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In search of novel targets for inﬂuenza inhibitors, a site on PB1 was selected for its high conservation and
probable interaction with a host protein, RanBP5, that is key to nuclear import of PB1, where it complexes with
PB2, PA, and NP to transcribe viral RNA. Docking with libraries of drug-like compounds led to a selection of ﬁve
candidates that bound tightly and with a pose likely to inhibit protein binding. These were purchased and tested
in vitro, found to be active, and then one was synthetically expanded to explore the structure-activity relationship. The top candidates had a carboxylic acid converted to an ester and electron-withdrawing substituents
added to a phenyl group in the original structure. Resistance was slow to develop, but cytotoxicity was moderately high. Nuclear localization of PB1 and in vitro polymerase activity were both strongly inhibited.

1. Introduction
The inﬂuenza virus infects hundreds of thousands annually in the
United States, costing billions in direct medical costs alone (Molinari
et al., 2007). Drug development is crucial for inﬂuenza because resistance can develop against therapeutics, such as occurred globally
between 2006 and 2009 for the M2 blockers amantadine and rimantadine (Dong et al., 2015), and seasonal inﬂuenza can escape current vaccines (Hensley, 2014). Neuraminidase (NA) inhibitors are one
type of antiviral treatment options in the United States for inﬂuenza
infection, but resistance to NA inhibitors has been demonstrated and
remains a major concern (Hussain et al., 2017; McKimm-Breschkin,
2000). Another is baloxavir marboxil, a cap-dependent endonuclease
inhibitor that was approved last year for use in Japan and the United
States (Noshi et al., 2018). Baloxavir is a potent inhibitor of inﬂuenza
virus replication, but recent work has shown that resistance is still a
concern (Jones et al., 2018). Several other classes of inhibitors are
currently in clinical development and could someday supplement NA
inhibitors (McKimm-Breschkin et al., 2018; Perwitasari et al., 2014). A
combination antiviral therapy to prevent resistance development, similar to the multi-drug therapy used against HIV, is an important aim of
developing novel inﬂuenza inhibitors (Hoopes et al., 2011).

Host-pathogen interactions play important roles in viral modulation
of the host immune response and pathogenesis. Inﬂuenza is a unique
RNA virus because it replicates in the nucleus. The nuclear pore complex (NPC) prevents non-speciﬁc proteins from accumulating in the
nucleus. Fodor et al. have shown that nuclear accumulation of polymerase basic 1 (PB1) is dependent on the formation of a trimeric
complex with polymerase acidic (PA) and Ran-binding protein 5
(RanBP5), a host nuclear import factor (Fig. 1) (Fodor and Smith, 2004;
Hutchinson et al., 2011). In the absence of PA, nuclear accumulation of
PB1 was signiﬁcantly perturbed. Similarly, mutations that destabilized
the interaction between PB1/PA and RanBP5 signiﬁcantly reduced
nuclear localization of PB1 and eﬀectively prevented viral replication in
tissue culture (Hutchinson et al., 2011). This nuclear import mechanism
is distinct from the import of incoming viral ribonucleoprotein complexes (vRNPs) at the beginning of an infection, which is RanBP5-independent (Hutchinson and Fodor, 2013; Wu and Panté, 2009).
Because of the conserved and essential nature of the PB1 nuclear
import mechanism, blocking nuclear localization of inﬂuenza virus
proteins is a potentially promising mechanism of new antivirals. Many
other attempts at blocking nuclear import or export have been documented, but most have targeted host proteins (Chase et al., 2008;
Perwitasari et al., 2014; Resa-Infante et al., 2015). In one case,
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2.2. Immunoﬂuorescence (IF) assay
As described previously (Kolocouris et al., 2014), Madin-Darby canine kidney epithelial (MDCK) cells were seeded onto glass coverslips,
infected with trypsin-activated virus, and incubated at 33 °C for 16 h.
Coverslips were washed, ﬁxed with cold acetone, and stained with antiinﬂuenza A or anti-inﬂuenza B ﬂuorescein isothiocyanate (FITC)-labeled monoclonal antibody (Millipore, Billerica, MA). Infected cells
were counted with a ﬂuorescent microscope. The 50%-eﬀective concentrations (EC50) were obtained by a non-linear least-squares ﬁt in
KaleidaGraph (Synergy Software, Reading, PA, USA).
2.3. Cytotoxicity assays
Cells are seeded into the 60 internal wells of a 96-well plate. After
48 h, growth media is replaced with media containing test compound.
The cells were incubated with the test compounds for 72 h at 37 °C in a
humidiﬁed 5% CO2 incubator. Crystal violet (Schmidtke et al., 2001) or
XTT (Scudiero et al., 1988; Wutzler et al., 2002) was used to determine
cytotoxic activity. The cells were washed, stained, lysed, and then the
optical density was measured. The 50%-cytotoxic concentrations (CC50)
were obtained by a non-linear least-squares ﬁt in KaleidaGraph (Synergy Software, Reading, PA, USA) or Prism 7.04 (GraphPad, La Jolla,
CA, USA).
Fig. 1. Mechanism of IAV Polymerase Nuclear Import. PB1/PA associates with
RanBP5, which shuttles them into the nucleus as a heterodimer. PB2 binds to
Importin α1, α3, α5, or α7, which then binds to Importin β1. The full polymerase complex (PB1/PA/PB2) associates in the nucleus, where it carries out its
function.

