 μM. The data are
summarized in Supplementary Figure 2 and show a linear
increase in total fluorescence with increasing concentrations of
4, whereas the FP remains constant. Therefore, small molecule
inhibitors that are intrinsically fluorescent are likely to have
negligible effects on the outcome of the assay.50

DMSO is a commonly used solvent in HTS, and its influence
on the FP assay was investigated by titrating it into a mixture of
4 (60 nM) and PAN (0.8 μM). A stable total fluorescence and
FP was observed at 10% DMSO (Supplementary Figure 3).
10% DMSO was therefore used for all subsequent FP assays to
maximize the solubilities of the diverse library compounds that
will be used for screening.
The Z′ factor is a statistical benchmark to assess the

suitability of an assay for HTS51 and is a measure of the
reproducibility in the difference in signal between free and
bound tracer controls across a large number of assay wells. An
assay with ideal reproducibility displays a Z′ factor of 1, whereas
a Z′ factor greater than 0.5 is considered acceptable for a good
high-throughput assay.51 The Z′ factor calculated for our FP
assay is 0.91 (Supplementary Figure 4), confirming that these
assay conditions are suitable for HTS.
Competition FP Assay. On the basis of the Kd value and

dynamic range determined in the direct binding FP experi-
ments, we established a competition FP assay to screen
compounds for their ability to displace 4 from PAN. The affinity
of competitors for PAN was quantified as an equilibrium
dissociation constant (Ki), which was calculated from the
inhibition curve.52 Compound 2 was able to compete with 4
with a Ki value of 0.09 μM and therefore was used as a positive

control in subsequent competitive binding experiments. Two
other known PAN inhibitors, 1 (DPBA) and 3, were measured
for competitive binding and showed Ki values of 0.48 and 0.85
μM, respectively (Figure 3 and Table 1). This FP assay was also

able to accurately identify a compound known to be inactive
against influenza endonuclease (19, Figure 3 and Table 1),
which is important since this represents an essential feature of
any useful binding assay.

Assay Validation. A series of 4-subsituted 2,4-dioxobuta-
noic acids has been previously shown to selectively target the
cap-dependent endonuclease of the influenza transcriptase
complex29 over a broad range of inhibitory concentrations
(IC50) in the radiometric cap-dependent transcription assay.
We synthesized seven compounds from this series and an
additional N-hydroxyimide derivative (3) that was previously
shown to have a mode of action similar to that of 253 and
quantitatively compared our FP assay with the reported cap-
dependent RNA polymerase assay (Table 1).54 Analogues 2
and 10 were the most potent in both assays, with negligible
differences in each assay. Overall, the IC50 values from the
reported cap-dependent transcriptase inhibitory data generally
correlate with the values from our FP binding assay (Figure 3
and Table 1). This correlation confirms that our FP assay
provides reliable information on the binding of potential
inhibitors to the relevant active site of PAN that generally
parallels the inhibition of the enzymatic activity of RdRp
endonuclease activity.
Our FP data also provide useful structure activity relationship

(SAR) information on this compound series. The reproduci-
bility of inactive compounds 18 and 19 confirms the
importance of the oxygen at C2 in facilitating the two-metal
interaction with PAN. Also, the terminal carboxylic acid moiety
at C1 is necessary for binding to PAN, as indicated by the
inactivity of esters 16 and 17. Replacement of the phenyl ring
with a pyridyl group (13), as well as fusing C3 to the aromatic
ring with an ether (14) or alkyl group (15) also renders
compounds inactive. As for the remaining analogues, it appears
that ortho- and para-substituents are tolerated (6−9, 11, and
12) and lipophilic moieties are preferred (6 and 8). In addition
to SAR information, other factors such as binding efficiency
index (BEI)55 and ligand efficiency (LE)56 are important to
consider when selecting active fragments for subsequent
modification (Tables 1, 2, and 3). SAR, BEI, and LE, combined
with potency, drug-likeness, and cytotoxicity (CC50, Tables 2
and 3), are useful criteria for analogue design and the selection

Figure 2. Direct binding experiment to determine the Kd and dynamic
range of 4: (◇) 4 alone (0% binding), (gray ●) PAN protein + 4 after
a 15-min incubation (Kd = 0.378 μM), (■) PAN protein + 4 after a 24-
h incubation (Kd = 0.353 μM).

