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Influenza viruses are the cause of yearly epidemics and occasional
pandemics that represent a significant challenge to public health.
Current control strategies are imperfect and there is an unmet need
for new antiviral therapies. Here, we report the identification of
small molecule compounds able to effectively and specifically in-
hibit growth of influenza A and B viruses in cultured cells through
targeting an assembly interface of the viral RNA-dependent RNA
polymerase. Using an existing crystal structure of the primary pro-
tein—-protein interface between the PB1 and PA subunits of the in-
fluenza A virus polymerase, we conducted an in silico screen to
identify potential small molecule inhibitors. Selected compounds
were then screened for their ability to inhibit the interaction be-
tween PB1 and PA in vitro using an ELISA-based assay and in cells,
to inhibit nuclear import of a binary PB1-PA complex as well as
transcription by the full viral ribonucleoprotein complex. Two com-
pounds emerged as effective inhibitors with ICs, values in the low
micromolar range and negligible cytotoxicity. Of these, one com-
pound also acted as a potent replication inhibitor of a variety of
influenza A virus strains in Madin-Darby canine kidney (MDCK)
cells, incdluding H3N2 and H1N1 seasonal and 2009 pandemic
strains. Importantly, this included an oseltamivir-resistant isolate.
Furthermore, potent inhibition of influenza B viruses but not other
RNA or DNA viruses was seen. Overall, these compounds provide a
foundation for the development of a new generation of therapeu-
tic agents exhibiting high specificity to influenza A and B viruses.

Inﬂuenza A (FluA) and B (FluB) viruses cause highly infectious
respiratory diseases, characterized by high morbidity and signif-
icant mortality. Both viruses are responsible for seasonal epi-
demics, which affect up to 20% of the population and result in
hundreds of thousands of deaths each year (1). At irregular inter-
vals, antigenically novel strains of FluA provoke pandemic out-
breaks with higher attack rates and potentially more severe disease.
The 1918 “Spanish” pandemic remains the worst example, causing
upwards of 50 million deaths. Thus, both types of virus pose a large
threat to public health.

Influenza infections can be controlled by vaccination and an-
tiviral drugs. However, vaccines need regular updating because
the virus is antigenically labile and are not always protective.
Only two classes of drugs are currently approved for the treat-
ment of influenza: M2 ion channel blockers (adamantanes) and
neuraminidase (NA) inhibitors (2). Adamantanes inhibit FluA
replication by blocking virus entry. However, they have no ac-
tivity against FluB viruses, are often associated with serious side
effects, and suffer from rapid emergence of drug-resistant
viruses (3). NA inhibitors block the release of virions after
budding from the host cell (4). They exhibit activity against both
FluA and FluB viruses but can also cause side effects and be
nullified by resistance (5). Thus, there is a clear need to develop
novel influenza virus inhibitors, preferably directed against
other viral targets.

The influenza virus RNA polymerase is a heterotrimeric
complex of three virus-encoded proteins (PB1, PB2, and PA), all
essential for viral RNA synthesis (1). PB1 is the nucleic acid
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polymerase and forms the backbone of the complex (6, 7). PB2
and PA play accessory roles, best defined for viral transcription
(8-10). The three subunits bind each other noncovalently in a set
of interactions that are essential for polymerase function. Al-
though the polymerase forms a globular structure (11), the pri-
mary protein—protein interactions are via the N terminus of PB1
with the C terminus of PA (12-14) and the C terminus of PB1
with the N terminus of PB2 (14, 15). In contrast to the viral
glycoproteins, the polymerase is highly conserved between dif-
ferent viral strains (1). Thus, inhibition of these interactions
represents an attractive strategy for the development of drugs
with broad efficacy against all influenza virus strains. Recently,
two crystallographic structures of a truncated form of PA bound
to a PB1-derived peptide have been published (16, 17). These
structures revealed that the PA-PB1 binding interface consists of
an N-terminal 3y helix from PBI1 that binds into a hydrophobic
groove in the C terminus of PA. Importantly, the structures
showed that relatively few residues drive binding of PB1 to PA,
suggesting the potential for small molecule-mediated inhibition.