2.4. Cytopathic Eﬀect (CPE) assays
Cells were seeded into the 60 internal wells of a 96-well plate. About
50xTCID50 of activated virus was added to each well. The growth media
was replaced with Dulbecco's Modiﬁed Eagle's Medium (DMEM) supplemented with 0.2 μg/ml of TPCK-treated trypsin, and the appropriate
dose of test compound was added to each well. The plates were incubated for approximately 72 h. Crystal violet (Schmidtke et al., 2001)
or XTT (Scudiero et al., 1988; Wutzler et al., 2002) was used to determine the CPE. The EC50, or the concentration of test compound that
protected half of the cells, was calculated using a non-linear least
squares ﬁt in KaleidaGraph or Prism 7.04. Cases where the culture was
protected less than 50% before cytotoxicity became dominant as inhibitor concentrations were increased were designated “No eﬀect.”

disrupting a host factor essential for inﬂuenza replication in mice, importin-alpha7, lead to a resistant strain that was more virulent than the
wild-type in as few as ﬁve passages (Resa-Infante et al., 2015). Several
groups have also independently identiﬁed PB1 blockers that prevent
replication by destabilizing PB1-PA interactions, PB1-PB2 interactions,
or by unknown mechanisms, though resistance and solubility are still
concerns with these compounds (Desantis et al., 2017; Li et al., 2017;
Massari et al., 2016; Ortigoza et al., 2012; Su et al., 2010). One group
showed that a PB1-PA interaction inhibitor blocked localization of PA
to the nucleus (Muratore et al., 2012). Another group showed that
targeting the PB1/PA interaction lead to the discovery of compounds
with a high genetic barrier to resistance (Zhang et al., 2018).
The method of virtual screening for protein-protein interaction inhibitors (Busschots et al., 2012; Geppert et al., 2011, 2012; Shima et al.,
2013) was used to identify possible PB1/PA:RanBP5 interaction inhibitors, which were purchased and tested in cell culture infection assays. Several derivatives of a top compound were synthesized and
tested to determine the structure activity relationship of this inhibitor
class. The mode of action was explored using confocal microscopy and a
luciferase reporter assay for RNA-dependent RNA polymerase activity.

2.5. Plaque assay
Cells were seeded into plates and incubated overnight. The growth
media was replaced with test medium, and the test compounds were
added to the cells. After one hour, the cells were infected with inﬂuenza
A H1N1 virus with a multiplicity of infection (MOI) of 0.005. After
another hour, the medium in the wells was overlaid with 1.25% Avicel
(FMC BioPolymer). After 72 h, the cells were washed with PBS and
ﬁxed with 4% paraformaldehyde for 30 min at 4 °C. The cells were
washed again with PBS after ﬁxation and were stained with Giemsa
stain. Pictures from the microscope were recorded, and the area of
survived cells was calculated using ImageJ. The EC50, or the concentration of test compound that reduced the plaque area by 50%, was
calculated using non-linear regression analysis in Prism 7.04.

2. Methods
For more detailed methods, please refer to the Supplementary Data.

2.6. Resistance testing
The procedure described in Kolocouris et al. was used to determine
the resistance proﬁle (Kolocouris et al., 2014).

2.1. Docking
Autodock Vina (Trott and Olson, 2010) and Glide (Friesner et al.,
2004, 2006; Halgren et al., 2004) were used to screen compounds for
relative binding aﬃnities at the proposed binding site. 4WSB was used
for docking (Reich et al., 2014). ClusPro was used to dock 3W3Z and
4WSB to develop a model for PB1/PA:RanBP5 complexation (Comeau
et al., 2004; Kobayashi and Matsuura, 2013; Kozakov et al., 2017).

