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The nucleoprotein (NP) of the influenza virus exists as trimers, and
its tail-loop binding pocket has been suggested as a potential tar-
get for antiinfluenza therapeutics. The possibility of NP as a drug
target was validated by the recent reports that nucleozin and its
analogs can inhibit viral replication by inducing aggregation of
NP trimers. However, these inhibitors were identified by random
screening, and the binding site and inhibition mechanism are un-
clear. We report a rational approach to target influenza virus with a
newmechanism—disruption of NP–NP interaction. Consistent with
recent work, E339A, R416A, and deletion mutant Δ402–428 were
unable to support viral replication in the absence of WT NP. How-
ever, only E339A and R416A could form hetero complex with WT
NP, but the complex was unable to bind the RNA polymerase, lead-
ing to inhibition of viral replication. These results demonstrate
the importance of the E339…R416 salt bridge in viral survival
and establish the salt bridge as a sensitive antiinfluenza target. To
provide further support, we showed that peptides encompassing
R416 can disrupt NP–NP interaction and inhibit viral replication.
Finally we performed virtual screening to target E339…R416, and
some small molecules identified were shown to disrupt the forma-
tion of NP trimers and inhibit replication of WT and nucleozin-
resistant strains. This work provides a new approach to design
antiinfluenza drugs.

The RNA-dependent RNA polymerase (RDRP) of the influ-
enza A virus is composed of polymerase basic protein 1 (PB1),

basic protein 2 (PB2), and acidic protein (PA) (1). The function of
RDRP for viral replication requires association with the nucleo-
protein (NP) (2) to form the ribonucleoprotein (RNP) complex.
Only low resolution structures of the RNP complex are available
from cryo-EM studies (2–9), whereas high resolution structures
have been reported for some individual components or fragments
(10–12). Crystal structures of NP indicate that it exists in trimers
(13, 14), with the tail-loop (residues 402–428) region playing an
important role in the trimerization (Fig. 1A). Based on the struc-
tural information, it was suggested that the tail-loop binding
pocket could be a target for antiinfluenza therapeutics (13, 14).

Disruption of the NP–NP interaction as a strategy for design-
ing antiinfluenza drugs has been further reported. Many mutants
of NP, including some tail-loop mutants, lose the ability to sup-
port the RDRP activity in reconstitution experiments (2, 15–18).
In addition, some of the mutants are shown to exist in monomers
instead of trimers. These results support the importance of NP
in the RDRP activity and viral replication, and the possibility
of NP as a drug target. However, it remains to be shown that mo-
lecules capable of disrupting the NP–NP interaction would inhibit
viral replication.

Recently Kao et al. (19) and our group (20) reported the use of
high throughput screening to identify nucleozin and its analogs as
inhibitors that halt viral replication by binding to NP and causing
its aggregation. These reports validated that the NP protein is an
actual drug target. However, the binding sites of the small mole-
cules remain to be established (though the results of revertants

suggest that the binding sites are close to Y52 or Y289), and how
the binding induces aggregation is not yet clear.

In this work, we used rational design and virtual screening
approaches to demonstrate that deaggregation of NP by disrupt-
ing the E339…R416 salt bridge can also inhibit viral replication.
We first showed that E339A and R416A mutants form hetero
complexes withWTNP and inhibit viral replication. These results
established the E339…R416 salt bridge as a sensitive drug target.
We then designed peptide inhibitors based on the tail-loop struc-
ture to demonstrate the principle—that these peptides can
disrupt the NP–NP interaction and inhibit viral replication. Final-
ly we used virtual screening to identify small molecule inhibitors
to target the E339…R416 salt bridge. These small molecules
were shown to disrupt NP–NP interaction and inhibit viral repli-
cation of both the wild-type and the nucleozin-resistant strains.

Results
E339A, R416A, and Δ402–428 Mutants Cannot Support RDRP Activity.
The results in this section are in agreement with other reports
published (15, 16) while our work was in progress. Based on the
crystal structures, we predicted that E339A, R416A, and the tail-
loop deletion (Δ402–428) mutants will show perturbed NP–NP
interactions, which could in turn perturb the ability of NP to
interact with RDRP productively. Analyses by analytical ultra-
centrifugation (AUC) indicated that these three mutants exist as
monomers in the free form as opposed to trimers for WT NP, and
that their ability to bind RNA was significantly perturbed (SI Text
and Fig. S1). The luciferase-based reporter assay showed that the
three mutants were unable to support the RDRP activity when
the mutant was reconstituted with PA, PB1, and PB2 in the ab-
sence of WT NP (Fig. 1B, lanes 2–4, black bars), as expected.

