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ABSTRACT: The influenza A virus (IAV) is responsible for seasonal epidemics that result in hundreds of thousands of deaths
worldwide annually. The non-structural protein 1 (NS1) of the IAV inflicts various antagonistic processes on the host during
infection. These processes include inhibition of the host interferon system, inhibition of the apoptotic response, and enhancement of
viral mRNA translation, all of which contribute to the overall virulence of the IAV. Although the mechanism by which NS1
stimulates translation is unknown, NS1 has been shown to bind both poly-A binding Protein 1 and eukaryotic initiation factor 4
gamma 1 (eIF4G1), two proteins necessary for cap-dependent translation. We directly analyzed the interaction between NS1 and
eIF4G1 within the context of the 5′-m7G-mRNA·eIF4E·eIF4G1 complex. Interestingly, our studies show that NS1 can bind this
complex in the presence or absence of 5′-m7G-mRNA. Additionally, we were interested in investigating whether NS1 interacts with
eIF4E directly. Our results indicate that NS1 can bind to eIF4E only in the absence of 5′-m7G-mRNA. Considering previous data,
we propose that NS1 stimulates translation by binding to eIF4G1 and recruiting the 43S pre-translation initiation complex to the
mRNA.

■ INTRODUCTION
Between 2010 through 2015, the seasonal influenza A virus
(IAV) was responsible for 9 million to 36 million influenza-
associated illnesses in the United States alone.1 In 2003, the
direct medical cost in the United States due to seasonal IAV
epidemics was estimated to be $10 billion, while the total
economic burden was estimated at $87 billion.2 Human IAV
infection occurs in the upper and lower respiratory tract and is
characterized by, but is not limited to, fever, cough, headache,
and inflammation of the upper respiratory tree and trachea.3

IAVs are members of the Orthomyxoviridae family, whose
viral genome contains eight single-stranded, negative-sense
RNA segments, which encode 10 to 12 viral proteins.4−7

Among the IAV proteins, the non-structural protein 1 (NS1) is
the main antagonist of the host’s innate immunity. NS1 is
responsible for various processes that contribute to effective
viral replication and virulence, including suppression of host
immune and apoptotic responses, enhancement of viral mRNA
translation, and post-transcriptional blocking of processing,
and nuclear exporting of cellular mRNAs.8,9

The NS1 protein is 26 kDa and is traditionally divided into
four distinct regions, the N-terminal RNA-binding domain
(RBD) (amino acids 1 through 73), the linker region (amino
acids 73 through 88), followed by the effector domain (ED)
(amino acids 88 through 202) and the C-terminal tail (amino
acids 202 through 237).8,10,11 Excluding the high sequence

variation in the C-terminal tail and linker region, the domains
are highly conserved for NS1 proteins from various IAVs,
highlighting the utility of these domains.12

Although NS1 is known to interact with many host proteins,
we were interested in better characterizing the interaction
between NS1 and eukaryotic translation initiation factor 4
gamma 1 (eIF4G1).8 eIF4G1 is a crucial component of the
translation initiation factor complex, serving as a scaffolding
protein that binds other initiation factors, stimulating their
activity and recruiting ribosomes to the mRNA.13−15 The
NS1−eIF4G1 interaction was mapped to amino acids 157
through 550 on eIF4G1 and amino acids 82 through 113 on
NS1 (Figure 1A).16 Although the reason for NS1’s binding to
eIF4G1 is not yet understood, we sought to study this
interaction directly and in the context of eIF4E and 5′-m7G-
mRNA as all three biomolecules form a single complex during
translation initiation.17,18 In addition to eIF4G1, we were
interested in investigating the possibility of NS1 interacting
with eIF4E independently of eIF4G1. Using a combination of
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fluorescence anisotropy and native electrophoretic assays, we
detail the interactions between NS1, eIF4E, eIF4G1, and 5′-
m7G-mRNA. Our results show that NS1 can bind eIF4E and
eIF4G1 separately and the eIF4G1·eIF4E complex. Interest-
ingly, we found that the NS1·eIF4E complex is outcompeted
by forming the higher-affinity 5′-m7G-mRNA·eIF4E complex.
Nevertheless, NS1 can bind to the 5′-m7G-mRNA·eIF4E·
eIF4G1 complex by directly interacting with eIF4G1. The
interaction of NS1 with eIF4G1 may be necessary for
translation stimulation.

