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Abstract

Influenza A virus (IAV) is a highly contagious human pathogen responsible for nearly
half a million deaths each year. Non-structural protein 1 (NS1) is a crucial protein
expressed by IAV to evade the host immune system. Additionally, NS1 has been
proposed to stimulate translation because of its ability to bind poly(A) binding protein 1
(PABP1) and eukaryotic initiation factor 4G (elF4G). We analyzed the interaction of
NS1 with PABP1 using quantitative techniques. Our studies show that NS1 binds as a
homodimer to PABP1, and this interaction is conserved across different IAV strains.
Unexpectedly, NS1 does not bind to PABP1 that is bound to poly(A) RNA. Instead,
NS1 only binds to PABP1 free of RNA, suggesting that translation stimulation does not
occur by NS1 interacting with the PABP1 molecule attached to the mRNA 3’-poly(A) tail.
We propose that NS1 binds to the elF4G complex at the 5’-end of the mRNA and
recruits the RNA-free PABP1, which may stimulate translation initiation by promoting

the association of the ribosomal subunits.


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Introduction

Seasonal Influenza A Virus (IAV) infection causes tens of thousands of deaths each
year and billions of dollars lost in productivity with potential for greater severity during
epidemics and pandemics.! IAV is a negative sense, single-stranded RNA virus that
infects the lung’s epithelial cells causing acute respiratory distress upon infection.? The
IAV genome is made up of 8 different segments that code for roughly a dozen proteins
required for successful infection and replication.>® One of these viral proteins, Non-
structural protein 1 (NS1), is responsible for a multitude of functions to help 1AV
proliferation, including the downregulation of the innate immune response, regulation of
specific signaling pathways, and selective translation.” NS1 is a 26 kDa protein made
up of an RNA-Binding domain (RBD), a linker region, an effector domain (ED), and a C-
terminal tail.® NS1 is one of the most highly expressed proteins during IAV infection and
yet does not get packaged into new viral particles, emphasizing its importance as a cell
regulator during IAV infection. Studies of this protein and its roles have unveiled over a
dozen different interactions with both host and viral proteins essential for successful

viral replication.”

One of these interactions known to exist but not yet well understood is with the
eukaryotic cytoplasmic Poly (A) Binding protein 1 (PABP1).° PABP1 is a 72 kDa protein
made up of four RNA recognition motifs, a homodimerization domain, and the PABC
domain at the C terminal end.'® PABP1 is one of the most abundant proteins in the cell

(~4 uM) and is primarily responsible for stimulating translation initiation by binding to the
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poly(A) tail at the 3’ end of the mRNA."" PABP1 bound to the 3’ poly(A) tail both
protects the mRNA from exonucleases as well as stimulates translation initiation by
interacting with eukaryotic initiation factors at the 5’ end of the mRNA.'2 While it is
unsurprising for viruses to target translation factors to replicate successfully, little is yet

known about how |IAV makes use of PABP1 during infection.

To date, what is known about the NS1-PABP1 interaction is that NS1 binds to PABP1
with a high affinity (Ko = 20 nM) and primarily involves the RBD of NS1 and the
homodimerization domain of PABP1.%'3 Furthermore, NS1 cannot bind to both RNA
and PABP1 simultaneously, suggesting a function that is independent of NS1’s other
roles as an RNA binder."® An interesting facet of this interaction is that the PABP1
homodimerization domain is long (~170 residues) and predicted to be intrinsically
disordered. This domain is primarily responsible for PABP1’s ability to multimerize on a
poly(A) tail.'* Neither the purpose of this interaction nor the nature of the binding is well
understood. We believe that further characterization of the interaction between NS1
and PABP1 is critical to understanding IAV infection. Additionally, identifying the
binding mode can help design inhibitors that can specifically target this interaction to
inhibit IAV infections. Here, we employed fluorescence polarization and gel-shift assays
to study the binding of NS1 to PABP1. Our studies show that NS1 binds as a
homodimer to PABP1, and the interaction is primarily electrostatic. Interestingly, NS1
binds to RNA-free PABP1 but does not bind to the poly(A)cPABP1 complex. Since NS1

also binds to elF4G, a factor that is essential for translation initiation, the
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NS1-PABP1+elF4G complex at the 5’-end of the mRNA may play a role in enhancing

translation by promoting the recruitment of the ribosomal subunits.>-"8


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Materials and Methods

Purification of Recombinant NS1. H1N1 WSN wiNS1, H5N1 Nigeria wtNS1, H3N2
Udorn wtNS1, H3N2 Udorn WT NS1-RBD and NS1-RBD mutants were LIC cloned into
the pETHSUL vector.’ NS1-RBD mutants were created by site-directed mutagenesis
by either insertion of a C-terminal cysteine to make NS1-RBD FL or changing R35 and
R46 to alanine to make MUT NS1-RBD. pETHSUL-NS1 constructs were transformed
into E. coli BL21(DE3) cells. 2 L of cells were grown at 37 °C in LB/ampicillin to an
ODeoo of 0.6-0.8, and then induced with 1 M isopropyl B-D-1-thiogalactopyranoside for

2.5 h. Cells were pelleted, flash-frozen, and stored at —-80 °C.