E339A and R416A but not Δ402–428 Can Inhibit Viral Replication. We
then performed a competition experiment by including WT NP in
the luciferase-based reporter assay of the mutants. As shown in
Fig. 1B (gray bars), E339A and R416A were still unable to sup-
port the RDRP activity, whereas the deletion mutant restored
most of the activity. This result provides a lead for us to propose
the following hypothesis: the E339A and R416A mutants, being
only slightly perturbed structurally, are still able to form hetero
oligomers with WT NP, and that is sufficient to perturb the inter-
actions between NP and RDRP and thus the replication of the
virus. On the other hand, the deletion mutant Δ402–428, being
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more severely perturbed structurally, is less able to interact with
the WT NP and affect viral replication. We constructed and
tested the “double mutant,” E339A/Δ402–428, which has a great-
er structural change than the deletion mutant. For the deletion
mutant, the remaining E339 may still be able to interact with
R416 from WTand cause a small degree of inhibition (gray bar
of lane 2), whereas for the double mutant there will be no salt
bridge formation with WT NP. As predicted, the double mutant
showed nearly full activity in the presence of WT NP (gray bar,
last lane of Fig. 1B; the black bar is still near zero as expected also
but it is not relevant to this point).

To further test this hypothesis, Madin–Darby Canine Kidney
(MDCK) stable cells expressing WTor mutant NP were created
and then infected with the influenza A/WSN/33 (H1N1) virus
(WSN). The Western blot analyses of the infected cells (Fig. 1C)
showed that the cells containing E339A or R416A point mutants
can inhibit the replication of the infected virus by up to 90%
(lanes 3 and 4). The deletion mutant had a smaller effect (lane
2), and the double mutant showed no inhibition (lane 5). Com-
plementarily, the viral titers of the cell culture supernatant were
also determined by plaque assays (Fig. 1D), and the results are
fully consistent with the Western blot analyses.

Mechanism for the Inhibition of Viral Replication by E339A and R416A.
Here we demonstrate the central part of our hypothesis on the
mechanism of inhibition—that E339A and R416A, though only
slightly perturbed in structure with disruption in the salt bridge,
loses their ability to support the function of RDRP. We first
examined the binding of NP mutants with WT NP in cells by
cotransfection of FLAG-tagged WT NP and HA-tagged mutant

NP. As shown in Fig. 2A (rows I and II), the WT NP pulled down
R416A (lane 3) and E339A (lane 4) similarly to the control (lane
1), but it pulled down less of the deletion mutant (Δ402–428, lane
2) and nearly none for the double mutant (E339A/Δ402–428,
lane 5). Consistently, rows III and IV of Fig. 2A show that the
HA-tagged mutants R416A and E339A can pull down theWTNP
with good efficiently (lanes 3 and 4), but the double mutant was
unable to pull downWTNP (lane 5). The level of expression (row
III) was always lower for the deletion mutant and very low for the
double mutant, but the trend is clear as shown by the bar plots.

The result of AUC analyses also confirmed that R416A and
E339A could bind WT NP to form hetero oligomers, whereas
the deletion mutant Δ402–428 is less able to mix with the WT
NP and the double mutant is not mixable with WT NP. As men-
tioned above, pure WT NP exists predominantly as trimers
whereas E339A and R416A exist as monomers. As shown in
Fig. 2B, the 1∶1 mixture of WT NP with E339A or R416A exists
as a mixture of oligomers (evidence for interaction between
WT and the mutants), whereas the corresponding mixture with
Δ402–428 or in particular E339A/Δ402–428 remains as separate
monomer and trimer. Detailed titration experiments with AUC
for the interaction between WTand mutant NP proteins are pre-
sented in Fig. S2. From Fig. S2D, it is clear that starting from the