■ MATERIALS AND METHODS
Purification of Recombinant NS1 from the H3N2 and

H5N1 Strains. The NS1 coding sequences from the H3N2
influenza virus and the H5N1 influenza virus were
independently subcloned into the pETHSUL vector.19 The
NS1 (89−237) construct was created by deleting the first 88

amino acids and the 5′-SUMO tag from the wildtype H3N2
NS1 sequence by PCR. The vectors encoding the constructs
were then transformed into Escherichia coli BL21 (DE3) cells.
For expression, 2 L of bacterial cells were grown at 37 °C in
Luria−Bertani (LB) broth supplemented with ampicillin until
the OD600 reached a value between 0.6 and 0.8. At this point,
isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a
final concentration of 1 mM, and the cells were incubated for
an additional 3 h. Following the induction period, the cells
were harvested, flash-frozen, and stored at −80 °C.
Cells expressing NS1 (89-237) were resuspended in 50 mL

of lysis buffer [50 mM HEPES (pH 7.5), 300 mM NaCl, 0.5
mM EDTA, 15 mM imidazole, 5% glycerol, 0.1% Triton X-
100, 8 mM dithiothreitol (DTT), and 1 mM phenyl-
methylsulfonyl fluoride (PMSF)] and then sonicated to lyse.
The cell lysate was clarified by centrifugation at 20,000g for 45
min at 4 °C. The supernatant was incubated with 1 mL of
equilibrated Ni-NTA resin for 2 h. The cell-slurry mixture was

Figure 1. The ED of NS1 is sufficient for binding to human eIF4G1. (A) Cartoon diagram depicting the functional domains in NS1 and
eIF4G1.11,16,17,27 The red line indicates the eIF4G1-binding region in NS1. Labels: LR, linker region; CTT, C-terminal tail. The red box indicates
the NS1-binding region in eIF4G1. The other protein-binding regions in eIF4G1 are also shown. (B) Representative EMSA showing that wildtype
H5N1 NS1 does not cause an apparent shift of the 5′-m7G-mRNA·eIF4E·eIF4G1 complex. The absence and presence of the different proteins are
indicated by the minus and plus signs, respectively, above the lanes. The concentrations are 5′-m7G-mRNA-FL = 50 nM, NS1 = 500 nM, eIF4E =
500 nM, and eIF4G1 (88−653) = 500 nM. (C) Representative EMSA showing that the fluorescein-labeled H3N2 NS1 (89−237) interacts directly
with eIF4G1 (88−653). The concentration of NS1 (89−237)-FL was set to 75 nM, while the eIF4G1 (88−653) concentration was increased from
0 to 1999 nM in 285 nM steps. (D) Quantification of the changes in band intensities in the EMSA caused by the titration of eIF4G1 (88−653).
Error bars show the standard deviations from three independent experiments. (E) Graph showing the increase in fluorescence anisotropy of
fluorescently labeled NS1 (89−237) caused by the addition of eIF4G1 (88−653). The change in fluorescence anisotropy caused by BSA was also
measured to test for non-specific protein−protein interactions. Error bars display the standard deviations from four independent experiments.
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poured over a column and washed with 50 column volumes
(CVs) of wash buffer A [50 mM HEPES (pH 7.5), 300 mM
NaCl, 0.5 mM EDTA, 40 mM imidazole, 5% glycerol, 8 mM
DTT, and 1 mg/mL of heparin sodium salt] and then with 25
CVs of wash buffer B [50 mM HEPES (pH 7.5), 1 M NaCl,
0.5 mM EDTA, 40 mM imidazole, 5% glycerol, and 8 mM
DTT]. Finally, the beads were washed with 25 CVs of wash
buffer C [50 mM HEPES (pH 7.5), 300 mM NaCl, 0.5 mM
EDTA, 5% glycerol, and 8 mM DTT]. The protein was eluted
with an elution buffer [50 mM HEPES (pH 7.5), 300 mM
NaCl, 0.5 mM EDTA, 5% glycerol, 8 mM DTT, and 250 mM
imidazole]. Eluates were concentrated, filtered, and further
purified with a Superdex 16/600 200 size exclusion column
with a running buffer consisting of storage buffer A [50 mM
HEPES (pH 7.5), 300 mM NaCl, 10% glycerol, and 1 mM
tris(2-carboxyethyl)phosphine (TCEP-HCl)], using a flow rate
of 1 mL per minute. The elution peaks were analyzed by SDS−
PAGE and fractions free of nucleic acid (determined by
measuring the 260/280 ratio with a Spectrophotometer
NanoDrop 2000C instrument) and protein contaminations
were concentrated, aliquoted, and flash-frozen. All protein
constructs were stored at −80 °C. The concentrations of the
protein aliquots were determined by the Bradford assay (Bio-
Rad).
The purification of the wildtype H5N1 was performed as

previously described.20 The protein concentration was
measured by the Bradford assay (Bio-Rad). The purified
protein was aliquoted, flash-frozen, and stored at −80 °C.
Purification of Recombinant eIF4G1. A codon-opti-