2.7. Polymerase inhibition assay
Flu polymerase activity was measured using the Dual-Glo®
Luciferase Assay System (Promega Corporation, Madison, WI). 293T
cells were transfected using Lipofectamine 2000 with plasmids containing genomic sequences for the three inﬂuenza A H1N1 polymerase
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predicted binding scores.
Five compounds were selected and purchased from Asinex (Fig. 4).
These compounds were screened against inﬂuenza virus using the immunoﬂuorescence (IF) assay (Kolocouris et al., 2014). The compounds
were also tested for cytotoxicity using a crystal violet cytotoxicity (CVCTX) assay (Schmidtke et al., 2001). These commercially available
compounds had low micromolar eﬃcacy against inﬂuenza A virus
(IAV) and had some activity against inﬂuenza B virus (IBV) (Table 1).
Two of the compounds, LAS and ASN, have promising eﬃcacy in the IF
assay with 50% eﬀective concentrations (EC50's) of 9.5 ± 0.7 μM and
15 ± 2 μM respectively against A/WS/33. The 50% cytotoxic concentrations (CC50's) for LAS and ASN are 389 ± 23 μM and
117 ± 20 μM, suggesting that there is a promising therapeutic window
available for inhibitors that block inﬂuenza virus replication by this
mechanism.

subunit proteins (PA, PB1, PB2), nucleoprotein (NP), and fragmentencoding ﬁreﬂy luciferase (pPolI). The IC50 was calculated using nonlinear regression analysis in Prism 7.04.
2.8. Localization assay
MDCK cells treated with compound 20 and infected with inﬂuenza
A/CA/07/2009 were imaged and scored to determine the localization
of PB1 and NP. Importazole (IPZ) at 50 μM was used as a positive
control for blocking nuclear accumulation of PB1 (Soderholm et al.,
2011). Anti-PB1 antibodies (GTX125923, GeneTex, Irvine, CA) and
AlexaFluor488-labeled secondary antibodies (A-110008, ThermoFisher,
Eugene, OR) were used to detect cellular localization of PB1. Anti-NP
antibodies (GTX125989, GeneTex, Irvine, CA) and AlexaFluor488-labeled secondary antibodies (A-110008, ThermoFisher, Eugene, OR)
were used to detect cellular localization of NP. Cells were stained with
4′,6-diamidino-2-phenylindole (DAPI) Fluoromount-G (0100-20,
Southern Biotech, Birmingham, AL) to detect the nuclei of the cells for
comparison.

3.2. Structure-activity relationship of LAS analogs
LAS was selected for structure-activity relationship determination
due to the relative ease and cost of synthesis and the favorable activity
compared to the other compounds. Twenty-four derivatives of LAS were
synthesized. The general synthesis involved epoxide opening, followed
by nucleophilic substitution. The diﬀerent derivatives were made by
using diﬀerent starting materials purchased from Combi-Blocks (San
Diego, CA). These derivatives were characterized by mass spectrometry,
NMR, and IR (Supplementary Data, Experimental Section). The derivatives were then tested against A/WS/33 (H1N1) (Fig. 5, Table 2). The
compounds were initially tested in the IF, CV-CTX, and the crystal
violet cytopathic eﬀect (CV-CPE) (Schmidtke et al., 2001) assays to
determine their eﬃcacy and toxicity. Preliminary changes were made
to the meta-substituted carboxylic acid moiety (R2 in Fig. 5). Changing
the carboxylic acid to a methyl ester, the position of the acid from metasubstituted to para-substituted, and extending the acid from the ring by
a methylene resulted in a combined 100-fold improvement to the activity (compound 6, Table 2). Subsequent modiﬁcations to the benzyloxy group (R1 in Fig. 5) led to further improvements. Adding electronegative electron-withdrawing groups to the phenyl ring of the
benzyloxy group (R1 in Fig. 5) led to a further 10-fold increase in activity, resulting in an overall 1000-fold improvement in activity (compounds 20–22, Table 2).
Four compounds were tested against ﬁve diﬀerent inﬂuenza virus
strains, including a strain of inﬂuenza B, in the IF (Table 3) and CV-CPE
(Table 4) assays to determine the spectrum of activity against multiple
strains. All four compounds showed activities comparable to those in A/
WS/33 (from Table 2) against the other ﬁve strains tested. The diﬀerences were generally small between strains and large between inhibitors, suggesting that the binding site structure and mechanism of
inhibition are similar in all species and that the inhibitors vary because
of the impact of their structural diﬀerences on that site and inhibitory
mechanism.