For HIN1 wiNS1 and H3N2 wtNS1 cells were resuspended in lysis buffer [25 mM Tris
(pH 7.5), 500 mM NaCl, 5% glycerol, 0.5 mM EDTA, 1 mM PMSF, 0.1% Triton X-100, 8
mM dithiothreitol and 5 mM imidazole] and disrupted by sonication. The cell lysate was
centrifuged at 200009 for 45 min at 4 °C. The supernatant was incubated with 4 mL of
Ni-NTA beads for 15 min at 4 °C on a rotator. The slurry was poured over a column and
washed with 50 mL of wash buffer [25 mM Tris (pH 7.5), 500 mM NaCl, 5% glycerol, 0.5
mM EDTA, 1 M KCI, 8mM dithiothreitol (DTT) and 50 mM imidazole]. Protein was
eluted with elution buffer [25 mM Tris (pH 7.5), 500 mM NacCl, 5% glycerol, 8 mM DTT,
0.5 mM EDTA, and 250 mM imidazole]. Elutions were collected and concentrated using
a 10K molecular weight cutoff (MWCO) concentrator until the volume was 5 mL.

Protein was dialyzed at 4 °C overnight with constant stirring in storage buffer [25 mM
Tris (pH 8.0), 100 mM NaCl, 10% glycerol, and 1mM TCEP-HCI] with Ulp1 protease

(1:100) to remove SUMO tag. After dialysis the protein was incubated with 2 mL of Ni-
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NTA beads for 15 min at 4 °C on a rotator. The slurry was poured over a column and
washed with storage buffer. Fractions were collected and analyzed by 12% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE). Fractions were
pooled and concentrated using a 3K MWCO concentrator, aliquoted, and flash-frozen.
Concentrations of purified proteins were determined by the Bradford assay (Bio-Rad).

Note that yields for these proteins post cleavage are low.

For H5N1 wiNS1 and H3N2 WT NS1-RBD and RBD mutants, cells were resuspended
in lysis buffer [25 mM Tris (pH 7.5), 500 mM NacCl, 5% glycerol, 1 mM PMSF, 0.1%
Triton X-100, 1 mM DTT and 20 mM imidazole] and disrupted by sonication. The cell
lysate was centrifuged at 20000g for 45 min at 4 °C. Cell lysate was injected into FPLC
and run over two HisTrap FF Crude 1 mL columns (Sigma-Aldrich) with FPLC running
buffer [25 mM Tris (pH 7.5), 5% glycerol, and 0.5 mM TCEP-HCI]. Columns were
washed with FPLC running buffer + 1 M NaCl and proteins were eluted with a step
gradient (3%, 50%, 100%) of FPLC running buffer + 1 M Imidazole. Elutions were
collected and run over a HiTrap Q 5 mL column (Sigma-Aldrich) with FPLC running
buffer. A linear gradient from 0% to 100% FPLC running buffer + 1 M NaCl was used to
elute proteins off of the column. Elutions were collected and analyzed by 16%
Tricine-PAGE and A2so/A260 measurements. Elutions free of nucleic acids were
collected and concentrated using a 10K MWCO concentrator until the volume was 5
mL. Protein was incubated at 4 °C overnight on a rotator with Ulp1 protease (1:100) to
remove SUMO tag. Protein post cleavage was injected into FPLC and run over two

HisTrap FF Crude 1 mL columns (Sigma-Aldrich) with FPLC running buffer. The flow
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through fractions were pooled, concentrated and buffer exchanged with NS1-RBD
Buffer [25 mM Tris (pH 7.5), 150 mM NaCl, 5% glycerol, and 0.5 mM TCEP-HCI] using
a 3K MWCO concentrator, aliquoted, and flash-frozen. Concentrations of purified
proteins were determined by the Bradford assay (Bio-Rad).

Tryptophan Polarization Assay. Polarization studies were performed by using 2 yM
of WT NS1-RBD or MUT NS1-RBD in NS1-RBD Buffer. Each sample (200 L final
volume) was transferred to a quartz cuvette and placed in a fluorometer (Jasco FP-
8500) with a xenon lamp. The samples were excited at 295 nm, and the fluorescence
emission intensity was measured at 350 nm. The excitation and emission bandwidth
were set to 5 nm. A measurement of just NS1-RBD Buffer served as background.
Three independent experiments were performed with three batches of protein.

