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ABSTRACT Influenza virus RNA-dependent RNA polymerase consists of three viral
protein subunits: PA, PB1, and PB2. Protein-protein interactions (PPIs) of these sub-
units play pivotal roles in assembling the functional polymerase complex, which is
essential for the replication and transcription of influenza virus RNA. Here we devel-
oped a highly specific and robust bimolecular luminescence complementation (BiLC)
reporter system to facilitate the investigation of influenza virus polymerase complex
formation. Furthermore, by combining computational modeling and the BiLC re-
porter assay, we identified several novel small-molecule compounds that selectively
inhibited PB1-PB2 interaction. Function of one such lead compound was confirmed
by its activity in suppressing influenza virus replication. In addition, our studies also
revealed that PA plays a critical role in enhancing interactions between PB1 and
PB2, which could be important in targeting sites for anti-influenza intervention. Col-
lectively, these findings not only aid the development of novel inhibitors targeting
the formation of influenza virus polymerase complex but also present a new tool to
investigate the exquisite mechanism of PPIs.

IMPORTANCE Formation of the functional influenza virus polymerase involves com-
plex protein-protein interactions (PPIs) of PA, PB1, and PB2 subunits. In this work, we
developed a novel BiLC assay system which is sensitive and specific to quantify both
strong and weak PPIs between influenza virus polymerase subunits. More impor-
tantly, by combining in silico modeling and our BiLC assay, we identified a small
molecule that can suppress influenza virus replication by disrupting the polymerase
assembly. Thus, we developed an innovative method to investigate PPIs of multisub-
unit complexes effectively and to identify new molecules inhibiting influenza virus
polymerase assembly.
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Influenza virus (IAV) is a negative single-stranded RNA (ssRNA) virus belonging to the
Orthomyxoviridae family (1). It has caused annual epidemics and some pandemics,

including the 1918 Spanish flu (caused by H1N1), 1957 Asian flu (H2N2), 1968 Hong
Kong flu (H3N2), and 2009 swine flu (reassorted H1N1) pandemics (2, 3). Small-molecule
therapeutics targeting the M2-ion channel (amantadine and rimantadine) or neuramin-
idase (oseltamivir and zanamivir) were effective in suppressing influenza virus replica-
tion (1). However, the emergence of drug-resistant variants calls for novel therapeutics
against influenza virus (4, 5). Moreover, the outbreak of highly pathogenic avian virus
(H5N1 or H7N9) also highlights the need to develop new ways to combat influenza
virus infections (6). The RNA-dependent RNA polymerase (RdRp) complex of influenza
virus, responsible for RNA synthesis, is a heterotrimeric complex composed of three
subunits—PA, PB1, and PB2 (7). Since the structure and function relationships of
influenza virus polymerase have been well illustrated, the protein-protein interactions
(PPIs) between influenza virus polymerase subunits have been shown to be potential
drug targets for structure-based drug design (8–12).

PPIs play essential roles in many biological activities, such as signaling transduction,
host-pathogen recognition, cell-cell interaction, and so on. These activities have been
shown to occur in cells via stable and dynamic interactions (13). Stable protein
interactions occur constitutively in cells, whereas dynamic interactions occur transiently
and are often too weak to be detected. The dynamic interactions often act as biological
regulators which are correlated to clinical diseases, such as breast cancer and autoim-
munity diseases (14–16). Altered interactions are often a useful indicator of breast
cancer progression (15). Disrupting the PPIs can often provide new avenues for finding
potential therapeutics (14, 17). To date, many methods have been developed to
monitor the protein-protein interactions and to screen antagonists of PPIs (18). Coim-
munoprecipitation (co-IP) or pulldown analyses can be used to detect stable interac-
tions, but they have low sensitivity for detecting weak or transient interactions (19).
Surface plasmon resonance (SPR) and isothermal titration calorimetry (ITC) methods
needed to purify interaction proteins are labor-intensive and time-consuming. The
yeast 2-hybrid (Y2H) method has traditionally been used to determine protein inter-
actions. However, it is unable to quantitatively determine whether the interaction is in
the nucleus or the cytoplasm. The need to develop a novel assay to quantify the
strength of PPI effectively is urgent, especially for dynamic interactions, which are
always critical for protein function.