mized DNA coding for amino acids 88 through 653 of the
human eIF4G1 was purchased for expression in an E. coli
system (GENEWIZ). The sequence was subcloned into the
pTXB1 vector (New England Biolabs) with the addition of a
threonine following the coding sequence to enhance intein
cleavage. The plasmid was then transformed into BL21(DE3)
Star E. coli cells. For expression, 2 L of bacterial cells were
grown at 37 °C in LB broth supplemented with ampicillin until
the OD600 reached a value between 0.6 and 0.8. Subsequently,
the cells were induced with 0.4 mM IPTG and allowed a 2.5 h
induction period at 30 °C. Following induction, the cells were
harvested, flash-frozen, and stored at −80 °C.
The eIF4G1-containing cells were resuspended in 50 mL of

lysis buffer [20 mM HEPES (pH 8.2), 1 M KCl, 20% glycerol,
1 mM EDTA, and 1 mM PMSF] and then sonicated to lyse.
The cell lysate was clarified by centrifugation at 20,000g for 45
min at 4 °C. The supernatant was incubated with 7 mL of
equilibrated chitin resin for 2 h at 4 °C. Following the
incubation, the beads were poured over a column and washed
with 8 CVs of buffer A [20 mM HEPES (pH 7.5), 100 mM
KCl, 10% glycerol, 0.1 mM EDTA, 0.5 mM TCEP, and 1 mg/
mL of heparin sodium salt] and then 20 CVs of lysis buffer
(without the 1 mM PMSF), followed by 7 CVs of storage
buffer A [20 mM HEPES (pH 7.5), 100 mM KCl, 10%
glycerol, 0.1 mM EDTA, and 0.5 mM TCEP]. To catalyze the
intein cleavage reaction, 4 CVs of cleavage buffer [20 mM
HEPES (pH 7.5), 100 mM KCl, 10% glycerol, 0.1 mM EDTA,
0.5 mM TCEP, and 50 mM DTT] was added to the resin and
then allowed to tumble overnight at room temperature.
Following the overnight incubation, the supernatant was
concentrated, filtered, and loaded onto a Superdex 75 16/
600 size exclusion column with a running buffer consisting of
storage buffer A using a flow rate of 1 mL per minute. Elution
peaks were analyzed by SDS−PAGE, and fractions free of

nucleic acid (determined by measuring the 260/280 ratio with
a Spectrophotometer NanoDrop 2000C instrument) and
protein contamination were concentrated and aliquoted. The
concentrations of the protein aliquots were then determined by
the Bradford assay. Finally, the aliquots were flash-frozen and
stored at −80 °C.
Purification of Recombinant eIF4E. The plasmid

containing the coding sequence for human eIF4E was
purchased from Addgene and subcloned into the expression
vector pMCSG26. The plasmid was then transformed into the
E. coli Rosetta 2 (DE3) pLysS strain. For expression, 2 L of
bacterial cells were grown at 37 °C in LB broth supplemented
with ampicillin and chloramphenicol until the OD600 reached a
value between 0.6 and 0.8. The cells were induced with 0.2
mM IPTG and allowed a 16 h induction period at 14 °C.
Following the induction period, the cells were harvested, flash-
frozen, and stored at −80 °C.
eIF4E-containing cells were resuspended in 200 mL of lysis

buffer [100 mM Tris−HCl (pH 8.0), 100 mM KCl, 10%
glycerol, 5 mM imidazole, 5 mM β-mercaptoethanol, and 1
mM PMSF]. The cells were lysed by the French press and
clarified by centrifugation at 20,000g for 45 min at 4 °C. The
supernatant was incubated with 1.5 mL of equilibrated Ni-
NTA resin for 2 h. The resin was poured over a column and
washed with 30 CVs of wash buffer A [100 mM Tris−HCl
(pH 8.0), 100 mM KCl, 10% glycerol, 5 mM imidazole, 5 mM
β-mercaptoethanol, and 1 mg/mL heparin sodium salt] and
then 30 CVs of wash buffer B [100 mM Tris−HCl (pH 8.0), 1
M KCl, 10% glycerol, and 5 mM β-mercaptoethanol], followed
by 30 CVs of wash buffer C [100 mM Tris−HCl (pH 8.0), 100
mM KCl, 10% glycerol, and 20 mM imidazole]. The protein
was eluted by adding 30 CVs of elution buffer [20 mM Tris−
HCl (pH 8.0), 100 mM KCl, 10% glycerol, 5 mM β-
mercaptoethanol, and 250 mM imidazole] and allowed to
incubate at room temperature for 15 min. The supernatant was
concentrated, filtered, and loaded onto a Superdex 75 16/600
size exclusion column with running buffer A [20 mM Tris−
HCl (pH 8.0), 100 mM NaCl, and 10% glycerol]. Elution
peaks were analyzed by SDS−PAGE, and fractions containing
the protein of interest were collected, concentrated, and then
loaded onto a HiTrap Q anion exchange column. The Hitrap
Q column utilized two buffers for the NaCl gradient, a low
NaCl buffer [20 mM Tris−HCl (pH 8.0), 10% glycerol, and
100 mM NaCl] and a high NaCl buffer [20 mM Tris−HCl
(pH 8.0), 10% glycerol, and 1 M NaCl]. The elution peaks
were analyzed through SDS−PAGE and fractions free of
nucleic acid (determined by measuring the 260/280 ratio with
a Spectrophotometer NanoDrop 2000C instrument) and
protein contamination were concentrated and aliquoted. The
concentrations of the protein aliquots were determined by the
Bradford assay and then stored at −80 °C.
mRNA for the Electrophoretic Mobility Shift Assay.