2.9. Imaging
Images were obtained on an Olympus Fluoview FV1000 microscope
using the 40×/1.3 oil objective. Images were collected with 1600 by
1600 pixels at 8 μs/pixel. A 405 nm laser diode was used to excite DAPI,
and a 488 nm Argon laser was used to excite AlexaFluor488. Analysis
was performed in ImageJ. Uninfected controls and antibody controls
were compared to untreated controls to determine appropriate thresholds for the background. Twice the average intensity of the signal in the
nuclei and cytoplasm of uninfected cells was used as the background.
The signal intensity of the nucleus and cytoplasm were measured in
ImageJ, and the ratio of the nuclear signal over the cytoplasmic signal
for each cell was used to classify the localization as nuclear, nucleocytoplasmic, or cytoplasmic (Hutchinson et al., 2011).
2.10. Sequence analysis
IAV and IBV sequences of PB1 were downloaded from the Inﬂuenza
Research Database (ﬂudb.org) on August 17th, 2016 and September
7th, 2016 respectively. The sequences were aligned using the multialign
function from the Bioinformatics toolbox in MATLAB. After alignment,
unique sequences were preserved, and the results were inspected visually. Microsoft Excel was used to analyze the aligned sequences. The
frequency of the most conserved amino acid and the number of reported amino acids at each position were used to determine conservation at each position.
3. Results
3.1. Novel hits discovered using virtual screening
Using the IAV polymerase Protein Data Bank structure 4WSB, the
Asinex (Winston-Salem, NC) protein-protein interaction library was
docked with Glide (Schrödinger, Cambridge, MA) to a potential antiviral binding site (Fig. 2) near the bipartite nuclear localization signal
(NLS) of PB1 and the predicted interface with RanBP5 (Friesner et al.,
2004, 2006; Halgren et al., 2004; Reich et al., 2014).
The docking process was broken up into three stages, each with
increasing precision (Fig. 3). The best conformations of the top 30
compounds from the initial virtual screen were visually scored, and
eight compounds were selected for library expansion. Structure searches were performed on the Otava, Asinex, and Zinc websites for
commercially available compounds similar to the eight compounds
from the initial screen. This expansion resulted in a set of 3,216 readily
available compounds similar to those identiﬁed in the initial screen.
These were ﬁltered through docking to identify ﬁve with the highest

3.3. Mode of inﬂuenza inhibition
The resistance proﬁle was determined by passaging the virus in the
presence of an inhibitory concentration of the test compounds
(Table 5). A/Victoria/3/75 was passaged ten times in the presence of
ASN, beginning at 10 μM for passage zero (P0), and later for increasing
dosages of ASN (see Methods). Passages ﬁve (P5) and ten (P10) were
then tested in the IF assay. The compound showed a 2-fold reduction in
eﬃcacy against P5 and a 7-fold reduction against P10 relative to the
eﬃcacy measured against the wild type (P0). A/WS/33 was passaged
ten times against compound 20. Passaging began using 0.2 μM compound 20 (∼IF EC50) and was increased to 8 μM (the CV-CPE EC50) by a
factor of two each passage. P5 and P10 were tested against the compound in the IF assay to determine resistance development. In ten
passages, no resistance was detected in the IF assay against compound
83
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Fig. 2. Proposed Binding Site with Docked Ligand. A) PB1/PA (4WSB chains A,B; Blue surface) in complex with RanBP5 homologue Kap121p (3W3Z; Green Surface),
with red oval showing the proposed inhibitor binding site. B) Blow up of the region of interest marked by the red oval in A. Key residues (D685 and Y689) are
displayed with a transparent red surface and the ball and stick representation. The anchor helix (green ribbon) is important for PB1-RanBP5 interaction. C) View of
the binding site with compound 5 docked. The bipartite nuclear localization signal (blue arrows), RanBP5 Binding interface (white arrow), and PB2 binding site (red
arrow) are all proximal to the purported small molecule binding site. The anchor helix (purple ribbon) contains Y689, D685, and R680, which all have important
interactions with the ligand. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

20. This contrasts with resistance formation within 1–2 passages found
previously under similar conditions for amantadine (Kolocouris et al.,
2014) or within 6 passages for Oseltamivir (Zhang et al., 2018).
The sequences of all IAV and IBV PB1 from the Inﬂuenza Research
Database were compared using MATLAB. Only unique sequences were
used in the analysis. The predicted binding site for these compounds
was completely conserved in sequence across the four IAV strains tested
here and partially conserved (45.5%) in IBV (Table 6). The crystal
structures of the inﬂuenza polymerase for IAV (4WSB) and IBV (4WSA)