The protein fragment complementation assay (PCA) based on the use of split green
fluorescent protein (GFP) or firefly luciferase (Fluc) has often been used to investigate
the PPIs in vitro and in vivo, which are representative of PPIs between the purified
proteins in a tube or those that happen in the cytoplasm or nucleus of cells or in living
animals/plants, respectively (20–25). The marine copepod Gaussia princeps has the
smallest (�19.9-kDa) known luciferase (Gluc) molecule, which does not require other
cofactors for activation (26, 27). A codon-optimized Gluc molecule has been widely
used as a reporter in cultured mammalian cells (28). The sensitivity of Gluc is up to
2,000-fold higher than that of Renilla reniformis luciferase (Rluc) or firefly luciferase
(Fluc), which is encoded by an important reporter gene (29). Features of PCA, including
the detected interactions, are fully reversible, and the readout is easily detected (30).
Those allow effective high-throughput screening of PPIs of antagonists. Moreover, in
order to screen PPI inhibitors more effectively, we have developed a Tet on-bimolecule
fluorescence complementation (Tet on-BiLC) system, by combining the BiLC assay and
Tet in an inducible expression system, which expresses targeted proteins controlled by
an inducer. As result, it will also improve protein folding (31–33).

Here we developed the Tet on-BiLC assay to detect the influenza virus polymerase
assembly and to screen novel therapeutics methods that inhibit influenza virus poly-
merase assembly. By combining in silico modeling data, we identified 8 molecules that
bound to the hydrophobic patch of PB1c. We found that molecule 5 suppressed
influenza virus replication by specifically disrupting the PB1-PB2 interaction. The Tet
on-BiLC system was also used to construct a reporter cell line to illustrate the effects of
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the reported peptide inhibitors targeting the polymerase assembly and to investigate
the mechanism of influenza virus polymerase assembly in vivo. Our new system
provides us new tools to detect the PPIs and screen the antagonist of the PPIs.

RESULTS
Detecting the influenza virus polymerase interaction in vivo using the new

BiLC assay. Previous studies have illustrated strong interactions between influenza
virus polymerase subunits PA and PB1 or subunits PB1 and PB2 using co-IP, a pulldown
assay, or the bimolecular fluorescence complementation (BiFC) assay. PCAs, including
BiFC, were frequently used to reveal the dynamics of PPIs in vivo and in vitro (20, 22, 23).
The full potential of PCA requires assays that are fully reversible and sensitive at
subendogenous protein expression levels. In order to investigate the influenza virus
polymerase assembly and screen inhibitors targeting the polymerase assembly more
efficiently, we constructed a new PCA that meets these criteria, based on the Gaussia
princeps luciferase enzyme, which is much more sensitive than Renilla luciferase (26).
First, Gaussia luciferase was divided into two segments at position 109. The N terminus
(GlucN, positions 17 to 109, named GN) and C terminus (GlucC, positions 110 to 185,
named GC) were cloned onto lentivirus vector FG12 (34) with a cytomegalovirus (CMV)
promoter (see Fig. S1 in the supplemental material), which is based on the Tet-on
method (33), to ensure that expression of the fusion protein would be induced by
doxycycline in a stable cell line. The newly developed BiLC assay was then named the
Tet on-BiLC assay. To test the efficacy of the assay, interactions between influenza virus
subunits were investigated. Since influenza virus PB1 interacted with PA and PB2
independently, PB1 was fused with the N or C terminus of GN by Gateway cloning (see
Fig. S1A and C), and the product was named PB1-GN or GN-PB1, respectively, whereas
PA was fused with the N or C terminus of GC and then the products, termed PA-GC or
GC-PA, respectively, were coexpressed in 293T cells (see Fig. S1B and D). The results
showed that the combinations of GN-PB1 and PA-GC fusion proteins had the highest
luminescence signal, which confirmed previous findings (35, 36) showing that the N
terminus of PB1 binds to the C terminus of PA (Fig. 1A; see also Fig. S2A and B). To test