Using the crystallographic information, we conducted an in
silico screening of 3 million small molecule structures to search
for inhibitors of the PA-PB1 interaction. From this screening, 32
compounds emerged as candidates. Here, we evaluated the
ability of the compounds to disrupt PA-PB1 interactions both
in vitro and in cells and thus inhibit viral replication. One com-
pound (compound 1) was identified as a potent and selective
inhibitor of both FIuA and FluB viruses.

Results

Identification of Hits in an in Silico Screen. Three million com-
pounds from the ZINC database were screened using FLAP
(fingerprints for ligands and proteins) software (18) and the
crystal structure of a C-terminal fragment of PA (amino acids
257-716) bound to a PB1-derived peptide (Protein Data Bank
code 3CMB8) (17) as a template (SI Text and Fig. S1). From the
virtual screening, 32 molecules were selected.
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Development of an Assay to Identify Inhibitors of the PA-PB1 Interaction.
To investigate whether the 32 small molecules selected by virtual
screening could indeed inhibit binding between PA and PB1, we
developed an ELISA to measure PA-PB1 interactions. Wells
coated with 6His—PAj39_716, @ 6His-tagged form of the PA C-ter-
minal domain were incubated with GST-PB1,_5s, a fusion protein
consisting of the N-terminal 25 residues of PB1 (which are suffi-
cient to bind the PA C-terminal domain) (17, 19), fused to GST. As
expected, addition of increasing amounts of GST-PB1,_,5 resulted
in increasing absorbance (Fig. 14). In contrast, no binding was
observed when either GST alone or GST-Ubc9, an irrelevant GST
fusion protein, was added. The assay therefore specifically mea-
sured interactions between PAj39 716 and the PB1-derived peptide.

To further validate the assay, we tested a known inhibitor of the
PA-PBI interaction (20), by using increasing concentrations of
a synthetic PB1-derived peptide (amino acids 1-15) fused to the
translocating domain of HIV Tat protein (PB1,_;s—Tat peptide).
This peptide inhibited the PA-PBI1 interaction with an apparent
50% inhibitory concentration (ICso) of 35.5 + 3.1 pM; a similar
IC5 value (28.4 pM) was obtained for an unfused PB1;_5 peptide
(Fig. 1B). In contrast, a scrambled peptide that contained the
same amino acids as PB1,_;5 but in a random order did not block
PA-PBI1 binding (Fig. 1B). Similarly, a peptide corresponding to
the last 22 residues of human cytomegalovirus (HCMV) UL54
protein (UL54 peptide), which has been shown to inhibit the in-
teraction between the two subunits of HCMV DNA polymerase
(21), had no inhibitory effect (Fig. 1B). Thus, this assay could
detect specific inhibition of the interaction between PA and the
PB1-derived peptide.

Ability of the Compounds to Inhibit the PA-PB1 Interaction. We then
used the ELISA to test the ability of the 32 hits to inhibit binding
between PA and PB1. Because their solubility ranged between
200 and 1,000 pM in the experimental conditions, each com-
pound was first screened at a fixed concentration of 50 pM.
Fourteen compounds consistently caused a decrease in absor-
bance (Table S1). The compounds were similarly assayed in an
ELISA we previously used to characterize inhibitors of inter-
actions between the HCMV DNA polymerase subunits UL54
and UL44 (21, 22). None of the compounds that inhibited the
PA-PBI interaction affected UL54-UL44 binding (Table S1).
Next, we performed dose-response analyses of the inhibition
of the PA-PB1 interaction for the 14 active compounds, and one
inactive compound (compound 3) as a negative control. Of
these, three compounds—I1, 5, and 12—caused a dose-de-
pendent reduction in absorbance with I1Csy values similar to or
lower than that of the PB1,_;s—Tat peptide (~20-30 uM; Fig. 24
and Table 1). Three other compounds—10, 18, and 31—inhibi-
ted the PA-PB1 interaction in a titratable manner, but with
higher 1Cs, values (~91, 200, and 171 pM, respectively; Fig. 24
and Table 1). The remaining compounds did not exhibit repro-
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ducible dose-dependent activity (Table S1). As further specificity
controls, the compounds were titrated by ELISA for inhibition of
HCMV DNA polymerase subunit interactions. None of the
compounds exhibited a dose-dependent reduction in absorbance
up to a concentration of 200 pM. Additionally, an unrelated
small molecule, ALS5, previously shown to inhibit the interactions
between the HCMV DNA polymerase subunits (22) did not in-
terfere with PA-PBI1 binding (Fig. 24).