The mRNA (5′-GGGUGACAGUCCUGUUU-3′) was syn-
thesized by T7 RNA polymerase transcription in vitro and
purified by denaturing urea-PAGE, chloroform extraction, and
ethanol precipitation. The mRNA was resuspended in water,
and the concentration was determined by measuring the
absorbance at 260 nm and then aliquoted and stored at −80
°C. The 3′ end of the mRNA was fluorescently labeled with
either fluorescein 5-thiosemicarbazide (Invitrogen) or CF-555
hydrazide (Biotium) by first oxidizing the 3′ end with a
solution consisting of 100 mM sodium acetate (pH 5.2) and
100 μM potassium periodate for 90 min at room temperature.
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Then, the oxidized mRNA was purified from the oxidizing
solution using a Monarch RNA Clean-up Kit (New England
BioLabs). The oxidized mRNA was then incubated with either
Fluorescein 5-thiosemicarbazide or CF-555 hydrazide over-
night at 4 °C. A 7-methylguanylate cap was added to the 5′
end of mRNA using the vaccinia capping system.21

Fluorescence Labeling of the NS1 Construct. The NS1
(89−237) protein was labeled with N-(5-fluoresceinyl)
maleimide (Sigma-Aldrich) at the cysteine at amino acid
position 116. The labeling reaction was performed according
to the manufacturer’s specifications, and the unreacted dye was
removed by multiple Bio-Spin 6 columns (Bio-Rad). To ensure
that no unreacted dye remained, the labeled protein was
analyzed by SDS−PAGE and imaged using a FLA9500
Typhoon instrument using the Cy2 excitation laser. The
labeled protein was then concentrated, and the concentration
was determined by measuring the A280 with a Spectropho-
tometer NanoDrop 2000C instrument. The labeled protein
was then aliquoted, flash-frozen, and stored at −80 °C.
Electrophoretic Mobility Shift Assay. We modified a

previously described procedure to analyze the various
biomolecular interactions through native gel electrophoresis.22

The electrophoretic mobility shift assays (EMSAs) were
conducted by incubating different combinations of mRNA
and protein with one or two biomolecules labeled with their
respective fluorophores in anisotropy buffer [50 mM HEPES
(pH 7.4), 150 mM NaCl, 5% Glycerol, and 0.01% Tween 20]
(with 50 ng/μL E. coli total tRNA if RNA binding is involved)
to a final volume of 20 μL at room temperature for 1 h. Unless
otherwise stated, the concentration of the fluorescently labeled
5′-m7G-mRNA (either fluorescein or CF-555) was kept at 50
nM, whereas the concentration of the fluorescein-labeled NS1
(89-237) (H3N2) mutant was kept at 75 nM, and the
concentrations of both eIF4G1 and eIF4E were kept at 500
nM. Following incubation, 1 μL of a pre-chilled 50% glycerol
and xylene cyanol mixture (xylene cyanol was excluded if CF-
555 was included) was added to the solutions. The complexes
were separated from unbound species on a non-denaturing gel
made from a 0.7% SEAKEM GTG agarose solution and 0.5×
TBE buffer. The EMSA was performed at 4 °C in 0.5× TBE
running buffer and held to a constant voltage of 66 V for 1.5 h.
The gels were visualized by scanning with either a FLA9500
Typhoon or an Amersham Typhoon instrument, using Cy2 or
Cy3 excitation. The analysis and quantification of the relative
intensity percentage of the various EMSAs were determined
using ImageJ.23

Fluorescence Anisotropy. Fluorescence anisotropy ex-
periments were conducted using a fixed concentration of
fluorescein-labeled mutant NS1 (H3N2) and an increasing
concentration of the other protein in the anisotropy buffer [50
mM HEPES (pH 7.4), 150 mM NaCl, 5% Glycerol, and 0.01%
Tween 20]. The labeled NS1 (89-237) was fixed at a
concentration of 20 nM while either eIF4G1 or eIF4E were
added in a concentration ranging from 0 to 1500 nM or 0 to
850 nM, respectively. Samples were incubated at room
temperature for 1 h in a 384-well plate and then measured
using a Tecan Spark instrument. The excitation was set at 470
nm, and polarized emission was measured at 520 nm. A 10 nm
band slit was used for both the excitation and emission. The G-
factor was previously determined using a control sample with
fluorescein-labeled mRNA. The anisotropy values were
subtracted from the baseline value, plotted, and fit to the

following quadratic equation to determine the KD value as
described previously24

K K

P FL
FL

P FL ( P FL ) 4 P FL

( 2 P )
D D

2

[ + ]
[ ]