FIG 1 The specificity and sensitivity of the BiLC assay is used to illustrate the PA-PB1 interaction. (A) The interactions between
influenza virus PA and PB1 were detected using the BiLC assay. PA and PB1 were fused to the N or C terminus of GC and GN,
respectively. The interactions between the indicated pairs of fusion proteins were detected using the BiLC assay. The relative
luminescence units (RLU) were determined by the use of a microplate reader. (B) Plasmids expressing GN-PB1 and PA-GC
fusion proteins were cotransfected with empty vector or with vector expressing Flag-PA, Flag-PB1, or Flag-mCherry. The RLU
values of cell lysates were determined by the use of a microplate reader at 24 h posttransfection. The RLU value for samples
containing vector was set to 100%. (C) The effects of site mutations on PA (L640D or W706E) or PB1 (L8D) on the interaction
between PA and PB1 were detected using the BiLC assay. The expression of proteins was detected by Western blotting as
indicated. Data are shown as means � standard errors of the means (SEM). ***, P � 0.001 (Student’s t test).
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binding specificity, Flag-tagged wild-type (WT) PA or PB1 was coexpressed with GN-PB1
and PA-GC. Compared with the negative control (Flag-mCherry), Flag-tagged PA and
PB1 outcompeted GN-PB1 or PA-GC and reduced the bioluminescence signal of the
PA-PB1 interaction (Fig. 1B; see also Fig. S2C), suggesting that the PA-PB1 interaction
detected using the BiLC assay was very specific. To further investigate the sensitivity
and specificity of our assay, we examined the effects of PB1 L8D, PA L640D, and PA
W706E mutations on the PA-PB1 interaction. As expected, mutations PB1 L8D, PA
L640D, and PA W706E abolished the PA-PB1 interaction (Fig. 1C; see also Fig. S3A),
which is in agreement with previous results determined by a pulldown assay (35, 36).

The interaction between PB1 and PB2 was also investigated using this BiLC assay.
PB2 was fused with the N or C terminus of GC, termed PB2-GC or GC-PB2 (see Fig. S1B
and D), and the products were then coexpressed with PB1-GN or GN-PB1 in 293T cells,
respectively. The result showed significant interaction between PB1 and PB2 (Fig. 2A).
The combination of PB1-GN and PB2-GC showed the highest level of signal, which is in
agreement with previous reports showing that GFP on the N terminus of PB1 interfered
with influenza virus polymerase activity (37, 38). Moreover, Flag-tagged PB1 or PB2 but
not mCherry interfered with PB1-GN/PB2-GC complex bioluminescence specifically (Fig.
2B). More importantly, effects of mutants PB2 L7D and PB1 F699D on the PB1-PB2
interaction were tested. The mutant of PB2 L7D efficiently disrupted PB1-PB2 binding,
and PB1 F699D interfered with PB1-PB2 binding, which was reduced by 80% (Fig. 2C;
see also Fig. S3B), which is consistent with a previous report (39), indicating that there
may be other regions responsible for the PB1-PB2 interaction (10, 11, 40). These results
suggest that this BiLC assay is specific and sensitive in identifying the influenza virus
polymerase interaction.

Finding novel small-molecule inhibitors of influenza virus polymerase assem-
bly by combining in silico modeling and BiLC assay. Previous studies showed that
the assembly of the influenza virus polymerase complex could be a potential drug

FIG 2 The specificity and sensitivity of the BiLC assay were used to illustrate the PB1-PB2 interaction. (A) The interactions
between influenza virus PB1 and PB2 were detected using the BiLC assay. PB2 and PB1 were fused to the N or C terminus of
GC and GN, respectively. The interactions between the indicated pairs of fusion proteins were detected using the BiLC assay.
The relative luminescence units (RLU) were determined by the use of a microplate reader. (B) Plasmids expressing PB1-GN and
PB2-GC were cotransfected with empty vector or with vector expressing Flag-PB1, Flag-PB2, or Flag-mCherry. The RLU values
of cell lysates were determined by the use of a microplate reader at 24 h posttransfection. The RLU value for samples
containing vector was set to 100%. (C) The effects of site mutations on PB1 (F699D) or PB2 (L7D) on interactions between PB1
and PB2 were detected using the BiLC assay. The expression of proteins was detected by Western blotting as indicated. Data
are shown as means � SEM. **, P � 0.01 (Student’s t test).
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target for suppression of viral replication. Sugiyama et al. found that PB1c-PB2n
interaction was mainly mediated by 2 residues on the hydrophobic patch of PB1c (39),
although there may have been other regions on PB1 or PB2 that contributed to the
PB1-PB2 interaction (10, 11, 40). And our previous studies showed that PB1731–757

bound to the hydrophobic patch of PB1c to inhibit influenza virus replication (12).
These results indicated that the hydrophobic patch formed by PB1c could be a
potential drug target for screening inhibitors. To investigate that conjecture, we
combined in silico screening methods that we had developed previously (41, 42) and
the BiLC method described above to find potential small molecules targeting the
hydrophobic patch of PB1c (see Fig. S4A and B). Eight molecules that specifically target
the PPIs from a target-focused library of �30,000 molecules were found to bind
efficiently to the hydrophobic patch of PB1c (Fig. 3A).