were then compared to observe structural diﬀerences in the binding
site. The aligned structures were very similar at the predicted antiviral
binding site, with a few exceptions (Fig. 6). G681 is 99.9% conserved in
IAV, but the corresponding position in IBV is an asparagine. N680
changes the way the helix turns relative to G681. D685 in IAV is 99.5%
conserved, but E684 in IBV has an additional methylene group that
causes the negatively charged carboxylate to extend into the pocket
further. Our model of PB1/PA based on 4WSA shows that E684 can
interact with K207, a residue on the NLS that is important for RanBP5
Fig. 3. Virtual Screening Workﬂow. A library of PPI
inhibitors were docked to the binding site with
progressively higher precision (Virtual Screen,
SP = standard precision, XP = extra precision).
Eight ligands were selected for library expansion
via structure similarity searches. The docking procedure was repeated with the new library, and ﬁve
compounds were selected for in vitro validation.
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Fig. 4. Commercially available compounds from Asinex selected for in vitro validation from the virtual screen.

had better activity than Favipiravir. Compound 20 also had low cytotoxicity (a CC50 greater than 100 μM) in these cell types. However, in
additional cytotoxicity tests with MT-4 and Huh-7 cells, cytotoxicity
was similar to that in 293T cells.
BDI and compound 20 were tested in the XTT-CPE and plaque assays to further conﬁrm the activity of the inhibitors (Table 8). Both
compounds had comparable low micromolar EC50's and 100% inhibition achieved within the concentration ranges tested. Compound 20
showed consistent activity in both CPE assays and the Plaque assay.
The eﬀect of compound 20 on dynamic cellular localization of PB1
and NP was determined late in the cycle for infected MDCK cells.
Infected cells were treated with DMSO, importazole (IPZ), or compound
20. PB1 or NP localization was determined by immunoﬂuorescence, as
illustrated in Fig. 7. IPZ is a small molecule inhibitor of Importin-β that
served as a dynamic nuclear localization inhibition control (Soderholm
et al., 2011). We refer to the localization as “dynamic” because it is
clear in the previously cited work and this that nuclear import of PB1
and (here) export of NP must be ongoing even in late-stage (16 h PI)
infected cells. Nuclear localization of PB1 was signiﬁcantly reduced
(Fig. 8A) in 50 μM compound 20-treated cells, and the number of cells
with complete cytoplasmic localization was increased in the IPZ and
compound 20-treated cells. The pattern for PB1 localization when
treated with compound 20 closely resembles the pattern observed
previously (Fodor and Smith, 2004) when the nuclear localization sequence was deleted from PB1. NP was found primarily in the cytoplasm
of the cell in vehicle controls, which is consistent with previous results
(Frensing et al., 2016). However, the localization of NP was dramatically aﬀected by compound 20 treatment (Fig. 8B). The treatment
caused most cells to have nuclear localization of NP. A similar eﬀect
was observed for IPZ-treated cells, suggesting that blocking nuclear
import of PB1 perturbs nuclear export of NP.

Table 1
Activity and toxicity of commercially available hits.
IF Assay EC50 (μM)a

LAS
ASN
BDG
BDI
BDH

CC50 (μM)b

A/WS/33
(H1N1)

A/Victoria/75
(H3N2)

A/Taiwan/
64 (H2N2)

B/Gl/
1739/54

9.5 ± 0.7
15 ± 2
19 ± 1
38 ± 6
> 50

9.1 ± 1.3
11 ± 3
23 ± 3
> 50
> 50

20 ± 7
27 ± 10
25 ± 2
> 50
> 50

NDc
26 ± 5
17 ± 3
> 50
33 ± 14

389 ± 23
117 ± 20
99 ± 8.0
226 ± 14
402 ± 31

a

50% Eﬃcacy Concentration ( ± standard error).
50% Cytotoxic Concentration ( ± standard error), or the concentration that
killed 50% of cells in 72 h, measured by crystal violet uptake and retention.
c
Not done.
b

Fig. 5. LAS Derivative Template. Scaﬀolds for LAS analogs were made by
modifying R1 or R2. For compound 10, the hydroxyl group on the cyclopentylring was omitted.