We then tested whether the compounds that inhibited the
interaction between PA and the PB1-derived peptide inhibited
binding of PA to full-length PB1. To this end, we developed
a pulldown assay using the 6His—PA,39_716 fusion protein and
in vitro translated, full-length PB1. Consistent with the ELISA
studies, the PB1,_;5—Tat peptide and compounds 1, 5, 10, 12, 18,
and 31 interfered with the interaction between PA and PBI,
whereas compound 3 did not (Fig. 2B). A good correlation be-
tween the amount of PB1 pulled down in these assays and the
degree of inhibition in the ELISAs was seen, suggesting that the
inhibitory compounds affected PA binding to full-length PB1
with similar efficiency to that seen for the PB1-derived peptide.

Thus, we identified six small molecules that inhibit the PA—
PBI1 interaction specifically and in a dose-dependent manner.
Fig. 2C reports the structures of the most active compounds.

Cytotoxicity of the Compounds. Next, we tested the cytotoxicity of
the test compounds, as well as known antiinfluenza drugs as a
reference, in a panel of cell lines. Ribavirin (RBV) and oselta-
mivir showed CCs, (concentration that causes a decrease of cell
viability of 50%) values >250 pM in all tested cell lines (Table S2),
as previously reported (23, 24). Compound 12 exhibited elevated
cytotoxicity; thus it was excluded from further analysis. In con-
trast, compounds 1, 3, 5, 10, 18, and 31 showed no significant
cytotoxicity up to concentrations of 250-1,000 uM (Table S2).

Functional Inhibition of PA-PB1 Interactions in Cells. We then tested
the ability of the active compounds to interfere with functional
interactions between PA and PBI1 in a cellular context. First, we
investigated whether the inhibitors could affect PA-PB1 binding
in the cell cytosol and consequently block the intranuclear
translocation of PA, which requires formation of a PA-PB1
complex (25). Thus, we transfected HEK 293T cells with plas-
mids expressing PB1 and a PA-GFP fusion protein and analyzed
the intracellular localization of PA-GFP in the presence or ab-
sence of test compounds. As previously shown (25), individually
expressed PA-GFP was largely cytoplasmic, whereas coex-
pression of PA-GFP with PB1 resulted in marked nuclear ac-
cumulation of PA (Fig. 34). Treatment of PA-PB1 coexpressing
cells with compounds 1 and 5 reduced PA nuclear localization,
whereas DMSO vehicle or compound 3 had no effect (Fig. 34).
Weak inhibition was observed upon treatment with compounds
10, 18, and 31 (Fig. S2).
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Fig. 1. PA-PB1 interaction assay. (A) Increasing amounts of GST-PB14_p5 ((]), GST-Ubc9 (A\), or GST (O) were added to wells coated with 400 ng of 6His—
PA339_716- Binding of GST-based proteins was detected with an HRP-conjugated anti-GST antibody, followed by measurement of the absorbance at 450 nm.
(B) Increasing concentrations of PB1,_ys—Tat peptide ((J), PB14_15 peptide (O), UL54 peptide (V), or a scramble peptide (/\) were added together with 200 ng
of GST-PB14_,5 to wells coated with 400 ng of 6His—PA;39_716. Binding of GST-PB1,_,5 was detected as described above. The percentage of the absorbance at
450 nm measured in the presence of inhibitors with respect to that measured in the absence of inhibitors is plotted. Data shown represent the mean =+ SD of

three independent experiments.
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We next analyzed the ability of the compounds to inhibit the
activity of FluA virus RNA polymerase by a minireplicon assay
(26). Cells were cotransfected with plasmids encoding the
three polymerase subunits and the viral nucleoprotein (NP)
along with a plasmid containing the firefly luciferase reporter
gene flanked by the noncoding regions of A/WSN/33 segment
8, and treated with test or control compounds. In the absence
of inhibitor, the polymerase and NP proteins transcribed
the viral-like RNA expressed by the reporter plasmid into
mRNA, resulting in luciferase expression. A strong decrease in
reporter gene activity was observed in the presence of the
PB1,_,5-Tat peptide. Treatment of transfected cells with
compounds 1 and 5 resulted in dose-dependent inhibition of
luciferase activity with ICsq of 18.5 + 3.8 pM and 31.4 + 4.2
uM, respectively (Fig. 3B and Table 1). Compounds 10, 18, and
31 exhibited weak inhibitory activity at the highest concen-
trations, resulting in ICsg values >100 pM, whereas compound
3 had no effect.