In order to screen inhibitors targeting the PB1c-PB2n interaction more effectively,
the Tet on-BiLC assay was used in 293T cells instead since luciferase is more sensitive
than GFP. PB1c and PB2n were fused to both the N and C termini of GN and GC,
respectively, to improve the sensitivity of the method (see Fig. S1). The level of the
PB1c-PB2n interaction was much higher than that seen with the controls (see Fig. S4C).
A PB1c-PB2n BiLC cell line was constructed and induced by doxycycline in a dose- and
time-dependent manner (see Fig. S4D and E). In order to test whether this method
can be used to detect the inhibitors of the PB1c-PB2n association, GFP-fused PB1c
was coexpressed with the interaction pairs GN-PB1c and GC-PB2n. Figure 3B shows
that PB1c disrupted the interaction between PB1c and PB2n. It was the same with

FIG 3 Finding novel anti-influenza virus molecules by combining in silico modeling and Teton-BiLC assay. (A) The PB1c binding model of the top 100 hits from
in silico modeling. (B) Relative levels of binding activity between PB1c and PB2n in the presence of peptides PX, PB1c, PB1731–737, and PB1731–737I750N. PX and
PB1c were used as negative and positive controls, respectively. (C) The inhibitory function of molecules 5 and 6 for PB1c-PB2n interactions detected using the
BiLC assay. (D) IAV-Luc replication was inhibited by molecules 5 and 6. A549 cells were pretreated with molecules at 10 or 100 �M for 2 h. At 24 h postinfection,
luminescence from cell supernatant was detected by the use of a microplate reader. (E) The inhibitory effects of molecules 5 and 6 on WSN33 virus detected
by plaque assay. A549 cells were pretreated with molecules at 10 �M for 2 h. At 24 h postinfection, virus titers in supernatants were determined by plaque
assay. Plaque numbers in samples with DMSO were set to 100%. (F) Structure model of molecule 5 binding to PB1c. Data are shown as means � SEM. *, P �
0.05; ***, P � 0.001 (Student’s t test).
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PB1731–757 but not with its I750N mutants. The results were correlated with a
previous report that PB1731–757 inhibited the PB1c-PB2n association by binding to
PB1c whereas a PB1731–757I750N mutant did not (12). The results indicated that the
Tet on-BiLC assay can be used to screen inhibitors of the PB1-PB2 association.

We then verified the inhibitory function of these 8 molecules with respect to the
PB1c-PB2n interaction using the BiLC assay (see Materials and Methods). The result
showed that 4 of the 8 molecules inhibited PB1c-PB2n at 100 �M and that molecule 5
impaired the PB1c-PB2n interaction even at 10 �M (Fig. 3C; see also Fig. S5), while
molecules 3 and 8 had cell toxicity.

Furthermore, IAV-Luc with a luciferase reporter on the NA gene was used to verify
the inhibitory function of molecules 5 and 6 with respect to influenza virus replication.
We showed that molecule 5 suppressed virus replication by more than 80% at 10 �M
and that molecule 6 inhibited virus replication by about 30% at 100 �M (Fig. 3D), while
the other molecules were unable to suppress influenza virus replication at 10 �M (see
Fig. S6). In agreement with the results, molecule 5 inhibited replication of WSN33 virus
by more than 90% as detected using the plaque assay (Fig. 3E; see also Fig. S7B). It had
no cytotoxicity for cells at 10 �M (see Fig. S7C). In order to understand the inhibitory
mechanism of molecule 5 with respect to the PB1c-PB2n interaction, a model of
binding of molecule 5 to the PB1c= hydrophobic patch was constructed (Fig. 3F; see
also Fig. S7A). Similarly to the binding of PB2n with PB1c, molecule 5 was predicted to
interact with F695, F703, and I750 on PB1c’s hydrophobic patch. These results indicated
that our BiLC assay can be used to screen novel inhibitors targeting influenza virus
polymerase activity.