Fig. 1. Inhibition effect of NP mutants for the RDRP activity and viral repli-
cation. (A) Interactions involving the tail-loop (green) and its binding pocket
(gold), from Protein Data Bank (PDB) 2IQH with PyMOL. (B) Luciferase-based
reporter assays for reconstitution experiments, with 1 μg of each plasmid
pPOLI-Luc-RT, pcDNA-PB1, -PB2, -PA, and pClneo-NP-FLAG or -NP mutant-HA.
The experiments were performed with and without pClneo-NP-FLAG. (C) The
inhibition effects of NP mutant proteins on viral replication. 5 × 105 MDCK
cells (WT and mutant stable cell lines) were seeded per well and incubated
for 24 h at 37 °C. Then cells were infected with the WSN virus at a multiplicity
of infection (MOI) of 0.2. Western blot was performed at 9 h post infection
using total cell extract. (D) MDCK cells (WT and mutant stable cell lines) were
infected with theWSN virus atMOI of 0.2 as described in (C). The viral titers of
the cell culture supernatant for viral replication were determined by plaque
assays. The relative virus yields observed 9, 24, and 48 h postinfection are
shown. The bar plots aremeans and SD from three independent experiments.

Fig. 2. IP assays of protein–protein interactions in cells. (A) Interaction of
NP-FLAG with NP-HA or mutant-HA. 2 × 106 HEK293T cells were cotrans-
fected with 8 μg of each plasmid. IP analysis was performed 30 h post trans-
fection using total cell extract by anti-FLAG and anti-HA agarose, and
visualized by anti-FLAG and anti-HA antibodies. Black bar: row II/row I/
row III. Gray bar: row IV/row III/row I. (B) AUC analyses to examine the ability
of the NP mutants to mix with WT NP. The complete titration results at 6
different ratios are shown in Fig. S2; only the results of 1∶1 ratio are shown
here. Note that different y scales are used in the plots here and in Fig. S2 to
show the best comparisons. (C) Pull-down assays for the interaction of NP
proteins and PB1. The 2 × 106 HEK293T cells were transfected with 8 μg of
each plasmid separately (pClneo-NP-HA or pClneo-mutant-HA) for 24 h, then
infected with the WSN virus (MOI ¼ 0.2) for 12 h. IP analysis was performed
using total cell extract by anti-HA agarose, and detected by anti-HA and anti-
PB1 antibodies. The bar plots represent NP-PB1 interactions: row II/row I/row
III. The bar plots are means and SD from three independent experiments.
(D) The transcription-replication activity is reduced by NP mutant proteins.
MDCK cells were infected with the WSN virus at MOI of 2. RNA was isolated
from cells 6 h after infection and analyzed by primer extension assays.
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bottom (pure WT trimer), addition of the mutant monomer
caused no mixing (at 1∶1 the trimer:monomer ratio is approxi-
mately 1∶1). A small degree of mixing occurred with the deletion
mutant (Fig. S2C), and extensive mixing occurred for the point
mutants in Fig. S2 A and B.

The interaction of NP mutants with RDRP was next examined
in cells infected with the WSN virus. It has been shown previously
that NP can pull down PB1, PB2, and PA (21, 22), a property
also confirmed by mass spectrometry. We then compared the
PB1 binding ability of WT NP and mutants. Fig. 2C shows that,
whereas the HA-tagged wild-type NP pulled down PB1 well, all of
the NP mutants pulled down little or none. These results support
our hypothesis that R416A and E339A could not bind PB1
because the slightly perturbed hetero complexes with WT NP are
unable to further interact with RDRP from the infecting virus,
whereas the deletion mutant Δ402–428 and the double mutant
E339A/Δ402–428 could not bind PB1 because they cannot inter-
act with the WT NP from the infecting virus.

Finally, the results of the primer extension assay (Fig. 2D)
show that stable expression of E339A or R416A in MDCK cell
lines reduced the synthesis of mRNA and vRNA significantly (the
cRNA levels are too low to be detected), confirming that the tran-
scription-replication activity of RDRP was inhibited by E339A
and R416A. In consistence with the prediction, the deletion mu-
tant Δ402–428 displayed a smaller effect, and the double mutant
E339A/Δ402–428 showed relatively minor or no inhibition.