Figure 3. Competitive binding experiment measuring the displace-
ment of 4 from PAN: (▼) DMSO negative control (0% inhibition),
(◇) 250 μM compound 2 (100% inhibition), (gray ●) compound 2
(Ki = 0.09 μM), (■) DPBA (Ki = 0.48 μM), (▲) compound 3 (Ki =
0.85 μM), (gray ◆) compound 19 (no inhibition).
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of compounds for advancement to in vitro, and eventually, to in
vivo antiviral efficacy studies.
Fragment-Based FP Screen. The 4-substituted 2,4-

dioxobutanoic acids developed by Merck did not lead to a
report of a clinical compound. However, recent progress in the
development of inhibitors that target the mechanistically similar
sites in the RdRp of hepatitis C virus (HCV)57 and the

integrase of the human immunodeficiency virus (HIV)58

suggests that clinically useful compounds may be found for
influenza RdRp, if a more drug-like scaffold could be identified.
This approach has been used by the Webb group to design a
two-metal polymerase targeted library,59 using a 2-substituted-
4,5-dihydroxypyrimidine scaffold that matches the pharmaco-
phore identified by the Parkes group.53 The mechanistic basis

Table 1. Comparison of Results of Our FP Competitive Binding Assay to Reported Anti-influenza Activities of Known
Endonuclease Inhibitorse

aBEI = binding efficiency index based on FP data (pKi/MW), where MW is molecular weight in kDa.55 bLE = Ligand efficiency based on FP data
(ΔG/N), where ΔG = −RT ln Ki and N is the number of heavy atoms.56 cPublished results in an influenza virus in vitro transcription assay.29
dPublished results in an influenza virus in vitro transcription assay.53 eReported FP values are the average of triplicate measurements ± standard error
of the mean (SEM). ND = no data.
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of this two-metal targeted library59 has recently been given
additional structural validation by the publication of structures
of prototype foamy virus integrase co-crystallized with DNA
and the structurally similar MK0518.60 The co-crystal structures
clarify the specific binding mode to the two-metal active site for
2-substituted-4,5-dihydroxypyrimidine derivatives60 that is
consistent with the previously proposed pharmacophore.59

Using this 2-substituted-4,5-dihydroxypyrimidine scaffold type,
which is common to some HCV RdRp and HIV integrase
inhibitors,57,58 we synthesized a series of acid and ester
fragments that has been used previously for targeted library
synthesis (see Table 2).59 We also supplemented this small
group of fragments with structurally distinct fragments that also
have the potential to interact with a two-metal site or that are
similar to substructures that are present in known HIV
integrase inhibitors (Supporting Information Table S1).60,61

From this library of 42 compounds, we were able to identify
several active fragments by screening in a dose−response mode
with concentrations up to 250 μM (see the Supporting
Information Extended Methods, competitive binding FP assays
section). Table 2 summarizes these results for the active
fragments (defined as those compounds with an EC50 <250

μM) and the closely related inactive compounds. This table
also includes BEI and LE data for each fragment based on the
observed FP binding.55,56 Among the fragments investigated
only those based on the 2-substituted-4,5-dihydroxypyrimin-
dine scaffold showed significant activity (see Table 2). These
active compounds show a preference for the unsubstituted
aromatic moieties at the R1 position (Table 2), among the
fragments screened (see Supporting Information, Table S1 for
the full set of inactive fragments). The 2,5-pyrazine derivative
31 is the most potent and also shows good binding efficiency
(BEI of 25.4 and LE of 0.48) without exhibiting significant
cytotoxicity in MDCK cells (CC50 >60 μM).

FP Screen of Carboxamide Derivatives of 31. The
Webb group has previously reported the synthesis of a two-
metal polymerase targeted library containing a 2-substituted-
4,5-dihydroxypyrimidine scaffold, and this has led to the
identification of a compound with in vitro activity against the
Sendai virus.59 Using the chemistry developed in this work, we
synthesized a small set of carboxamides based on the most
active fragment (31) and evaluated their binding as measured
by FP as well as their cytotoxicity in MDCK cells. As shown in
Table 3, benzyl amides (38−42) show good activity, but the