Molecule 5 inhibits PB1-PB2 assembly specifically. In order to investigate the
specificity inhibitory function of molecule 5 with respect to the PB1c-PB2n interaction,
its effects on PB1-PB2 and PA-PB1 interactions and even heterotrimer assembly were
further detected by our BiLC assay. Since previous studies found that PB11–25 could
suppress the PA-PB1 interaction by interacting with PA and that PB1731–757 could
suppress the PB1-PB2 interaction by binding to PB1c (12, 43–45), PB11–25 and
PB1731–757 were used as controls to test whether the BiLC method could be used to
illustrate and identify potential inhibitors that target influenza virus polymerase assem-
bly. First, PB11–25 and PB1731–757 were cloned onto the N terminus of GFP, which
facilitates the expression of the peptide. PX, an unrelated peptide from a Borna disease
virus phosphoprotein, was used as a negative control (44). Then, peptide-GFP-
expressing plasmids were cotransfected with PA-GC- and GN-PB1-expressing plasmids
into 293T cells. We found that PB11–25 did inhibit the PA-PB1 interaction efficiently but
not PB1731–757 (Fig. 4A), which is in agreement with reports from previous studies that
PB11–25 bound to PA whereas PB1731–757 did not (44). Similarly, we also tested the
inhibitory effects of PB1731–757 on the PB1-PB2 interaction. As expected, PB1731–757

interfered with the PB1-PB2 interaction but PB11–25 did not (Fig. 4B).
To test the inhibitory effects of PB11–25 and PB1731–757 on the PA-PB2 interaction, we

also investigated the PA-PB2 interaction using the BiLC method. PB2 was fused onto
the N or C terminus of GN (see Fig. S1) and coexpressed with PA-GC or GC-PA. The
results showed that there was no interaction between PA and PB2 (see Fig. S8). To
improve the coverage of the detection, PA was fused with GN and PB2 with GC.
However, interactions between PA and PB2 were still undetectable. The results corre-
late with the fact that there is no direct interaction between PA and PB2 observed from
the crystal structure of influenza virus polymerase (10, 11). PA and PB2 were packed in
close proximity, as indicated from the cryo-electron microscopy (CryoEM) structure of
the viral ribonucleoprotein (vRNP) complex (46). Furthermore, previous reports found
that PB1 was the core subunit since it firmly binds to PA and PB2 via the N and C
termini, respectively (10, 11, 47). It has been shown that PA and PB1 first form a
heterodimer in cytoplasm and then form the active heterotrimer complex with PB2 in
the nucleus in vitro (37). So it was interesting to investigate whether there was an
interaction between PA and PB2 when PB1 was coexpressed in vivo using our BiLC
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assay. To address this issue, PB1-Flag was coexpressed with PA-GC and PB2-GN in 293T
cells. Interestingly, we found there were interaction signals between PA and PB2 when
PB1 was coexpressed, which indicated that the PA-PB2 interaction requires the PB1
protein in vivo (Fig. 5A), and the interaction signals reached their highest level when GC
and GN were fused to the C termini of PA and PB2, respectively (see Fig. S9A). We then
tested the inhibitory functions of PB11–25-GFP and PB1731–757-GFP with respect to
assembly of PA-PB2 in the presence of PB1, representing the heterotrimer complex
assembly. We discovered that both PB11–25-GFP and PB1731–757-GFP suppressed the
heterotrimer complex assembly (Fig. 4C). As shown in Fig. 4D to F, in agreement with
the results showing that molecule 5 binds to the hydrophobic patch of PB1c, molecule
5 suppressed PB1-PB2 interaction and heterotrimer assembly (Fig. 4D and E) whereas
it was unable to disrupt the PA-PB1 interaction at 10 �M (Fig. 4F). The data reveal that
our methods can be used for screening inhibitors targeting influenza virus polymerase
assembly specifically and effectively.

Illustrating the assembly of influenza virus polymerase subunits in vivo using
the BiLC assay. We have found that the PA-PB2 interaction is based on the presence
of PB1 in vivo (Fig. 5A), and it has been shown in vitro that PB1 dimerizes with PA in the
cytosol and is then imported into the nucleus as a dimer and separately forms a
heterotrimer complex with the PB2 subunit, which was imported into the nucleus with
Hsp70 from the cytosol (37). However, it is unclear whether the interaction between PA
and PB1 had been influenced by the presence of PB2 or whether that between PB1 and
PB2 was influenced by PA in vivo. To address these issues, Flag-tagged PA with PB2-GC
and GN-PB1 or Flag-tagged PB2 was coexpressed with PA-GC or PB1-GN in 293T cells,
respectively. Gaussia luciferase activity was measured 24 h posttransfection. The results
showed that the presence of PA improved the PB1-PB2 interaction, whereas PB2 did