Taken together, the above results suggest that it should be pos-
sible to design small molecules or peptides targeting the E339…
R416 salt bridge as potential inhibitors of the influenza virus.

Furthermore, we predict that these inhibitors should function
by disrupting NP–NP interaction, leading to formation of mono-
mers. This mechanism, if confirmed, will be fundamentally differ-
ent from the mechanism of nucleozin and its analogs that cause
severe aggregation of NP trimers to form high-order oligomers as
reported recently (19, 20).

Fig. 3. Effects of the tail-loop peptide 402–428. (A) Interaction of NPWTand
EGFP-fused tail-loop peptide. The 2 × 106 HEK293T cells were cotransfected
with 8 μg plasmids of pClneo-NP-FLAG in the presence of pEGFP or pEGFP-
tail-loop (GFP-TL) plasmid. IP analysis was performed by anti-Flag agarose
and visualized by anti-GFP and anti-FLAG antibodies. (B) Luciferase-based re-
porter assays of the effect of EGFP-tail-loop on the H1N1 polymerase activity.
HEK293T cells were cotransfected with pPOLI-Luc-RT, pcDNA-PB1, -PB2, -PA, -
NP and with pEGFP (GFP) or GFP-TL plasmid. The expression levels of EGFP
and EGFP-tail-loop were determined by Western blot analysis using anti-
GFP antibodies. (C) The inhibition effect of EGFP-fused tail-loop peptide
(H1N1) on viral replication. HEK293T cells were transfected with pEGFP
(GFP) or pEGFP-tail-loop (GFP-TL) plasmid and then infected with the WSN
virus.The viral protein M2 and the host protein actin were determined by
Western blot analyses that were performed at 9 h post infection at MOI
of 0.2. (D) HEK293T cells that were expressed with GFP or GFP-TL were in-
fected with the WSN virus at MOI of 0.2 as described in (C). The viral titers
of the cell culture supernatant were determined by plaque assays. The rela-
tive virus yields were determined 12, 24, and 48 h post infection. The bar plots
are means and SD from three independent experiments. (E) AUC analyses
showing that the tail-loop peptide can disrupt the oligomer of the NP–
RNA complex (the recombinant NP was purified from Escherichia coliwithout
ribonuclease A treatment). The NP–RNA complex was incubated with synthe-
sized tail-loop peptide at a molar ratio of 1∶1;000.

Fig. 4. Effects of short cyclic peptides. (A) Analytical ultracentrifugation
(AUC) analyses for NP WT mass distribution free and in the presence of a
linear short peptide (peptide 1) and its circularized forms (peptide 2 and 3).
The concentrations of NP WT protein and peptides were 3 μM and 300 μM,
respectively. The Left panels are cðs;frÞ distribution plots and the Right panels
are cðs;MÞ distributions. The insert grayscale bars in the Right panels indicate
the residuals bitmap of each fit. Detailed information of AUC data calculation
and plot generation are described in SI Materials and Methods. (B) The anti-
viral dose response curves of the peptides. The MDCK cells were incubated
with the peptide (0–2 mM), then inoculated with medium alone or the WSN
virus (MOI ¼ 0.001) for 48 h at 35 °C. The number of metabolically viable cells
was determined. (C) The inhibition effects in the in vitro transcription assay.
The WSN virus was incubated with the peptide (0–4 mM) for 1 h at 25 °C.
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Design and Demonstration of Peptides that Disrupt NP Trimers. As a
proof of principle, we first expressed the tail-loop peptide (resi-
dues 402–428) fused to the EGFP in HEK293Tcells and showed
that it binds FLAG-tagged WT NP by immunoprecipitation (IP)
assays (Fig. 3A). Next we used the luciferase-based reporter assay
to demonstrate the inhibition effect of the tail-loop peptide on
RDRP activity in HEK293T cells (Fig. 3B). Finally the EGFP-
fused tail-loop peptide was transfected into HEK293T cells that
were subsequently infected with the H1N1 virus. As shown in
Fig. 3 C andD, the EGFP-fused tail-loop peptide was able to slow
down the replication of the virus by >50% based on the Western
blot analyses and the plaque assays (as described in Fig. 1 C and
D). We have also confirmed by AUC analyses that, contrary to the
aggregating effect of nucleozin and its analogs (19, 20), binding of
the tail-loop peptide causes inhibition of the NP oligomerization
in the presence of RNA (Fig. 3E).