Table 2. Results of the FP Competitive Binding Assay for a Set of Representative Fragmentsd

aBEI = binding efficiency index (pKi/MW), where MW is molecular weight in kDa.55 bLE = ligand efficiency (ΔG/N), where ΔG = −RT ln Ki and
N is the number of non-hydrogen atoms.56 cMeasured in MDCK cells as 2-fold dilutions from 60 μM. dSee Supporting Information, Table S1 for the
full set of inactive fragments. Reported FP values are the average of triplicate measurements ± SEM. NT = not tested.
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Table 3. Results of FP Competitive Binding and Compound Cytotoxicity for a Set of Carboxamides Based on the Most Potent
Fragment (31)d

aBEI = binding efficiency index (pKi/MW), where MW is molecular weight in kDa.55 bLE = ligand efficiency (ΔG/N), where ΔG = −RT ln Ki and
N is the number of non-hydrogen atoms.56 cMeasured in MDCK cells as 2-fold dilutions from 60 μM. dReported values are the average of triplicate
measurements ± SEM. NT = not tested.
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increase in chain length to two carbons (43) is not desirable.
Interestingly, α-substitution at the benzylic position results in
increased potency (42). To further explore the potency of this
racemic compound, we synthesized the enantiomerically pure
carboxamides (44 and 45) from chiral amines, which revealed a
binding preference for the (R) enantiomer 45. Next, we
synthesized a set of analogues to elucidate the SAR around 45
(Table 3). Once again, substitution at the para position results
in a decrease in potency (46). Both the replacement of phenyl
group in 45 with a cyclohexyl moiety (47) and the substitution
of the α-methyl with a hydroxyl group (48) are well tolerated,
but the constrained amide analogue (49) is less active than 45.
None of these compounds showed significant cytotoxicity in
MDCK cells, the cell line that is used for influenza plaque
inhibition to assess the potential for in vitro anti-influenza
activity of compounds.
Antiviral Activity of FP Hits Measured by Plaque

Inhibition. In order to evaluate the in vitro antiviral activity of
endonuclease inhibitors identified by our FP assay, we
measured their ability to inhibit influenza A/PR/8/34 viral
plaque formation in MDCK cells (Figure 4). As shown in

Figure 4 the compounds 42, 44, and 45 show similar activities
and the same rank order for activity as seen with the FP assay,
although the ratios of activity are not identical between these
two assay types. Compound 31 shows significantly less activity
(IC50 >50 μM), which could in part be due to a reduction of
the cell permeability of this particular ionizable carboxylic acid,
though we have not explored the permeability of our fragment
library. As expected, the FP inactive control compounds (16
and 43) were also inactive in inhibiting viral plaque formation.
As positive controls, 2 and oseltamivir carboxylate were also
measured for antiviral activity by viral plaque inhibition, and the
activities obtained for these compounds compare well with
those reported previously.62,63

In conclusion we have developed the first reported binding
assay that can be used to screen for molecules that bind to the
PAN endonuclease subunit of influenza polymerase. The assay
correlates with endonuclease enzymatic activity for a series of
inhibitors and should be widely applicable for use in low-,
medium-, or high-throughput formats that include relatively
high concentrations of potential inhibitors (up to 250 μM).
During the course of assay miniaturization, various factors that
would have an effect on screening efficiency and applicability,

including incubation time, temperature, DMSO tolerance, and
total fluorescence were each subjected to optimization.
Miniaturized FP assays not only enable screening of larger
libraries but are also cost-effective and can provide validation of
the direct target of active compounds. We have demonstrated
the use of this assay for the initial identification of active
inhibitors and their subsequent development, which has led to
novel antiviral compounds with an associated SAR. Blocking
the active site of the PA subunit of the influenza polymerase is a
potentially powerful therapeutic strategy for inhibiting viral
transcription. Although small molecules have previously been
developed to inhibit this cellular event,24,30 none have thus far
reached the clinic. Our development of a facile screening
method and initial identification of active drug-like compounds
will facilitate the discovery and development of new diverse
inhibitors with more drug-like properties and subsequently new
lead compounds that may, in turn, ultimately advance through
clinical trials to become the next generation of drugs for
pandemic and seasonal influenza. Additionally the demon-
stration of the applicability of a mechanism-based “targeted-
fragment” library supports the general potential of this novel
approach for other enzyme targets.

■ METHODS
Details describing the high-throughput optimization of the FP assay
(fluorescent ligand concentration, equilibration time and signal
stability, FP independence on total fluorescence intensity, DMSO
tolerance, accuracy and precision, estimation of Kd for binding of 4 to
PAN, and competitive FP assays) are outlined in the Supporting
Information. Also included in the Supporting Information are details
describing the expression and purification of PAN, avian H1N1
influenza A virus (A/PuertoRico/8/34) culture, influenza virus plaque
inhibition assays in MDCK cells, and quantification of compound
cytotoxicity in MDCK cells using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega).

■ ASSOCIATED CONTENT
*S Supporting Information
Figures and methods outlining the HTS optimization of the FP
assay, photos of plaque assay results, and details for the
synthesis and characterization of all new compounds presented.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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