RNAs for Fluorescence Anisotropy. The poly(A)is and ssCR1 (5'-
GCUAUCCAGAUUCUGAUU-3") RNA with a fluorescein dye attached to the 3'-end was
purchased from GE Dharmacon. The dsRK1 with a fluorescein dye attached to the 5'-
end was synthesized as two complementary RNAs: 5-FL-CCAUCCUCUACAGGCG-3'
and 5'-FL-CGCCUGUAGAGGAUGG-3". The S17 with a fluorescein dye attached to the
3'-end was synthesized as 5-GGGTGACAGTCCTGTTT-FL-3’. All RNAs were
deprotected and purified by denaturing urea—PAGE. All RNAs were resuspended in
water, and their concentrations were determined by measuring the absorbance at 260
nm. All RNAs were stored at —80 °C in small aliquots. To make double-stranded RNA,
equimolar amounts of sense and antisense RNAs were heated to 95 °C in 50 mM Tris
(pH 8), 50 mM KCI, and 1 mM DTT for 2 min and then allowed to cool slowly to room

temperature. The dsRNA was then aliquoted and stored frozen at —80 °C.
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Electrophoretic Mobility Shift Assay (EMSA). An EMSA was performed by
incubating proteins with Cy5 or fluorescein-labeled molecules [final concentrations of
100 nM] in anisotropy buffer to a final volume of 11 pyL at room temperature for 1 h.
After incubation, 1.3 pL of ice-cold 50% glycerol was added to the mix. The complexes
were separated from unbound species by electrophoresis on a 0.7% nondenaturing gel
using a SEAKEM GTG agarose solution (Lonza) made with 1x TBE buffer. Samples
were separated at 4 °C in 1x TBE buffer for 1.5 h at a 66 V constant voltage. The gels
were visualized by scanning with a FLA9500 Typhoon instrument using the Cy2 or Cy5
excitation laser at a 600 PMT voltage and 50 ym resolution. In cases where
concentrations are not explicit, 500 nM PABP to 100 nM poly(A) RNA ratio was used
with 5 uM NS1 when excess NS1 was used. Gels were analyzed and quantified with
ImageJ software.?°

Fluorescence Anisotropy. Fluorescence anisotropy studies were performed using a
fixed concentration of fluorescein-labeled RNA and an increasing concentration of
protein in anisotropy buffer [50 mM Tris (pH 8), 50 mM KCI, 50 ng/uL E. coli total tRNA,
1 mM DTT, and 0.01% Tween 20].2" Note that the 50 mM KCI in the anisotropy buffer
was exchanged for varying concentrations of NaCl where applicable. For the NS1
anisotropy experiments, the concentration of RNA or fluorescein labelled NS1-RBD
protein was fixed at 10 nM, and the concentration of either NS1 or PABP1 was titrated
from 0 to 5 yM. Note for the PABP1 binding to fluorescein labelled poly(A)1s
experiments, poly(A)1s concentration was fixed at 1 nM. Samples were incubated for 1
h at room temperature and the anisotropy studies were performed using a Tecan Spark

plate reader in a 96-well plate. The sample (final volume of 100 pL) was excited at 470
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nm, and the polarized emission at 520 nm was measured with 10 nm band slits for both
excitation and emission. The G-factor was determined using a control sample with
fluorescein-labeled RNA. The anisotropy values were subtracted from their initial value,
plotted, and fit to the following quadratic equation to determine Kp as described

previously?'22:

(p+FL]_|[P1+[FLI+ Kp — JAPT+ [FLT+ Kp)? — 4[PI[FL]]
T (2[P])

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
perform the curve fits. All experiments were performed a minimum of three times with
different protein batches to ensure reproducibility.

Purification of Human PABP1. Human PABP1 (GenBank accession code BC015958)
in the pANT7_cGST vector was purchased from DNASU. The PABP1 gene was
subcloned into pMCSG26, which contains a C-terminal six-His tag.?3?* pMCSG26-
PABP1 constructs were transformed into E. coli Rosetta 2 (DE3) pLysS cells (Millipore).
The cells were grown at 37 °C in LB/ampicillin/chloramphenicol to an ODggo of 0.6-0.8,
cooled to 18 °C, and then induced with 0.25 mM isopropyl B-D-1-thiogalactopyranoside
for 12-18 h. Cells were pelleted, flash-frozen, and stored at —80 °C. Cells were
resuspended in PABP1 lysis buffer [25 mM Tris (pH 7.5), 250 mM NaCl, 10% glycerol,
8mM DTT, 0.5 mM EDTA, 1 mM PMSF, 0.1% Triton X-100, and 5 mM imidazole] and
disrupted by sonication. The cell lysate was centrifuged at 20000g for 45 min at 4 °C.
The supernatant was incubated with 4 mL of Ni-NTA beads for 15 min at4 °C on a
rotator. The slurry was poured over a column and washed with 50 mL of PABP1 wash