We then tried to improve the effects of the tail-loop peptide by
making it shorter and cyclic, and testing their effects by direct
addition to cells rather than overexpression in cells. We also used
these peptides to show that disruption of the NP trimer formation
based on AUC analysis is a feasible predictor for the inhibitory
effect. As shown in Fig. 4A, the seven-residue peptide (peptide 1)
from residues 411–417 of the tail-loop disrupted WT NP trimer-
ization only slightly, but the effect was substantially enhanced
when the peptide is cyclized to restrict its conformation by adding
two Cys residues on both ends (peptide 2). A slightly larger cyclic
peptide, peptide 3 (residues 409–418), showed a slightly greater
effect. Then we analyzed the WSN viral yield reduction by these
peptides at different doses. As shown in Fig. 4B, both peptide 2
and peptide 3 were modestly effective in protecting the host cells
from viral infection, with the antiviral IC50 values of about 1 mM
(Table 1). To verify that the peptides inhibited viral replication by
perturbing the RDRP activity, we performed the in vitro tran-
scription assay and the results are shown in Fig. 4C. The results
establish that both cyclic peptides 2 and 3 were able to inhibit

the influenza viral replication and reduce the viral transcription
activity.

In principle it is possible to design other peptides and pepti-
domimetics with improved inhibitory effects, but our purpose for
the peptide studies was mainly to demonstrate the feasibility of
our approach. Our goal was to identify small molecule inhibitors
against the E339…R416 target site, as described below.

Virtual Screening for Small Molecules that Can Perturb the E339…R416
Salt Bridge. The virtual screening method is described in SI
Materials and Methods. Twenty-four compounds were selected
from a library of 1,775,422 compounds and verified in cell viabi-
lity antiviral assays (Fig. S3). Of the 24 hits, we tested compounds
3, 5, 7, 12, 20, and 23 (which were readily available commercially)
by AUC, and found that four compounds, 3, 7, 12, and 23 were
able to disrupt NP trimerization and induce formation of NP
monomers (Fig. S4 A–E), suggesting that they likely can hit the
target of the E339…R416 salt bridge as predicted. In contrast, we
also show that nucleozin (compound 788) and compound 3061
from our previous report (20) caused aggregation of the NP
trimer (Fig. S4 F and G).

We then further characterized the inhibitory properties of
the four compounds. Fig. 5A shows the results of antiviral dose
response curves, and Fig. 5B shows the results of antiviral assays.
The antiviral IC50 values are shown in Table 1. The results sup-
port that the four compounds identified by the virtual screening
method are able to inhibit the activity of RDRP and viral replica-
tion. Because compound 3 showed the best inhibitory activity,
with an antiviral IC50 value as low as 2.7 μM, we focused on com-
pound 3 in the in vitro transcription assay, and confirmed its
effect as shown in Fig. 5C.

Fig. 5D shows the modeled structure of the NP-compound 3
complex. As illustrated, the dichloro-anilino group of the inhibi-
tor could be docked in a hydrophobic site, formed by Phe304,
Trp330, Ala336, Ile347, and Ala387, which is originally occupied

Table 1. Antiinfluenza IC50 values (μM) of peptides and small molecule inhibitors

Peptide 2 Peptide 3 Compound 3 Compound 7 Compound 12 Compound 23

IC50 (μM) 1,315 904 2.7 37.5 39.7 118.4
CC50 (μM)* >2;000 >2;000 35.6 >100 >100 >100

*CC50 indicated the concentration needed to inhibit 50% growth of MDCK cells in 48 h.