binding. This interaction pulls the rest of the NLS in closer to the rest of
the complex. The alpha helix comprised of residues 142–152 was 54.5%
conserved between IAV and IBV, but the diﬀerences were minimal.
Despite these structural and sequence diﬀerences, the proposed binding
pocket is highly conserved, and inhibitors designed to bind in this
pocket are eﬀective against IAV and IBV.
Several inhibitors (BDG, BDH, BDI, ASN, compounds 3–7) were
tested for inﬂuenza polymerase inhibition in a Luciferase minigenome
reporter assay using 293T cells (Ozawa et al., 2006). All but compound
6 showed no inhibition of enzyme activity up to 50 μM (data not
shown), whereas Favipiravir, a well-characterized inﬂuenza polymerase inhibitor (Furuta et al., 2013), gave an IC50 of 17.3 μM
(Table 7). Except for BDG, which had CC50 25.3 μM, none were toxic
(CC50 > 50 μM) to 293T cells in the XTT-CTX assay (data not shown),
an assay that measures the toxicity by measuring the amount of metabolic activity in cells. Compound 20 showed some inhibition of
polymerase activity with an IC50 of 51 μM in 293T cells, so it was tested
in vRNP-expressing Vero and HepG2-hNTCP cells (Table 7), where it

4. Discussion
Several groups have shown the utility of using virtual screening to
design novel inhibitors of a protein target (Busschots et al., 2012;
Geppert et al., 2011, 2012; Shima et al., 2013). In many cases, the
binding site is well deﬁned, and the binding of known inhibitors can
inform further optimization (Hoi et al., 2015; Mitrasinovic, 2013; Zhao
and Caﬂisch, 2015). In this study, we docked a focused library of protein-protein interaction inhibitors to a previously uncharacterized
binding site candidate near PB1's bipartite nuclear localization signal. It
is a PB2-PB1 interaction site and is also a predicted interface between
PB1 and RanBP5. Small-angle x-ray scattering data showed that the
overall shape of PB1-PA did not change much upon binding to RanBP5.
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Table 2
Structure-activity relationship of LAS-Derivatives with A/WS/33 (H1N1).
ID#

R1

R2

IF EC50 (μM)a

CV-CPE EC50 (μM)a

CV CTX CC50 (μM)b

SIc

LASd
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
Rbe

OBn
OBn
OBn
OBn
OBn
OBn
OBn
OBn
OBn
OBn
OBn
OMe
FuranPh
NHCOPh
(m)-OBn
OPh
(m)-OPh
(o)-OPh
(m)-ONaph
ONaph
OBnCN
OBnCl
OBnCF3
OBnMe
OBnOMe
NA

(m)-COOH
(m)-COOH
(m)-COOMe
COOH
COOMe
CH2COOH
CH2COOMe
CH2CH2COOH
CH2CH2COOMe
CH2CONHMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
CH2COOMe
NA

9.5 ± 0.7
> 50
15 ± 3
25 ± 6
0.95 ± 0.4
5.5 ± 1.5
0.76 ± 0.1
38 ± 2
21 ± 5
2.8 ± 0.2
2.3 ± 0.7
> 20
2.9 ± 0.2
12 ± 2
12.0 ± 0.7
35 ± 4
15 ± 2
19 ± 5
27 ± 3
> 50
0.12 ± 0.02
0.08 ± 0.02
0.28 ± 0.04
0.8 ± 0.1
> 10
6.6 ± 0.6

NDf
No Eﬀect
No Eﬀect
No Eﬀect
No Eﬀect
No Eﬀect
No Eﬀect
No Eﬀect
No Eﬀect
No eﬀect
ND
No Eﬀect
ND
ND
ND
ND
ND
ND
> 60
ND
8.7 ± 1.6
18.9 ± 0.8
5.2 ± 0.01
ND
ND
65.0 ± 0.2

389 ± 23
160 ± 5
86 ± 10
210 ± 20
52 ± 12
260 ± 60
51 ± 9
> 200
> 100
99 ± 2
8.9 ± 1.0
> 100
150 ± 13
18 ± 1
64 ± 4
19 ± 1
35 ± 1
86 ± 12
48 ± 1
43 ± 2
56 ± 18
> 100
8.4 ± 0.7
50 ± 7
92 ± 80
ND

ND
<1
<1
<1
<1
<1
<1
<1
<1
<1
ND
<1
ND
ND
ND
ND
ND
ND
<1
ND
6.4
> 7.9
1.6
ND
ND
ND

a
b
c
d
e
f

50% Eﬀective Concentration (+/- standard error).
50% Cytotoxic Concentration (+/- standard error).
Selectivity Index: CV-CTX CC50/CV-CPE EC50.
LAS was purchased from Asinex. Compounds 1–24 were synthesized for this study.
Ribavirin.
ND: Not Done.