buffer (lysis buffer with 20 mM imidazole and 1mg/mL Heparin sodium salt from porcine
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intestinal mucosa (Sigma)). Protein was eluted with PABP1 elution buffer [25 mM Tris
(pH 7.5), 250 mM NaCl, 10% glycerol, 8 mM DTT, 0.5 mM EDTA, and 250 mM
imidazole]. Fractions were collected and concentrated using a 50K MWCO
concentrator until the volume was 1 mL. The protein sample was filtered and further
purified using a Superdex 16/60 200 pg column at a flow rate of 1 mL/min using PABP1
storage buffer [25 mM Tris (pH 7.5), 250 mM NacCl, 5% glycerol, and 0.25 mM TCEP].
Sample peaks were collected and analyzed by 10% SDS-PAGE. Fractions free of
nucleic acids, based on Axso/A260 measurements, were pooled and concentrated using a
50K MWCO concentrator, aliquoted, and flash-frozen. Concentrations of purified
proteins were determined by the Bradford assay (Bio-Rad).

Purification of GST Protein. Plasmid pGEX-3X was used to overexpress and purify
the GST protein from E. coli BL21 cells as described previously.'® The protein was
purified using glutathione-Sepharose 4B beads (GE Healthcare) concentrated and
flash-frozen in GST buffer [25 mM Tris (pH 7.5), 25 mM NacCl, 10% glycerol, and 0.25
mM TCEP or 0.5 mM DTT] were identified by analyzing aliquots by 12% SDS-PAGE.
Fluorescence labelling. NS1-RBD FL was labeled with N-(5-Fluoresceinyl) maleimide
(Sigma-Aldrich) or cyanine 5 (Cy5) maleimide (GE Bioscience), according to the
manufacturer’s instructions and as described previously.?® Labelled protein was
separated from free dye by FPLC on a HiPrep 26/10 Desalting column (Sigma-Aldrich)
with NS1-RBD Buffer. Fractions were collected and analyzed by 16% Tricine—-PAGE
scanned on a FLA9500 Typhoon instrument using the Cy2 or Cy5 excitation laser at a
600 PMT voltage and 50 um resolution and stained with Coomassie. Fractions free of

dye were pooled and concentrated using a 3K MWCO concentrator, aliquoted, and


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

flash-frozen. Concentrations and labelling efficiency of proteins were determined by the

Bradford assay (Bio-Rad) and nanodrop.
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Results

Design of an NS1 RBD mutant that does not form a homodimer

Studies of NS1 have elucidated its ability to dimerize and oligomerize as part of its
many functions.”?6 Examples include RBD — RBD dimerization to bind directly to RNA
as well as ED — ED interactions for the binding to CPSF30 (Figure 1A).2-2® We purified
the full-length NS1 and the RNA binding domain of NS1 (WT NS1-RBD) because
previous studies using pull-down assays showed that the RBD is sufficient for binding to
PABP1.° Additionally, the NS1 RBD only forms homodimers, which makes it easier
study. To characterize the minimum oligomerization state NS1 must adopt to interact
with PABP1, we designed a mutant NS1-RBD that cannot form a homodimer. Previous
studies have shown that alanine substitution at Arg 35 and Arg 46 of NS1 disrupts the
RBD - RBD interaction.?® These mutations were incorporated into an NS1-RBD
construct (MUT NS1-RBD), and the protein was purified along with the WT NS1-RBD
(Figure 1B). To determine the oligomeric states of the wild type and mutant NS1 RBDs,
we analyzed the intrinsic tryptophan-fluorescence polarization of both proteins when
they are excited with light at 295 nm wavelength.3°-32 Based on reports regarding
fluorescence polarization of proteins, we expect to see a dimer of NS1 RBD (~ 16.8
kDa) to polarize light more than the monomer (~ 8.4 kDa). As predicted, WT NS1-RBD
polarizes light more than MUT NS1-RBD, with the difference being in agreement with

reports on UV-fluorescence polarization of proteins (Figure 1C).33

Another method for testing the oligomeric states of the NS1-RBD constructs is the

ability to bind double-stranded RNA (dsRNA). Based on previous reports that NS1-RBD
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must be a dimer to bind to dsRNA, we tested the binding of WT NS1-RBD and MUT
NS1-RBD to a double-stranded RNA (dsRK1) using an electrophoretic mobility shift
assay (EMSA).?” We used one of the single-stranded RK1 (ssRK1) sequence as a
negative control for the assay. The WT NS1-RBD bound to dsRK1 and slowed its
migration on the gel. In contrast, the MUT NS1-RBD did not affect the migration of
dsRK1, indicating that the MUT NS1-RBD cannot dimerize to bind to dsRNA (Figure
1D). Additionally, both RBDs do not bind to ssRK1, which is consistent with the

specificity of NS1 for dsRNA and not for ssRNA (Figure 1D).