Thus, two of the six compounds that inhibited PA-PB1 bind-
ing in vitro also interfered effectively in cells with PA intra-
nuclear translocation and with the catalytic activity of the
viral polymerase.

Activity of the Compounds Against FluA Virus Replication. We then
investigated the antiviral effects of the compounds in FluA virus-
infected MDCK cells. First, we tested the compounds in plaque
reduction assays with the A/PR/8/34 (PRS8) strain. RBV, a known

Fig. 2. Inhibition of the PA-PB1 interaction in vitro.
(A) Dose-dependent activities of the compounds in
ELISA PA-PB1 interaction assays. Increasing concen-
trations of the indicated inhibitors were added to-
gether with 200 ng of GST-PB1,_,5 to wells coated
with 400 ng of 6His—PA,39 716. Binding of GST-PB1/_5s5
was quantified as before (Fig. 1). Data shown repre-
- sent the mean + SD of three independent experi-
ments. (B) Activities of the compounds in His-pulldown
assays. Purified 6His—PAy39 716 Was incubated with
in vitro translated radiolabeled PB1 and the indicated
inhibitors and allowed to bind to Ni-NTA columns.
The columns were washed and proteins eluted with
imidazole. Radiolabeled PB1 protein (arrowed) was
visualized by autoradiography after SDS/PAGE. Lane
I, input; lane E, eluted. (C) Chemical structures of the
three compounds that most efficiently inhibited the
PA-PB1 interaction.
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inhibitor of RNA viruses, exhibited a 50% effective dose (ED5) of
8.4 + 2.3 uM, consistent with a previous report (27). Compound 1
inhibited plaque formation with an EDs, of 18.6 + 4.1 pM (Fig. 44
and Table S3). Compound 5 weakly inhibited virus growth, having
an EDsy >100 pM, whereas compounds 10, 18, and 31 had no
significant effect on FluA virus replication at the tested concen-
trations (Fig. 44). The ALS compound, active against the HCMV
polymerase, and compound 3 showed no activity, whereas the
PB1,_,5-Tat peptide exhibited inhibitory activity, as expected (Fig.
44 and Table S3). No cytotoxic effect was observed at the tested
concentrations for any of the compounds.

Next, we tested the effects of selected compounds in viral yield
assays at 12 and 48 h postinfection (p.i.). Compound 1 inhibited
virus yield with an EDsy of 1.5 + 0.9 pM at 12 h p.i. and of 19.4 +
3.6 pM at 48 h (Fig. 4B and Table 1). Similarly, compound 5
showed higher activity at 12 h p.i. (EDsy of 30.7 + 4.1 pM) than
at 48 h p.i. (EDsy >100 pM). As expected, compound 3 showed
no significant antiviral activity at 12 or 48 h p.i., whereas RBV
exhibited EDs, of ~9 uM at both times p.i. The analysis of the
intracellular localization of PA in infected cells in the presence
of test compounds (Fig. 4C) demonstrated that the antiviral
effects of compounds 1 and 5 were indeed due to the block of PA
intranuclear translocation, likely reflecting inhibition of PA-PB1
interactions in the cytosol.