Table 3
Immunoﬂuorescence results against multiple strains.
IF Assay EC50 (μM)a
ID#

A/WS/33 (H1N1)

A/CA/09 (H1N1)

A/Taiwan/64 (H2N2)

A/Victoria/75 (H3N2)

B/Gl/54

6
18
20
21

0.8 ± 0.1
27 ± 3
0.12 ± 0.02
0.08 ± 0.02

1.3 ± 0.5
20 ± 3
0.26 ± 0.04
0.008 ± 0.002

2.4 ± 0.3
2.3 ± 0.8
0.18 ± 0.02
0.031 ± 0.005

2.0 ± 0.4
22 ± 7
0.42 ± 0.08
0.10 ± 0.02

0.7 ± 0.2
15 ± 2
0.38 ± 0.03
0.23 ± 0.03

a

50% Eﬀective Concentration (+/- standard error).

Table 4
Crystal violet CPE results against multiple strains.

Table 5
Resistance development for ASN and compound 20.

CV-CPE EC50 (μM)a

Passage

ID#

A/WS/33
(H1N1)

A/CA/09
(H1N1)

A/Taiwan/
64 (H2N2)

A/Victoria/
75 (H3N2)

B/Gl/54

6
18
20
21

No eﬀect
> 60
8.7 ± 1.6
18.9 ± 0.8

No eﬀect
No eﬀect
3.7 ± 0.3
13.5 ± 0.6

12 ± 3
53 ± 0.5
5.7 ± 0.6
4.7 ± 0.7

> 80
No eﬀect
44 ± 1
> 80

32 ± 1
74 ± 6
12.4 ± 0.5
14 ± 2

a

0
5
10

a

ASN IF Assay EC50 (μM)b

Compound 20 IF Assay EC50 (μM)b

11 ± 3
23 ± 2
> 50

0.12 ± 0.02
0.17 ± 0.02
0.109 ± 0.007

a
Passaging began with A/Victoria/3/75 (against ASN) or A/WS/33 (against
20). For each passage, MDCK cells were infected in the presence of ASN or 20
and monitored for CPE.
b
50% Eﬀective Concentration ( ± standard error).

50% Eﬀective Concentration (+/- standard error).

than they were in the XTT-CPE or CV-CPE assays. For a virus like inﬂuenza, where the number of progeny is ∼2000 per infected cell
(Frensing et al., 2016), a drug has to block infection very strongly
(99.95%) to prevent complete cell culture death for 5 generations,
especially if the multiplicity of infection is reasonably high, e.g. 0.1
infectious particles per cell, in the initial infection. The IF assay is a
useful tool in screening and optimizing polymerase inhibitors because
of its sensitivity and short duration, which allows for minimal exposure
of cultured cells to the toxic eﬀects of the compounds. Compound 20

However, the shape of RanBP5 changed signiﬁcantly upon binding to
the PB1-PA heterodimer (Swale et al., 2016). Current knowledge of the
PB1-PA/RanBP5 interaction is limited to biochemical data and computational models. In our simulations, the crystal structures of PB1-PA
and Kap121p, a RanBP5 homologue, could be readily docked as rigid
structures with excellent interface complementarity, and the selected
site appeared to be well suited to interfere with complexation (Fig. 2A
and B).
In general, the LAS derivatives were more eﬀective in the IF assay
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Table 6
IAV and IBV multiple sequence alignments.
Res#a

142
b

143

144

145

d

d

146

147

148

149

150

151

A
0.999
A

L
0.999
L

A
0.998
N

N
0.999
T

T
0.999
T

I
0.999
I

E
0.999
T

V
0.916
S

F
0.999
F

R
0.994
R

Kd
0.934
L

Res#e

679b

680

681

682

683

684

685

686

687

688

689

IAV AAs
f
IBV AAs

Q
0.999
Q

Rd
0.994
R

Gd
0.999
N

I
0.990
M

L
0.997
I

E
0.999
L

Dd
0.999
E

E
0.999
E

R
0.988
Q

I
0.997
C

Yd
0.999
Y

b
c
d
e

d

152

IAV AAs
fc
IBV AAs

a

d

IAV numbering.
Amino acids, single letter code.
If represents the frequency of the amino acids for all of the unique sequences of IAV.
Represents residues that have side chains projecting towards/into the proposed binding pocket.
IAV numbering; For IBV, the numbering starts at 680 and ends at 690.
Fig. 6. Alignment of IAV PB1 (turquoise, 4WSB) and IBV
PB1 (orange, 4WSA). Binding site residue side chains are
displayed with the stick representation. D685 in IAV is a
glutamate in IBV. The longer side chain in IBV results in
an interaction with K207 of the NLS that pulls it closer
into the pocket, making the proposed binding site potentially more crowded. The secondary structure and
most residues in this region of PB1 are structurally wellconserved. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the Web
version of this article.)