FIG 4 Testing the inhibitory functions of influenza A virus polymerase-derived peptides with respect to influenza virus
polymerase interaction via BiLC. (A to C) Plasmids expressing GN-PB1 and PA-GC (A), PB1-GN and PB2-GC (B), or PA-GC, PB2-GN,
and Flag-PB1 (C) were cotransfected with plasmids expressing GFP-fused PX, PB1731–757, or PB11–25, respectively. The RLU
values of cell lysates were determined by the use of a microplate reader at 24 h posttransfection. The RLU value of samples
containing PX was set to 100%. (D to F) The inhibitory function of molecule 5 with respect to PB1-PB2 interaction (D), PA-PB2
interaction in the presence of PB1 (E), and PA-PB1 interaction (F) detected using the BiLC assay. Data are shown as means �
SEM. *, P � 0.05; ***, P � 0.001 (Student’s t test).
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not interfere with the PA-PB1 interaction no matter what kind of fusion pattern was
used (Fig. 5B and C; see also Fig. S9B and C). Our in vivo interaction results were in
agreement with previous results detected in vitro: PA and PB1 first formed a dimer in
the cytoplasm and then formed the active heterotrimer complex with PB2 in the
nucleus (37). The results indicated that the new BiLC assay can also be used to
investigate the mechanism of influenza virus polymerase assembly in cell lines.

Constructing the BiLC-reporter cell line used for detecting the inhibitors of
influenza virus polymerase assembly. To monitor influenza virus polymerase assem-
bly more efficiently and to facilitate the screening of small molecules targeting the
polymerase assembly, stable cell lines carrying PA-GC and PB1-GN were constructed
using a lentiviral system. Plasmids expressing PA-GC and PB1-GN were packaged with
third-generation packaging plasmids into HIV-1 lentivirus (see Materials and Methods),
offering optimal biohazard safety and improved efficiency compared to the packaging
system using two plasmids (48). Then, 293T cells with Tet on expression were infected
by the lentivirus as described above. The stable cell line, named the PA-PB1 reporter cell
line, was obtained after puromycin and blasticidin S deaminase (BSD) coselection.
Figure 6A shows that the binding activity between PA and PB1 was detected in a
doxycycline-dose-dependent manner. The expression levels of PA-GC and PB1-GN were
also shown to be dose dependent (Fig. 6A), which indicated that the PA-PB1 reporter
cell line can be used to detect the assembly of PA and PB1.

Using the same method, the PB1-PB2 stable cell line was set up to detect the
PB1-PB2 interaction efficiently. As expected, the PB1-PB2 interaction was closely mon-
itored via doxycycline induction (Fig. 6B). The PA-PB2 stable cell line in the presence of
PB1 (named the PA-PB2�PB1 BiLC cell line) was also set up to detect the PA-PB2
interaction which is dependent on the presence of PB1 (Fig. 6C).

We investigated how to use the stable cell line for detecting influenza virus
polymerase assembly modulators, since interferons can induce expression of at least
300 kinds of interferon-stimulated genes (ISGs) and some ISGs may act directly on
influenza virus proteins (49–51). Here we tested the inhibitory function of interferons
with respect to the PA-PB2�PB1 BiLC reporter cells. As expected, the results showed
that interferons alpha, beta, and gamma suppressed the interaction signal efficiently
(Fig. 6D). And the inhibitory effect of IFN-� on the PA-PB2�PB1 interaction signal

FIG 5 Illustration showing the assembly mechanism of influenza virus RNA-dependent RNA polymerase (RdRp)
using BiLC. Plasmids expressing PA-GC and PB2-GN (A), GN-PB1 and PA-GC (B), or PB1-GN and PB2-GC (C) were
cotransfected with empty vector or with vector expressing Flag-PB1 (A), Flag-PB2 (B), or Flag-PA (C), respectively.
The RLU values of cell lysates were determined by the use of a microplate reader at 24 h posttransfection. The levels
of protein expression were detected by Western blotting as indicated. Data are shown as means � SEM. **, P �
0.01; ***, P � 0.001 (Student’s t test).
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occurred in a dose-dependent manner (Fig. 6E). It appears that IFNs can induce ISGs,
inhibiting expression of influenza virus proteins or disrupting assembly of influenza
virus polymerase subunits.