=

[[ ] + [ ] + [ ] + [ ] + [ ][ ] ]
[ ]

where [P + FL]/[FL] is the anisotropy value, [FL] is the
fluorescently labeled species, and [P] is the protein
concentration. GraphPad Prism (GraphPad Software Inc.)
was used to determine the curve fit. All experiments were
performed at least three times with different protein batches to
confirm the reproducibility of the results.

■ RESULTS
NS1 Binds to Human eIF4G1. Previous studies have

shown that amino acids 81 through 113 of NS1 are sufficient
for in vivo and in vitro binding to eIF4G1.16 We investigated
whether the interaction between eIF4G1 (88−653) and full-
length H5N1 NS1 affected the formation of the 5′-m7G-
mRNA-bound eIF4E·eIF4G1 complex using an EMSA. The
EMSA showed that we could assemble the 5′-m7G-mRNA·
eIF4E·eIF4G1 complex; however, we did not observe any
change to this complex in the presence of NS1 (Figure 1B).
Since our results were inconclusive, we decided to label NS1
with a fluorescent dye to directly track its location in the
presence of the 5′-m7G-mRNA·eIF4E·eIF4G1 complex. We
used a fragment of NS1, NS1 (89−237), rather than the full-
length NS1 because it is easier to prepare in large amounts and
remains stable during the conjugation reaction with fluorescent
dyes. Additionally, we can use fluorescence anisotropy to
quantitatively determine binding affinities with other proteins
because of the smaller size of the NS1 (89−237) fragment.
NS1 (89−237) was labeled with fluorescein, and binding to
eIF4G1 was first analyzed by EMSA. NS1 (89−237) by itself
migrated as two bands in the native gel, which may correspond
to the monomer and dimer of the ED, as reported
previously.25,26 The addition of an increasing concentration
of eIF4G1 resulted in the appearance of the NS1·eIF4G1 band
and the simultaneous disappearance of the NS1 (89−237)
bands (Figure 1C). Interestingly, we noticed that the
monomer band was the first to disappear, while the dimers’
intensity was slow to fade (Figure 1D). To ensure that the
formation of the NS1·eIF4G1 band was not a result of non-
specific interactions, a control EMSA was performed using
bovine serum albumin (BSA) added in identical concen-
trations to FL-labeled NS1 (89−237); no new band formation
was observed (Figure S1A). Next, we used a fluorescence
polarization assay to monitor the change in anisotropy of FL-
labeled NS1 (89−237) in the presence of an increasing
concentration of eIF4G1 (Figure 1E). The anisotropic data
were analyzed by non-linear regression to attain an equilibrium
dissociation constant (KD) of 264 ± 63 nM. As a control, BSA
was added in identical eIF4G1 concentrations, and a non-
specific linear change in anisotropy was observed (Figure 1E).
Our results show that NS1 binds with specificity to eIF4G1.
NS1 Binds to Human eIF4E. Previous studies have