Then, we analyzed inhibition of viral protein synthesis. MDCK
cells were infected with influenza PRS virus at an multiplicity of
infection (MOI) of 5 and treated with compounds 1, 3, and 5. At

Table 1. Summary of activities of hit compounds against FluA and FluB viruses
FIUA viral
yield reduction assay
ELISA FIuA FIuA plaque (EDso, M) FluB plaque

interaction minireplicon reduction reduction Cytotoxicity (MTT)
Compound assay (ICso, pM) assay (ICso, pM) assay (EDsq, pM) 12 h p.i. 48 h p.i. assay (EDsq, pM) assay (CCsp, pM)*
1 304 +45 18.5 + 3.8 122 +£26/225+37" 15+09 194 +36 125+ 2.2/21.0 +2.8" >1,000
3 >200 >100 >100 >100 >100 >100 >250
5 254 + 3.9 314+ 4.2 75.5 + 8.8/>100" 30.7 + 4.1 >100 >100 >1,000
10 90.7 + 2.4 >100 >100 ND ND ND >250
18 199.5 +5.3 >100 >100 ND ND ND >250
31 170.6 + 4.7 >100 >100 ND ND ND >250
PB1,_15-Tat peptide 355 + 3.1 155+ 2.6 48.4 + 3.7 ND ND ND >250
RBV ND ND 84 +23/186+29" 99+08 93+12 143 +51/20.2+3.4" >250

ND, not determined; RBV, ribavirin.
*Reported CCsq values are those determined in MDCK cells.

TEDs, reported for compounds 1, 5, and RBV represents the range of values determined in plaque reduction assays with different FIuA and FluB virus strains.
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12 h p.i., [*>S]-Met was added for 1 h in the cell medium to label
de novo viral protein synthesis, which was then analyzed by SDS/
PAGE and autoradiography. Cells treated with compound 1
showed reduced expression of viral proteins (Fig. 4D), but as
expected, compound 3 had no effect. No significant activity of
compound 5 was observed, perhaps due to the high MOI used in
these experiments.

We also tested the activity of compounds 1 and 5 against
a number of clinical isolates of FluA virus. As with PRS8, com-
pound 5 showed weak antiviral activity against several strains in
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SD from at least six independent experiments.

plaque reduction assays (Table S3). However, compound 1 ef-
fectively inhibited all FIuA viruses tested, including pandemic
swine-originated influenza virus (S-OIV) strains, with EDs,
ranging from 12.2 to 22.5 uM. Importantly, this included potent
activity against an oseltamivir-resistant clinical isolate (A/Parma/
24/09) (EDsg of 22.5 + 3.7 pM; Table S3). Thus, compound 1
displays broad-spectrum antiviral activity against FIuA virus.

Compound 1 also Blocks FluB Virus Replication. We next investigated
whether compounds active against FluA virus polymerase could

1204
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Fig. 4. Antiviral activity of selected compounds. (A) Effects of the indicated compounds on plaque formation by PR8 virus were determined in MDCK cells. (B)
Effects of compounds 1, 3, 5, and RBV on the yield of PR8 virus following low MOI infections of MDCK cells at 12 and 48 h p.i. (C) Effects of compounds 1, 3,
and 5 on intracellular localization of PA in PR8-infected MDCK cells were analyzed at 6 h p.i. by immunofluorescence with an anti-PA antibody. (Scale bar,
10 pm.) (D) Effects of compounds 1, 3, and 5 on viral protein synthesis. MDCK cells were infected with PR8 virus and treated with test compounds. At 12 h p.i.,
[**s]-methionine was added to the cell medium and labeled proteins were analyzed by SDS/PAGE and autoradiography. (E) Effects of the indicated com-

pounds on plaque formation by B/Lee/40 virus.
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also inhibit FluB viruses. Thus, compounds 1 and 5 were tested
against several FluB virus strains by plaque reduction assays. In
these experiments, RBV blocked FluB virus replication with an
EDs of 12.4 + 3.4 pM, whereas compound 3 and the unrelated
small molecule ALS had no effect. Compound 1 inhibited the
replication of FluB viruses with EDs, values ranging from 12.5 to
21.0 pM, whereas compound 5 exhibited EDs, values >100 pM
against all virus tested (Fig. 4E and Table S4).

To confirm that the antiviral activity of compound 1 against
FluB virus was due to inhibition of the viral RNA polymerase, we
investigated whether the compound could inhibit a FluB virus
minireplicon system. Compound 1 efficiently reduced expression
of the GFP reporter gene, whereas compound 3 showed no ef-
fect (Fig. S3). Thus, compound 1 also inhibits the FluB virus
RNA polymerase.