To validate these results, we used a fluorescence anisotropy-based quantitative assay
to analyze the binding of NS1-RBDs to dsRK1. Binding experiments were performed by
incubating increasing concentrations of NS1-RBD with a fixed concentration of
fluorescein-labeled dsRK1 (10 nM), and the change in anisotropy was measured. WT
NS1-RBD bound to dsRK1 with a Kp of 76 nM = 9 nM, which is stronger than what has
been previously reported for the full-length NS1 (Figure 1E).'32" MUT NS1-RBD
incubated with dsRK1 showed no change in anisotropy, indicating that it cannot form a
dimer to bind to the dsRNA. Thus, the lower intrinsic tryptophan-fluorescence
polarization value of the MUT NS1-RBD and its inability to bind to dsRNA, taken
together, supports the conclusion that the MUT NS1-RBD behaves as a monomer in

solution.

Interaction of NS1 with the PABP1+poly(A) RNA complex
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We used EMSA to monitor the binding of PABP1 to poly(A) RNA. Briefly, PABP1 was
incubated with a 3’ fluorescein-labeled poly adenosine sequence consisting of 18
nucleotides (poly(A)g).”® In the presence of increasing concentrations of PABP1, we
first observe a shift of poly(A)s to an intermediate position on the gel and at a much
higher concentration a shift to a higher position compared to the free poly(A)s (Figure
2A). We interpret the complex that migrates to the intermediate position to be a
monomer of PABP1 bound to a poly(A)1s and the complex that migrates to the higher
position to be a PABP1 dimer bound to a poly(A)1s RNA molecule. The poly(A)+s is
short such that only one PABP1 molecule can directly bind to it, and the second PABP1
molecule binds by weaker protein-protein interaction.#3435 This interpretation is
consistent with the fact that PABP1 monomer binds with a high affinity to poly(A) RNA,

whereas PABP1 dimers are formed only at much higher concentrations.36:3”

After establishing the EMSA to monitor the binding of PABP1 to poly(A)1s, we analyzed
the effect of NS1 on the PABP1+poly(A)1s complex. In the absence of NS1, we
observed the two shifted bands corresponding to the PABP1 monomer bound to
poly(A)1s and the PABP1 dimer bound to poly(A)+s. Interestingly, in the presence of the
full-length NS1, we predominantly observed the band corresponding to the PABP1
monomer bound to poly(A)1s (Figure 2B). Similarly, in the presence of the WT NS1-
RBD, PABP1 bound as a monomer to poly(A)is. These results also agree with previous
reports that the RBD is sufficient for binding to PABP1.° As a control, the addition of
BSA did not affect the formation of the PABP1 dimer on poly(A)1s. Additionally, PABP1

does not bind to a control RNA (CR1). These results suggest that NS1, which is
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present in excess concentration over PABP1, is binding to PABP1 and inhibiting the

formation of the PABP1 dimer on poly(A)s.

Finally, we analyzed whether the MUT NS1-RBD that is incapable of forming a
homodimer affects the binding of PABP1 to poly(A)1s. Interestingly, in the presence of
MUT NS1-RBD, both the PABP1 monomer and the dimer were formed on poly(A)1s
indicating that the mutant NS1 cannot bind to the PABP1+poly(A) complex, possibly
because it cannot homodimerize to form the binding interface needed for interacting

with PABP1 (Figure 2C). Thus, NS1 binds as a homodimer to PABP1.

NS1-PABP1 interaction is conserved across different IAV strains

To date, NS1-PABP1 interaction has been demonstrated only with H3N2 IAV strains,
namely A/Victoria/3/75 and A/Udorn/307/1973.%'3 Our studies show that in the
presence of full-length recombinant A/Udorn/307/1973 NS1, the PABP1 dimer species
is disrupted, leaving only the PABP1 monomer bound to poly(A)1s. To determine
whether this interaction occurs with other 1AV strains, we purified NS1 proteins from two
other strains, namely A/WSN/1933 (H1N1) and A/chicken/Nigeria/2007 (H5N1) (Figure
2D). The NS1 proteins corresponding to the different IAV strains were incubated with
the PABP1+poly(A)1s complex, and the change in RNA migration was monitored by
EMSA. The results show that the different variants of NS1 also disrupt the PABP1
homodimer suggesting that the NS1+PABP1 interaction is conserved across IAV strains.
The NS1-PABP1 interaction is conserved across the different IAV strains, most likely