explored the importance of eIF4E in the influenza viral life
cycle.28−30 For example, a study found that influenza virus
infection proceeds without hindrance in various conditions
where eIF4E is functionally impaired.28 Additionally, the same
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Figure 2. The ED of NS1 binds to human eIF4E in the absence of 5′-m7G-mRNA. (A) Representative EMSA showing that the fluorescein-labeled
NS1 (89−237) interacts directly with eIF4E. The concentration of NS1 (89−237)-FL was set to 75 nM, while the eIF4E concentration was
increased from 0 to 1050 nM in 150 nM steps. (B) Quantification of the changes in band intensities in the EMSA caused by the titration of eIF4E.
The error bars depict the standard deviations from three independent experiments. (C) Graph showing the increase in fluorescence anisotropy of
fluorescently labeled NS1 (89−237) caused by the addition of eIF4E. The change in fluorescence anisotropy caused by BSA was also measured to
test for non-specific protein−protein interactions. The error bars show the standard deviations from three independent experiments. (D)
Representative EMSA showing the formation of the eIF4E·eIF4G1·NS1 complex. The concentrations are NS1 (89−237)-FL = 75 nM, eIF4E =
400 nM, and eIF4G1 (88−653) = 855 or 1712 nM. (E) Representative EMSA showing that the addition of 5′-m7G-mRNA disrupts the eIF4E·NS1
(89−237) complex. The concentrations are NS1 (89−237)-FL = 75 nM, eIF4E = 400 nM, and 5′-m7G-mRNA = 400 nM.
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group that first reported the NS1 and eIF4G1 interaction
reported that eIF4E could not bind NS1.16 However, the
binding studies were performed with the rabbit reticulocyte
lysate in vitro translation system, in which eIF4E may have
been pre-bound to 5′-m7G-mRNA. Therefore, we investigated
whether NS1 could bind to eIF4E that is not attached to 5′-
m7G-mRNA. We used an EMSA to monitor the binding of
NS1 (89−237) to human eIF4E. NS1 (89−237) labeled with
fluorescein was incubated with an increasing concentration of
eIF4E and analyzed by a native gel. We observed the
appearance of a new band representing the NS1·eIF4E
complex (Figure 2A). Interestingly, unlike eIF4G1, there was
no residual dimer band at high concentrations of eIF4E, and
both the monomer and dimer band intensities decreased at
similar rates (Figure 2B). Next, we used a fluorescence
anisotropy assay to determine the equilibrium dissociation
constant (KD) for NS1 (89−237) binding to eIF4E (Figure
2C). The KD for NS1 binding to eIF4E interaction was
determined to be 177 ± 39 nM, which is comparable to the
measured KD for the NS1 and eIF4G1 interaction. To validate
our results, we performed control experiments with increasing
concentrations of BSA added to FL-labeled NS1 and observed
a non-specific linear anisotropy change. Thus, we discovered
that NS1 binds to eIF4E in the absence of mRNA. The ED of
the NS1 protein is highly conserved throughout multiple
influenza viruses, suggesting that the interaction with eIF4E
may occur for other influenza A strains.12,26

Interaction of NS1 with the 5′-m7G-mRNA·eIF4E·
eIF4G1 complex. Since our studies showed that NS1 could
bind to eIF4G1 and eIF4E separately, we decided to
investigate whether NS1 would bind to the eIF4E·eIF4G1
complex. We performed an EMSA with FL-labeled NS1 (89−
237) in the presence of two concentrations of eIF4G1 (855
and 1712 nM), both with and without eIF4E. We observed a

new band when both eIF4E and eIF4G1 were present,
indicating the formation of an NS1·eIF4E·eIF4G1 complex
located below the NS1·eIF4G1 complex (Figure 2D, lane 5).
Thus, our studies showed that NS1 could bind to eIF4E and
eIF4G1 separately and the eIF4E·eIF4G1 complex. In the
presence of 1712 nM eIF4G1, NS1 (89−237) predominantly
forms the NS1·eIF4G1 complex rather than the NS1·eIF4E·
eIF4G1 ternary complex because eIF4G1 is present in 3.2-fold
molar excess over eIF4E, and NS1 (89−237) has similar
binding affinities for eIF4E and eIF4G1.
To determine whether NS1 could bind to the 5′-m7G-

mRNA·eIF4E complex, we performed an EMSA with NS1
(89−237)-FL and eIF4E in the presence of excess 5′-m7G-
mRNA. NS1 (89−237)-FL in the absence and presence of 5′-
m7G-mRNA showed an identical band pattern, indicating that
it does not bind to 5′-m7G-mRNA (Figure 2E, compare lanes 1
and 2). As shown above, NS1 (89−237)-FL binds to eIF4E
(Figure 2E, lane 3 shows a smear above the NS1 dimer band
corresponding to the NS1·eIF4E complex). Interestingly, in
the presence of excess 5′-m7G-mRNA, NS1 (89−237) no
longer binds to eIF4E (Figure 2E, lane 4 shows the monomer
and dimer bands of NS1 as seen in the control lane 1).
However, in the presence of the excess m7G(5′)ppp(5′)G cap
analogue, the binding of NS1 (89−237) to eIF4E was not
inhibited (Figure S1C). This difference in results suggests that
the ribonucleotides following the 5′-m7G cap analogue may
sterically hinder NS1’s ability to bind eIF4E. We theorize that
NS1 may bind near the cap-binding pocket of eIF4E but not
directly to the cap-binding site. We attempted to demonstrate
the inverse, where excess NS1 was added to disrupt the
binding of eIF4E to capped RNA but were unsuccessful
(Figure S1B). We reason that NS1’s inability to disrupt the 5′-
m7G-RNA·eIF4E complex is because eIF4E has a higher
affinity for 5′-m7G-mRNA (KD = 60 nM, which is significantly