Activity of Compound 1 Against Nonlinfluenza Viruses. Finally, to
further evaluate the therapeutic potential and selectivity of com-
pound 1, we tested its effects on the replication of RNA viruses
other than influenza virus: vesicular stomatitis virus, respiratory
syncytial virus, measles virus, and coxsackie virus Bl. We also
tested it against DNA viruses: herpes simplex virus type 1, HCMV,
and human adenovirus. Compound 1 did not inhibit the replica-
tion of any of the tested viruses (Table S5). Thus, compound 1
possesses specific antiviral activity against FluA and FluB viruses.

Discussion

Here we report the identification of small molecules that disrupt
the interactions between the PA and PB1 subunits of influenza
virus RNA polymerase and block virus growth in cell culture.
Several of these compounds showed no cytotoxicity at concen-
trations up to 1 mM and one molecule—compound 1—blocked
the formation of virus progeny with low micromolar potency,
thus having a selectivity index >500. Additionally, the most active
compound was effective not only against FluA but also against
FluB. Conversely, in contrast to other antiviral agents that act on
viral RNA polymerases such as RBV (27) and favipiravir (T-705)
(23), this compound does not possess broad-spectrum antiviral
activity against RNA and DNA viruses of other families.

Our work provides a proof-of-principle that the PA-PBI in-
teraction can be disrupted by a small molecular-weight compound.
A major obstacle to the inhibition of protein—protein interactions is
that these interactions often involve a large, flat surface area and
multiple contacts (28, 29) and therefore they cannot be easily dis-
rupted through the binding and competition of a small molecule.
Thus, whereas there are numerous reports of the use of dominant
negative proteins, antibodies, or peptides to inhibit protein—protein
interactions (e.g., refs. 30, 31), there are few examples of small
“drug-like” molecules that selectively disrupt these interactions. In
the case of the FluA virus polymerase complex, a 25-amino-acid

peptide corresponding to the PA-binding domain of PB1 has been
shown to block the polymerase activity of FluA virus and inhibit
viral spread (19). However, although these results demonstrate the
feasibility of targeting the protein—protein interaction domains of
the influenza virus polymerase complex, one should keep in mind
that the in vivo use of peptides is often thwarted by a number of
problems, particularly in relation to their cell permeation, intra-
cellular localization, and stability. Thus, synthetic peptides rarely
reach the clinics. Recent crystal structures and mutational studies
showed that only a small subset of amino acid residues in PA and
PB1 contribute to most of the free energy of binding (16, 17). In
addition, it has been shown that alteration of these conserved resi-
dues abrogates subunit interactions accompanied with restricted
assembly of polymerase heterotrimers, resulting in decreased poly-
merase activity (32, 33). These observations prompted us to search
for nonpeptide molecules, with low toxicity, that efficiently pene-
trate the plasma membrane and bind with high affinity to their
targets. Our successful efforts have led to the discovery of struc-
turally diverse small molecules that can provide the basis for de-
veloping new antiinfluenza drugs.

The inhibitors that we have identified have a number of
advantages compared with other classes of antiinfluenza com-
pounds. First, because protein—protein interactions are highly
specific, their inhibitors are likely to be highly specific. In line
with this specificity, our compounds did not inhibit the replica-
tion of DNA viruses or of RNA viruses other than influenza
virus. Further supporting their specificity, the active compounds
did not exhibit significant cytotoxicity in cell culture, although
their toxicities in vivo remain to be investigated.

A major concern in the use of antiinfluenza drugs is the de-
velopment of resistance (34). Our antiviral agents have a differ-
ent mode of action to the current antiinfluenza drugs and thus
are unlikely to suffer from cross-resistance. In fact, here we show
that the most active of our molecules—compound 1—inhibited
the replication of an oseltamivir-resistant virus strain. In addi-
tion, the possibility of targeting other interaction sites in the
polymerase complex, e.g., those between PB1 and PB2 (35), may
allow the generation of an antiviral mixture that could reduce the
probability of generating escape mutants.