Our results not only revealed the mechanism of influenza virus polymerase assembly
in vivo but also provided a novel strategy for screening for small-molecule inhibitors as
drug leads targeting influenza virus polymerase assembly.

DISCUSSION

Here we developed a sensitive and specific assay to interrogate the mechanism of
and to screen inhibitors for dynamic protein-protein interactions (PPI) controlling the
assembly of multisubunit protein complexes. Influenza virus polymerase was taken as
an example in this study since the domains involved in the interactions have been
extensively characterized and the structure and function of influenza virus polymerase

FIG 6 Construction of Tet on-BiLC stable cell lines for detecting the interactions between influenza virus
polymerase subunits. 293T stable cell lines expressing GN-PB1 and PA-GC (A), PB1-GN and PB2-GC (B), and
PA-GC, PB2-GN, and Flag-PB1 (C) were constructed using the Tet on system. The stable cell lines were
induced by doxycycline, and RLU values of cell lysates were determined by the use of a microplate reader
at 24 h postinduction. The levels of protein expression were detected by Western blotting as indicated. (D)
The inhibitory functions of interferon alpha (IFN-�), IFN-�, and IFN-� with respect to the influenza virus
polymerase assembly were detected with the stable cell line expressing PA-GC, PB2-GN, and PB1-Flag. The
stable cell lines were incubated with the indicated interferons (IFN-� and IFN-�, 1,000 U/ml; IFN-�, 10 ng/ml)
for 24 h and then induced by doxycycline (300 ng/ml) for another 24 h. The RLU values of cell lysates were
determined by the use of a microplate reader at 24 h postinduction. The levels of protein expression were
detected by Western blotting as indicated. (E) The dose-dependent effects of IFN-� on the influenza virus
polymerase assembly were detected with the stable cell line expressing PA-GC, PB2-GN, and PB1-Flag. Data
are shown as means � SEM. **, P � 0.01; ***, P � 0.001 (Student’s t test).
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are highly conserved (9–11, 47). Influenza virus polymerase assembly is a potential drug
target to combat influenza virus replication (8). Although small-molecule inhibitors or
peptide inhibitors were found to suppress influenza virus replication by targeting
polymerase assembly (44, 52, 53), the methods used to illustrate or screen these
inhibitors, such as co-IP, pulldown assays, and enzyme-linked immunosorbent assays
(ELISA), are labor-intensive and time-consuming. The Gaussia luciferase activity-based
BiLC assay allowed us to screen PPI inhibitors using a high-throughput method.

Actually, BiLC assay can be used for screening inhibitors targeting other PPIs.
Inhibitors such as PB11–25 and PB1481–515 have been shown to suppress different strains
of influenza virus (12, 43), indicating that inhibitory compounds targeting the interac-
tion surface of influenza virus polymerase likely have broad efficacy. Here PB1c and
PB2n were used to mimic the PB1-PB2 interaction since the PB1c-PB2n interaction
mainly mediates the PB1-PB2 interaction and, more importantly, the PB1c-PB2n inter-
action is much stronger than the PB1-PB2 interaction (Fig. 2A; see also Fig. S4C). By
combining the data with in silico screening, we found inhibitors derived from large
amounts of compounds. At last, we obtained a lead compound (molecule 5) that could
substantially inhibit influenza virus replication. However, further computer-based drug
design/modification is clearly needed to improve the inhibitory effects of this lead
compound.

Prior to this current study, the assembly of influenza virus polymerase was revealed
largely by using pulldown assay and colocalization analysis. However, the dynamic PPIs
underlying the assembly of the influenza virus polymerase in vivo remain unclear (37).
Hemerka et al. first reported weak binding between PA and PB2 (using the BiFC assay)
(19). Our results revealed that the PA-PB2 interaction is dependent on the presence of
a PB1 subunit (Fig. 5A). These results are in agreement with the fact that, based on the
crystal structure of the influenza polymerase complex, PA and PB2 are in very close
proximity but do not interact directly. In our BiLC disruption assay, due to instability of
influenza virus polymerase subunits, it appears that the expression levels of the
proteins were reduced by degradation due to the fact that the interactions were
disrupted (Fig. 1B and C).

In conclusion, our Tet on-BiLC system provides a new and effective tool to screen
antagonists targeting multisubunit protein complexes involving weak or transient PPIs
inside living cells and can facility drug development.