Figure 3. NS1 (89−237) colocalizes with the 5′-m7G-mRNA·eIF4E·eIF4G1 (88−653) complex. (A) Cartoon depiction of the fluorescein-labeled
NS1 (89−237) binding to the 5′-m7G-mRNA-CF555·eIF4E·eIF4G1 complex. (B) Representative EMSA showing the formation of the 5′-m7G-
mRNA-CF555·eIF4E·eIF4G1 (88−653) complex detected by scanning for CF555 fluorescence emission (left panel), fluorescein emission (middle
panel), and an overlay of both scans with CF555 emission shown in red and fluorescein emission shown in yellow (right panel). The plus and
minus signs indicate the presence and absence of the indicated biomolecule. The colored arrowheads indicate each designated complex or unbound
fluorophore-labeled protein or mRNA.
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lower compared to the KD = 177 nM we report for the NS1
and eIF4E interaction).31

We wanted to investigate whether NS1 can bind to the 5′-
m7G-mRNA·eIF4E·eIF4G1 complex, as we have shown that it
can bind the protein constituents simultaneously and
independently. To independently track both the formation of
the 5′-m7G-mRNA·eIF4E·eIF4G1 complex and the location of
NS1, we used two non-interacting biomolecules, each labeled
with a different fluorophore: fluorescein-labeled NS1 (89−
237) and CF555 labeled 5′-m7G-mRNA (Figure 3A). As
expected, in the absence of NS1 (89−237)-FL, we observed
the formation of the 5′-m7G-mRNA·eIF4E·eIF4G1 complex
by scanning for CF555 emission (Figure 3B left panel, lane 5).
In the presence of NS1 (89−237)-FL, we observed a band that
migrated to the same position as the 5′-m7G-mRNA·eIF4E·
eIF4G1 complex by scanning for CF555 emission. However,
when we examined the position of NS1 (89−237)-FL by

scanning for FL emission, we observed that NS1 is present
predominantly in a band that runs slightly below the band
corresponding to the 5′-m7G-mRNA·eIF4E·eIF4G1 complex
(Figure 3B middle panel, lane 6). This can be more clearly
visualized when the CF555 emission (red color) and FL
emission (yellow color) are superimposed (Figure 3B right
panel, lane 6 shows an orange band below the red band formed
by the 5′-m7G-mRNA·eIF4E·eIF4G1 complex). The 5′-m7G-
mRNA·eIF4E·eIF4G1·NS1 complex migrated faster than the
5′-m7G-mRNA·eIF4E·eIF4G1 complex, suggesting that the
NS1-containing complex is more compact and/or more
negatively charged. Most likely, NS1 can bind to the 5′-
m7G-mRNA·eIF4E·eIF4G1 complex via the interaction with
eIF4G1.
Following our initial results showing that the 5′-m7G-

mRNA·eIF4E·eIF4G1·NS1 complex can be formed, we wanted
to further analyze this complex in the context of other known

Figure 4. NS1 (89−237) binds to the 5′-m7G-mRNA·eIF4E·eIF4G1 (88−653) complex. (A) Representative EMSA showing the formation of the
5′-m7G-mRNA-CF555·eIF4E·eIF4G1 (88−653) complex and sub-complexes. Left panel, complexes detected by scanning for the CF555
fluorescence emission; middle panel, complexes detected by scanning for the fluorescein emission; right panel, an overlay of both scans with the
CF555 emission shown in red and the fluorescein emission shown in yellow. The colored arrowheads indicate each designated complex or unbound
fluorophore-labeled protein or mRNA. The plus and minus signs indicate the presence and absence of the indicated biomolecule. (B) ImageJ plot
profiles for each fluorophore from each lane of the above EMSA gel. The top horizontal axis corresponds to the intensity (arbitrary units) measured
from the fluorescein scan (gray), while the bottom horizontal axis corresponds to the intensity (arbitrary units) measured from the CF555 scan
(red). The vertical axis denotes the distance measured from the top to the bottom of the lane (in centimeters). The colored arrowheads indicate
the corresponding intensity peak of each designated complex or unbound fluorophore-labeled protein or mRNA.
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complexes to verify our results. We performed another EMSA
where we formed the 5′-m7G-mRNA·eIF4E·eIF4G1 complex
in addition to forming all individual binding complexes of NS1
to compare the multiple band patterns (Figure 4A). Our
results indicate that the band pattern for the 5′-m7G-mRNA·
eIF4E·eIF4G1·NS1 complex (Figure 4A, middle panel, lane 4)
and the band pattern for the eIF4E·eIF4G1·NS1 complex
(Figure 4A, middle panel, lane 7) are indistinguishable.
However, lane 4 maintained the orange hue, signifying the
presence of both NS1 (89−237)-FL (Figure 4A, right panel,
yellow color) and the 5′-m7G-mRNA-CF555·eIF4E·eIF4G1
complex (Figure 4A, right panel, red color). Using ImageJ, we
plotted the intensity distribution of both the CF-555 dye (red)
and fluorescein dye (gray) in each corresponding lane (Figure
4B). We found that the CF-555 intensity peak corresponding
to the 5′-m7G-mRNA-containing complex (Lane 4 plot, red)
overlaps considerably with the fluorescein intensity peak
corresponding to the NS1-containing complex (Lane 4 plot,
gray), signifying that NS1 is a constituent of the 5′-m7G-
mRNA·eIF4E·eIF4G1 complex. These results are consistent
with the fact that eIF4E binds with high affinity to 5′-m7G-
mRNA in the presence of eIF4G1 and that NS1 can bind
directly to eIF4G1.18 Thus, NS1 can interact with the
translation initiation complex assembled at the 5′-end of
mRNAs by binding to eIF4G1. The C-terminal interactions of
NS1 with eIF4G1 paired with the N-terminal interactions of
NS1 with ribosomes may help explain the previously reported
stimulation of translation by NS1.32,33