Finally, because the amino acids of both PB1 and PA that are
essential for polymerase subunit interaction are highly conserved
among all known FluA virus strains (19, 36), inhibitory molecules
will likely have broad efficacy against FluA viruses of both hu-
man and animal origin. Consistent with this prediction, here we
show that compound 1 inhibited the replication of a number of
FIluA virus strains, including the new pandemic S-OIV. Fur-
thermore, our identification of a compound that inhibits the
replication of both FluA and FluB viruses suggests the possibility
of developing drugs that are active against both major subtypes
of human orthomyxoviruses. This compares favorably with
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Molecular basis of the interaction of compound 1 with PA. (A) FLAP best pose for compound 1 in FIuA PA. Certain residues highly conserved in FIuA

viruses are reported in sticks mode. Among them, residues that are known to interact with PB1 are reported in ivory color, whereas K643 is reported in gray
color. (B) Alignment of the homology model of FluB PA (in blue) on the crystal structure of the PA subunit of FIuA virus (in ivory). Certain residues conserved in
FIuA and FluB viruses are reported in sticks mode. Black and red numbering refer to FIuA and FluB, respectively. (C) FIuA and FluB PA cavities (in black and
blue lines, respectively) projected in the compound 1 2D-structure plane. Labels report the residues (for FIuA PA in black, for FluB PA in red) showing higher

interaction energies with compound 1.
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adamantanes, which are only effective against FluA virus (2). It
is also noteworthy that compound 1 exhibited similar potencies
against FluA and FluB viruses, whereas oseltamivir is less active
against FluB than FIuA virus (37).

By analyzing FLAP virtual screening docked poses of com-
pound 1 with the PA subunit of FluA virus RNA polymerase,
possible molecular explanations for the broad-spectrum activity
of compound 1 can be proposed. The similarity score between
compound 1 and the PA cavity is mainly driven by hydrophobic
interactions, in agreement with previous data showing the cav-
ity’s hydrophobic nature (36). The best pose for compound 1 in
the PA structure obtained by optimizing the hydrophobic inter-
actions is reported in Fig. 54. Intriguingly, compound 1 appears
to be docked in a region of the PA cavity where PB1-interacting
residues (16, 17, 36) that are highly conserved residues among all
FluA virus strains are present (i.e., Q408, F411, N412, 1621,
G622, E623, 1640, and W706). In particular, it is notable that the
1,3-benzodioxole moiety of compound 1 is oriented toward
W706, likely involving n—r interactions and H-bond interactions.
Another conserved residue, 1621, is also linked to compound 1
via hydrophobic interactions. The compound 1-PA interaction
pattern is completed by K643; this residue is not reported to
interact with PB1, but it is located in the PA cavity in proximity
to W706. These observations could account for the broad effi-
cacy of compound 1 against FluA virus strains. To explore the
ability of compound 1 to also inhibit interactions between the PA
and PBI1 proteins of FluB virus, a homology model for FluB PA
was built (SI Materials and Methods). Residues corresponding to
Q408, N412, T618, 1621, K643, L666, Q670, and W706 of FluA
PA are conserved in FluB and match well upon structural
alignment (Fig. 5B). Despite their role in PB1 binding, T618 and
Q670 of FluA PA are not involved in compound 1 binding, being
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located in the outer part of the cavity. An analysis of the binding
site of FluA and FluB PA for compound 1 and of the interaction
energies showed that, despite the cavities of FluA and FluB PA
having different shapes (Fig. 5C), the 1621/617, G622/618, K643/
639, and W706/702 residues of FluA and FluB PA are most likely
crucial for the interaction with compound 1 (Fig. 5C).

In conclusion, our screen has resulted in the identification of a
new class of influenza virus inhibitors that act by targeting the
PA-PBI interaction. Optimization of these compounds, in par-
ticular compounds 1 and 5, could result in the development of a
new generation of therapeutic agents exhibiting high specificity
and low resistance to influenza virus.

Materials and Methods

For a complete description of the source of materials and our methods, see S/
Materials and Methods. It includes detailed procedures for the virtual
screening and homology model creation, expression and purification of pro-
teins, PA-PB1 interaction ELISA, and His-pulldown assay. It also includes de-
scription of PA-PB1 nuclear import assays, luciferase-based reporter assays,
the cytotoxicity assay, plaque assays, virus yield reduction assays, analysis of
viral protein synthesis, and antiviral assays with noninfluenza viruses.
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