due to the RBD'’s high sequence homology (Figure S1A).
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Binding of NS1 RBD to PABP1 monitored using a quantitative polarization assay
Although the EMSA results unequivocally show that NS1-RBD binds to PABP1, we
wanted a simple, quantitative assay to measure the binding affinity of NS1-RBD for
PABP1. Therefore, we decided to develop a fluorescence polarization assay to monitor
the binding of NS1-RBD to PABP1. Due to the small size of WT NS1-RBD (~ 8.4 kDa),
we anticipated that a fluorescence polarization assay would be sensitive to the increase
in size when NS1-RBD binds to PABP1. WT NS1-RBD has an endogenous cysteine;
however, our studies showed that it could not be labeled because it is buried in the
protein structure’s interior and is inaccessible to the reactive dye (Figure S1B).
Therefore, we added a C-terminal cysteine to WT NS1-RBD (NS1-RBD FL) to label the
protein with fluorescein-5-maleimide. Control experiments showed that NS1-RBD with
the C-terminal cysteine binds to dsRK1 with the same affinity as WT NS1-RBD,
indicating that it is functional (Figure S1C). Additionally, EMSA showed that the NS1-
RBD FL decreased the band corresponding to the PABP1 dimer bound to poly(A)1s,

indicating that it is behaving similar to the WT NS1-RBD (Figure S1D).

We next performed the polarization assay to monitor the binding of NS1-RBD FL to
PABP1. As predicted, NS1-RBD FL exhibits an increase in anisotropy as the PABP1
concentration increases, showing that the two proteins form a complex (Figure 3A). As
a control, we titrated GST protein and did not observe the large increase in anisotropy
observed with PABP1. The change in anisotropy with increasing concentrations of

PABP1 was plotted, and the data were analyzed by nonlinear regression to obtain a Kp
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of 349 nM + 69 nM (Figure 3A). The affinity of NS1-RBD for PABP1 is much weaker
than the previously reported Ko = ~20 nM between the full-length NS1 and PABP1,
which suggests that the ED also contributes to the binding without being necessary.'®
Furthermore, this weaker binding is consistent with the Nieto group’s qualitative results,
where the signal of NS1-RBD used in their pull-down was visibly weaker compared to
the full-length NS1.° The new polarization assay can be used to determine the binding
affinity of NS1-RBD for PABP1 and could also be used for identifying small molecules

that inhibit this interaction.

NS1 binds to the PABP1 homodimerization domain, which contains interspersed proline
residues, polar residues, and positively charged residues that are hallmarks of one type
of intrinsically disordered proteins.®® We hypothesized that if the interactions were
electrostatic, binding of NS1 and PABP1 should weaken as the salt concentration
increases. We used the polarization assay to determine the affinity of NS1-RBD FL for
PABP1 with increasing concentrations of NaCl to see how sensitive the binding was to
competing ions. We found that the affinity of NS1-PABP1 weakened with increasing
salt concentrations. For example, the affinity between NS1-RBD FL and PABP1
changed from ~350 nM at 50 mM NacCl to greater than 1 uM at 150 mM NacCl (Figure
3B). This suggests that NS1 is using the positively charged residues in the

homodimerization domain to bind to PABP1.

NS1 does not bind to the PABP1+-poly(A) RNA complex
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The EMSA assays’ results made us curious as to where NS1 was migrating on the gel
when bound to PABP1. Our studies showed that the addition of NS1 to the
PABP1+poly(A)1s complex resulted in the disappearance of the band corresponding to
the PABP1 dimer bound to poly(A)1s. Whereas, the PABP1 monomer bound to
poly(A)1s remained intact. However, we did not detect the potential formation of an
NS1-PABP1+poly(A)1s complex by EMSA. First, this could be because NS1 binds to the
PABP1+poly(A)1s complex, and the corresponding change in the isoelectric point of the
complex offsets the change in mass giving the appearance of a PABP1 monomer with
poly(A)1s on the gel. The second possibility is that NS1 cannot bind to the
PABP1+poly(A)1s complex and is binding only to PABP1 that is free of RNA. However,
the formation of the NS1-PABP1 complex cannot be detected because there is no
fluorescent dye directly attached to either of the proteins. To resolve these two
possibilities, we labeled the NS1-RBD FL construct with the Cy5 dye so that its
emission wavelength (670 nm) is distinct from the emission wavelength of the
fluorescein dye (521 nm) attached to poly(A)1s (Figure S1E). This will allow us to
monitor the migration pattern of both NS1-RBD and the PABP1+poly(A) complex

simultaneously in the EMSA gels.