cell line used (Table 7). This suggests that there is alternative-target
activity that is speciﬁc to certain cell lines.
Resistance developed slowly against ASN. After ten passages, very
little activity for ASN was observed at 50 μM (Table 5). Resistance developed even more slowly against compound 20. After ten passages, no
detectable resistance was observed with the IF assay, suggesting that
the target for inﬂuenza virus inhibition is highly conserved and diﬃcult
for the virus to escape.
Compound 20 was shown to block the IAV polymerase in three cell
lines with the luciferase reporter assay. In two cases, compound 20 was
more eﬀective against the polymerase than the well-characterized
polymerase inhibitor Favipiravir, which is approved for human usage in
Japan (Furuta et al., 2017). The variation of IC50 values between cell
lines is most likely due to transfection eﬃciency. This data shows that
some aspect of polymerase function is being perturbed, which could
include the nuclear import, complex assembly, or accurate transcription
of mRNA.
NP and PB1 are expected to be dispersed throughout the infected
cells at the time of inhibitor addition. Our results of late stage localization are consistent with localization being a dynamic process, even at
this late point in the infection, and we interpret our results in this
context. The PB1 localization data strongly suggests that compound 20
destabilizes a protein-protein interaction that is important for PB1 nuclear import. This could be the PB1-PA interaction or the PB1-PARanBP5 interaction. Direct binding of inhibitors to RanBP5 was not
ruled out in this study. PB1 localization in cells treated with compound
20 closely resembled the phenotype observed when the bipartite

Table 7
Polymerase inhibition assay results.
Cell type

20 IC50 (μM)a

20 CC50 (μM)b

Favipiravir IC50 (μM)a

293T
Vero
HepG2-hNTCP
MT-4
Huh7

51 (42–62)
1.20 (0.55–2.7)
29 (18–45)
ND
ND

3.1 (2.7–3.6)
> 100
> 100
18.4 (15.9–21.5)
3.4 (2.3–4.8)

17.3 (12.2–24.6)
3.0 (1.3–7.0)
62.0 (22–176)
ND
ND

a
b

Flu Pol Assay.
XTT Assay. 95% conﬁdence intervals are in parentheses. ND: Not done.

Table 8
XTT CPE and plaque assay results.
Compound

XTT-CPE EC50 (μM)a

Plaque EC50 (μM)a

BDI
20
Favipiravir

7.2 (4.8–10.7)
5.9 (5.5–6.3)
15.2 (12.5–18.5)

5.7 (4.0–8.3)
9.9 (8.3–11.8)
11.2 (7.5–16.5)

a
The virus used in both assays was A/CA/09. The uncertainty is represented
by the 95% conﬁdence interval.

was the most eﬀective compound in the CV-CPE assay, so it was the
focus of further characterization in this work. Other compounds, including compound 21 and BDI, also had promising activity and will be
studied further.
Compound 20 showed high variability in toxicity depending on the
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Fig. 7. Representative images for each condition used in the PB1 localization assay. Detection of PB1 (green) or NP (orange) was carried out in infected MDCK cells at
17 h post infection with DAPI (cyan) as a counterstain. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of
this article.)

complex allowing determination of binding aﬃnities and crystallographic structure for complexes with the compounds bound. Assays to
determine the destabilization of protein complexes could be carried out
to determine the exact mechanism of action on the polymerase. If the
selectivity index can be increased, animal testing could be conducted.
Additional passaging combined with isolation of resistant strains and
sequence analysis will give further insights into the resistance potential
and ﬁtness costs associated with escape mutations. Resistant sequences
should be compared to more comprehensive sequence databases, like
GISAID, to determine the prevalence of relevant mutants. Nuclear import inhibitors could one day serve as a promising therapy to complement currently available inﬂuenza treatments and other therapies that
are in development.

nuclear localization signal was removed from PB1 (Hutchinson et al.,
2011). This phenotype also matched the IPZ-treated cells, which served
as a nuclear import inhibition control (Soderholm et al., 2011). In fact,
compound 20 had a much larger impact than IPZ on PB1 localization.
Though the binding site and exact mechanism of inhibition remain
unproven, the activity of the compounds was conﬁrmed in ﬁve assays.
Disrupting PB1 nuclear import perturbed NP localization as well, as
after one hour of inhibitor treatment the majority of NP had become
localized in the nucleus (Fig. 8B). Treatment with IPZ abolished cytoplasmic NP localization, and treatment with compound 20 caused 73%
of the cells to have nuclear localization. This dramatic change could be
explained by the mechanism of vRNP export. By preventing nuclear
accumulation of PB1, NP export in conjunction with PB1 in vRNPs is
indirectly, but eﬀectively blocked by IPZ and compound 20.
Future work should include expressing and purifying the PB1/PA
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