Fig. 5. Inhibition effects of small molecule inhibitors. (A) Structures and inhibitory effects of the compounds. TheMDCK cells were incubated with compounds
(0–100 μM), then inoculated with medium alone or the WSN virus (MOI ¼ 0.001) for 48 h at 35 °C. The number of metabolically viable cells was determined.
(B) In vitro transcription assay of compounds. The WSN viruses were incubated with compound 3 (0–400 μM) for 1 h at 25 °C. (C) The antiviral dose response
curves of compound 3. The MDCK cells were incubated with the compound (0–100 μM), then inoculated with medium alone, the rWSN virus, nucleozin-
resistant rWSN virus (Y289H mutation at NP), compound 3061-resistant rWSN virus (Y52H mutation at NP), or Y52H/Y289H double mutation rWSN virus
(MOI ¼ 0.001) at 35 °C. After 48 h, the number of metabolically viable cells was determined. (D) The modeled structure of the NP-compound 3 complex.
The ribbon illustrates the NP tail-loop and the amino acids mentioned in the text are colored in pink. The compound 3 is shown in stick-and-ball with
the carbon atoms colored in yellow. The NP residues interacting with compound 3 are showed in sticks.
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by Phe412 from the tail-loop. The aromatic ring of the inhibitor
could form aromatic-pi interactions with Phe304 and Trp330 and
cation-pi interaction with Arg389. The nitrogen atoms of the
anilino-thiazole-carboxamide groups of compound 3 could mimic
the tail-loop Arg416 and interact with the carboxylate of Glu339.
In addition, the morpholino and propyl moieties of compound 3
could be docked into the pocket that was occupied by Ile408 and
Pro419 of the tail-loop.

Comparison with Nucleozin Analogs. In addition to the AUC ana-
lyses showing different mechanism of the interaction with NP
between our compounds and nucleozin analogs as described in
Fig. S4, the immunostaining data in Fig. 6 also indicate that com-
pounds 3, 7, 12, and 23 did not cause the aggregation that was
observed for nucleozin and compound 3061 under in vivo condi-
tions. These results clearly establish that our compounds and
nucleozin analogs interact with NP via different mechanisms,
and that both interactions can lead to inhibition of the viral re-
plication.

To provide further support to the above statement, we showed
that compound 3 is capable of inhibiting nucleozin- and 3061-
resistant strains of the virus. Fig. 5C shows the dose response
curves, and Table 2 summarizes the IC50 values of the antiviral

assay results of these compounds against influenza viruses de-
rived from recombinant WSN (rWSN), nucleozin-resistant rWSN
variant (Y289H mutation at NP), and compound 3061-resistant
rWSN variant (Y52H mutation at NP) (19, 20), and Y52H/
Y289H double mutant. The results indicate that the strains resis-
tant to nucleozin or 3061 are not resistant to compound 3.

Conclusion.
Our results demonstrate that the salt bridge Arg416…Glu339 is
a specific target for rational design of new antiinfluenza drugs
by disrupting NP–NP interactions. These results complement the
recent report by Kao et al. (19) and Su et al. (20) on the use of
random screening to identify nucleozin and its analogs that bind
NP, cause aggregation, and inhibit viral replication. Together
the two approaches reenforce that NP is a highly feasible antiin-
fluenza drug target.

Even though the four small molecule inhibitors described in
this paper are less effective than nucleozin and its analogs in
inhibiting the viral replication (the smallest antiviral IC50 ob-
tained from the two studies are 1.7 μM for compound 3 and
0.3 μM for compound 3061), our results are potentially more sig-
nificant than the two previous reports (19, 20) on the basis of the
following considerations: (i) The compounds we identified are
only the first generation hits from virtual screening against the
target site identified by a rational approach. It is highly likely that
these “lead compounds” can be further optimized to become
potent inhibitors, particularly because their target site is known.
(ii) Our compounds are effective against the viral variants resis-
tant to nucleozin and 3061. (iii) Because the E339…R416 salt
bridge is very highly conserved, it is less likely for the virus to de-
velop resistance against the drugs targeting this specific site.

Materials and Methods
For a complete description of the materials andmethods, see SI Materials and
Methods. In summary, this section consists of the sources of the compounds
and peptides used in the inhibition assays, and the viruses, cells, and plasmids
used in various experiments. The section also includes detailed procedures
for expression and purification of NP and its mutants, the luciferase-based
reporter assay, Western blot analysis, plaque assays, analytical ultracentri-
fuge analysis, circular dichroism analysis, the virtual screening (Fig. S5), the
primer extension assay, the in vitro transcription assay, the preparation of
isogenic recombinant influenza viruses, the antiviral assay, the cytotoxicity
assay, and the immunofluorescence studies.
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