We analyzed the binding of the Cy5-labeled NS1-RBD (NS1-RBD-Cy5) to PABP1 and
the PABP1+poly(A)1s complex by EMSA. Our studies show that the NS1-RBD-Cy5 does
not co-localize with the PABP1+poly(A)18 complex but migrates as a smear above and
below the PABP1+poly(A)1s complex (Figure 4A and B, compare lanes 3, 4, and 6). To

verify this observation, we analyzed the binding of NS1-RBD-Cy5 to PABP1 with longer
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poly(A)so RNA. PABP1 binds to poly(A)eo as a dimer that is unaffected in the presence
of excess WT NS1 (Figure S2A and S2B).3%39 Again, the NS1-RBD-Cy5 does not co-
localize with the PABP1+poly(A)so complex but binds to the free PABP1 present in the
reaction (Figure 4A and 4B, lanes 9 and 10). Furthermore, we noticed that the NS1-
RBD-Cy5 enters the gel only when PABP1 is present (Figure 4A, lanes 5 and 6). To
follow up on this observation, we performed a PABP1 titration experiment with a fixed
concentration of NS1-RBD-Cy5, which showed that NS1-RBD-Cy5 migrates into the gel

only in the presence of PABP1 (Figure 4C).

To confirm our results that NS1-RBD binds to the RNA-free PABP1 but not to the
PABP1+poly(A) complex, we performed the polarization assay with fixed concentrations
of NS1-RBD FL and PABP1 and titrating the concentration of poly(A)+s. As the
concentration of poly(A)s is increased in the reaction, the anisotropy value decreased,
indicating that more and more NS1-RBD FL is dissociating from PABP1 because
PABP1 is preferentially binding to poly(A)1s to form the PABP1+poly(A)1s complex. More
importantly, the result shows that an NS1<PABP1+poly(A)1s complex does not form. A
similar experiment with increasing concentrations of the control S17 RNA showed a
smaller decrease in anisotropy, consistent with the much lower binding affinity PABP1
has for S17 (Figure S2C). Thus, these results show that NS1 does not bind to the

PABP1+poly(A) RNA complex.
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Discussion

The NS1 protein is a multifunctional protein that binds to dsRNA and to several host
proteins to enable 1AV to replicate efficiently in host cells.”4%4' NS1 can form dimers
and oligomers by itself, and a long tube-like multimer that wraps around dsRNA .42
Previous studies also showed that NS1 binds as a dimer to TRIM25, CPSF30, DHX30
and dsRNA.2843-45 Thus, depending on the interacting partner, NS1 displays various
oligomeric states that are critical for its function.*' Here we show that NS1 monomer
cannot bind to PABP1, but NS1 that can form dimers bind to PABP1. This is not
unexpected because NS1 is expressed to high levels in the infected cells and may exist

predominantly as dimers or other higher-order structures.4647

PABP1 is one of the most highly expressed proteins in the cell and plays an essential
role during translation initiation.’¢ PABP1 binds to the 3’ poly(A) tail of mRNA and
protects the mRNA from degradation by exonucleases.*®*° Additionally, PABP1
interacts with the elF4F complex, which is bound to the 5’ 7-methyl guanosine cap
structure, to bring the 5’- and 3’-ends close together to form the mRNA closed-loop
structure.®® The mRNA closed-loop structure is thought to stimulate translation by
recycling the terminating ribosome back to the 5’-end of the mRNA to initiate
translation.5? PABP1 binds to poly(A) with a high affinity (Ko ~ 5 nM) and can bind to a
poly(A) sequence as short as 12 nucleotides with no change in binding affinity.343%
Although PABP1 can bind to short poly(A) tails with high affinity using its RRM domains,

PABP1 covers about 30 nucleotides because of steric occlusion by the rest of the
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protein.'434353% Recent studies indicate that most mMRNAs have a poly(A) tail that is 30
nt in length,3 suggesting that only one PABP1 is directly bound to the mRNA, and
possibly a second PABP1 may bind via protein-protein interaction. Our results show
that NS1 cannot bind to PABP1 bound to the mRNA poly(A) tail. This suggests that the
poly(A) RNA bound to the RRM domains sterically blocks the binding of NS1 to the
homodimerization domain of PABP1. Alternatively, NS1 can only bind to the RNA-free
PABP1 because it has a different conformation than the PABP1 bound to the poly(A)
RNA. Importantly, the function of the NS1+PABP1 complex appears to be distinct from
the classical role of PABP1 in translation initiation, when it is bound to the 3’-poly(A) tail

of mRNA.