■ DISCUSSION
eIF4G1 is an essential component of the eIF4F complex.
During cap-dependent translation initiation, eIF4G1 interacts
with eIF4E, eIF4A, poly-A binding Protein 1 (PABP1), and
other initiation factors to recruit the 40S ribosomal subunit
and begin translation.27 Considering the importance of
eIF4G1’s role in translation, it would stand to reason that
IAV would also target eIF4G1 as other viruses, such as Zika
Virus and HIV-1, have been shown to target this protein as a
means to influence host translation.34,35 The fundamental need
for eIF4G1 in IAV translation was confirmed by a previous
study demonstrating that a decrease of functional eIF4G1 leads
to a corresponding decline of translated IAV proteins.36

Though the reason for NS1 binding to eIF4G1 is unclear, we
further characterized this interaction by providing visual

evidence of this protein−protein complex and determining
the KD value for this interaction.
Much like eIF4G1, eIF4E is crucial in forming the eIF4F

complex as it binds the 5′-m7G cap structure and aids in
directing ribosomes to mRNAs for translation.37 This cap-
binding protein is heavily regulated by endogenous pathways
to modulate cap-dependent translation and, as such, is the
limiting factor for the eIF4F complex.37,38 The direct
correlation of eIF4E with cap-dependent translation is best
seen in cancer where eIF4E is often overexpressed, leading to
tumor formation.39,40 Previous studies have shown that during
IAV infection, eIF4E is excessively dephosphorylated, leading
to inactivation.30 Although the mechanism is still unclear, the
IAV does not require a functional eIF4E to translate a viral
protein successfully.28 These findings, combined with our
results, indicate that NS1 may target eIF4E in an antagonistic
manner. It is possible that NS1 specifically inhibits eIF4E-
dependent translation, while cap-dependent but eIF4E-
independent translation is stimulated to support infection.41−44

Additionally, IAV mRNAs may be translated without the
formation of the mRNA closed-loop structure when the
activity of eIF4E is inhibited by NS1.45,46 More studies are
needed to understand the functional significance of NS1
binding to eIF4E.
The NS1 protein is highly overexpressed during infection,

and it is responsible for an ample number of viral processes
that antagonize the host immune response and assist in the
proliferation of the IAV.8,9 In addition to facilitating the
circumvention of the host immune response, NS1 has also
been shown to increase mRNA translation.32,33,47 Though it is
uncertain how NS1 increases translation, in this report, we
expand the theory of NS1 acting as a translation initiation
stimulator. First, the binding site of NS1 on eIF4G1 does not
overlap with any other known binding sites on eIF4G1,
suggesting that NS1 can bind the eIF4E·eIF4G1 complex,
while eIF4G1 is bound to other initiation factors.16,27 Second,
only the C-terminal end of NS1 is required to bind the eIF4E·
eIF4G1 complex, indicating that the NS1 RBD remains
available for interactions with other biomolecules. Third,
previous studies have shown that the NS1 RBD stimulates
translation by promoting the association of the ribosomes with
mRNAs.32 Fourth, the NS1 RBD can interact with PABP1
without the C-terminal region of NS1.20,48,49 With our results
paired with the data mentioned above, we theorize that NS1
may form a network of interactions with eIF4G1, PABP1, and

Figure 5. Models for translation regulation by NS1. (A) Interaction of NS1 with the 5′-m7G-mRNA·eIF4E·eIF4G1 complex and the 43S pre-
initiation complex. Previous studies have shown that the first 70 amino acids on the N-terminal end of NS1 interact with the 40S subunit.32 Here,
we demonstrate that the last 149 amino acids of the C-terminal end of the NS1 associate with the 5′-m7G-mRNA•eIF4E•eIF4G1 complex.
Therefore, NS1 may stimulate translation by stabilizing the interaction of the 5′-m7G-mRNA·eIF4E·eIF4G1 complex with the 43S pre-initiation
complex. (B) NS1 binds to eIF4E in the absence of the 5′-m7G-mRNA, which may affect cap-dependent translation.
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the 43S pre-initiation complex to stimulate translation (Figure
5).
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