MATERIALS AND METHODS
Cells and plasmids. HEK293T, A549, and MDCK cells were cultured with Dulbecco’s modified Eagle’s

medium (DMEM) containing 10% fetal bovine serum (FBS). The compounds were purchased from J&K
Scientific Ltd. Plasmids expressing PX, PB11–25, PB1731–757, PB1731–757I750N, and PB1c-GFP fusion proteins
were described elsewhere (12). WSN33 virus-derived PB1, PA, and PB2 were cloned onto pGateway-Flag
(Thermo Fisher) expressing Flag fusion proteins. BiLC vectors were cloned from ENTRY vectors by
Gateway cloning. IAV-Luc was kindly provided by Chen Ling (Guangzhou Biomedicine and Health
Institute, Chinese Academy of Science) and propagated in chicken eggs.

BiLC assay. HEK293T cells were transfected by polyethylenimine (PEI; Sigma). At 24 h posttransfec-
tion, cells were lysed and levels of luminescence were measured using a Renilla luciferase assay kit
(E2820; Promega) and a microplate reader (Bio-Tek) following the instructions of the manufacturers. A
293T (PA/PB1/PB2) BiLC stable cell line was induced with doxycycline for 24 h or was treated with IFN-�,
IFN-�, or IFN-� (PeproTech) at the indicated concentrations for 12 h followed by induction with
doxycycline for 24 h. Luminescence levels were measured using a Renilla luciferase assay kit and a
microplate reader.

Site mutation. Plasmids with certain site mutations were amplified from templates with PfuUltra
(Stratagene) and then digested with DpnI (NEB). Clones with positive results were selected by
sequencing.

Lentivirus packaging assay. Tet on-3G and PA/PB1/PB2 BiLC expression vectors are based on FG12
lentiviral vector (34, 48). Pseudolentiviruses were generated by the use of the third lentiviral packaging
system in 293T cells (48). Tet on-3G stable-expression cells were generated in 293T cells first, and then
TRE-PA/PB1/PB2 BiLC vectors were stably delivered.

Western blotting. Cells were lysed by the use of lysis buffer from a Renilla luciferase assay kit (E2820;
Promega). The cell lysates were centrifuged at 15,000 � g for 10 min at 4°C, and the resulting
supernatant was boiled with SDS loading buffer. Proteins were transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore) followed by further incubation with rabbit anti-Gluc antibody (E8023S;
NEB), anti-Flag horseradish peroxidase (HRP)-conjugated antibody (Sigma), or anti-beta actin antibody
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(A00730-40; GenScript). A LumiGlo chemiluminescent substrate system (Millipore) was used for protein
detection.

In silico modeling. From 28,900 compounds listed in the J&K compound database as potentially
targeting PPIs, we selected three subsets (using similarity, machine learning methods [MLM], and the
Rule of Four) for virtual screening. Initially, we generated the three-dimensional (3D) structures of those
compounds using OpenBabel software (54). And we optimized the target structure of PB1c (PDB code
2ZTT) by the use of Molecular Graphics Laboratory (MGL) tools (mgl.scripps.edu). The binding pocket was
selected to be the interface of PB1c and PB2n with a search space size of 18Å by 18 Å by 20 Å. After
preprocessing, a PB1 C-terminal fragment and the 28,900 potential molecules were submitted to
AutoDock Vina (55) for the first-round virtual screening using default parameters. These compounds
were ranked according to their affinity to PB1c. The top 1,000 compounds were selected for recompu-
tation using more-exhaustive parameters. (The value corresponding to the exhaustiveness of the global
conformational search was increased to 12 in contrast to the former value of 8.) The docking result was
reranked by Cyscore (42), and the final compounds were selected manually among the top 200
compounds as the structures with the best complementarity to PB1c.

Plaque assay. The compounds were diluted in dimethyl sulfoxide (DMSO) and added into medium
containing A549 cells at different concentrations for 2 h before infection. Cells were washed once using
phosphate-buffered saline (PBS) and were then infected with WSN33 or IAV-Luc (56) at a multiplicity of
infection (MOI) of 0.01 and incubated with the compounds for 1 h. The cells were then washed once
using PBS and incubated with the compounds for 24 h. Supernatants were taken for analysis of luciferase
activity by the use of a microplate reader or plaque assay. Plaque assays were performed on MDCK cells.
The plaques were counted after staining with crystal violet at 3 days postinfection. The luciferase activity
or the plaque number from the group treated with DMSO only was set to 100%.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
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