Previously, we showed that NS1 could not bind simultaneously to both dsRNA and
PABP1. The RBD of NS1 is responsible for binding to dsSRNA and PABP1, and it can
accommodate only one of these partners. Here, we show that NS1 binds to PABP1
free of poly(A). Thus, both proteins can interact with each other only when they are not
bound to RNA. We expect PABP1 will bind to all the available mMRNA poly(A) tails
because the affinity of PABP1 for poly(A) is significantly higher than for NS1. However,
PABP1 is present in excess over the total cellular mMRNA concentration, and it is
estimated that only 30% of the PABP1 molecules are bound to the poly (A) tail."" Thus,
NS1 can interact with the large pool of PABP1 molecules that are not bound to the

poly(A) RNA.
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The functional significance of the interaction of NS1 with PABP1 for the life cycle of IAV
is unknown. Because NS1 also interacts with elF4G, it has been suggested that NS1
may stimulate the translation of viral mMRNAs by promoting the binding of the 3’
poly(A)*PABP1 complex to the elF4F complex present at the 5'-end of the mRNA %1554~
% However, our results are not consistent with this model because we show that NS1
cannot bind to PABP1 that is bound to poly(A) RNA. Interestingly, PABP1 interacts with
the ribosome directly, and this interaction was shown to enhance translation in a dose-
dependent manner.'® It has been proposed that PABP1 may stimulate translation
initiation by promoting the recruitment of the 40S and 60S subunits to the elF4F
initiation complex that is assembled at the 5’-end of the mMRNA.16-18.57.58  Additionally,
NS1 is a general enhancer of translation, and a recent report showed that NS1
stimulates the binding of the ribosome to the mMRNA.5*-6" Taken together, we propose
that NS1’s ability to bind to both elF4G and the RNA-free PABP1 may be a mechanism
to recruit PABP1 to the 5’-end of the mRNA. The NS1+elF4F-PABP1 complex at the 5'-
end of the mRNA may then stimulate translation by enhancing the recruitment of the

ribosomal subunits to the initiation complex.

ACCESSION CODES

UniProtKB: P11940 (PABP1), P03495 (H3N2 NS1), D2SJD8 (H5N1 NS1), Q82506
(HIN1 NS1)


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Author Contributions
C.M.D. and S.J. designed the experiments, C.M.D. performed the experiments, C.M.D.

and S.J. wrote the manuscript.

Funding
This work was supported by a Molecular Biophysics Training Grant (National Institutes of

Health Grant T32 GM008326), and National Institutes of Health Grant RO3 Al123873.

Notes

The authors declare no competing financial interest.

Supporting Information

Additional NS1 and PABP1 binding data and quality control experiments.


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

(1) Molinari, N.-A. M.; Ortega-Sanchez, I. R.; Messonnier, M. L.; Thompson, W. W_;
Wortley, P. M.; Weintraub, E.; Bridges, C. B. The Annual Impact of Seasonal
Influenza in the US: Measuring Disease Burden and Costs. Vaccine 2007, 25 (27),
5086-5096. https://doi.org/10.1016/j.vaccine.2007.03.046.

(2) Rogers, G. N.; Paulson, J. C. Receptor Determinants of Human and Animal
Influenza Virus Isolates: Differences in Receptor Specificity of the H3
Hemagglutinin Based on Species of Origin. Virology 1983, 127 (2), 361-373.
https://doi.org/10.1016/0042-6822(83)90150-2.

(3) Wise, H. M,; Foeglein, A.; Sun, J.; Dalton, R. M.; Patel, S.; Howard, W.; Anderson,
E. C.; Barclay, W. S.; Digard, P. A Complicated Message: Identification of a Novel
PB1-Related Protein Translated from Influenza A Virus Segment 2 MRNA. J. Virol.
2009, 83 (16), 8021-8031. https://doi.org/10.1128/JV1.00826-09.

(4) Jagger, B. W.; Wise, H. M.; Kash, J. C.; Walters, K.-A.; Wills, N. M.; Xiao, Y.-L.;
Dunfee, R. L.; Schwartzman, L. M.; Ozinsky, A.; Bell, G. L.; Dalton, R. M.; Lo, A;
Efstathiou, S.; Atkins, J. F.; Firth, A. E.; Taubenberger, J. K.; Digard, P. An
Overlapping Protein-Coding Region in Influenza A Virus Segment 3 Modulates the
Host Response. Science 2012, 337 (6091), 199-204.
https://doi.org/10.1126/science.1222213.

(5) Lamb, R. A.; Choppin, P. W. Segment 8 of the Influenza Virus Genome Is Unique
in Coding for Two Polypeptides. Proc. Natl. Acad. Sci. 1979, 76 (10), 4908—4912.
https://doi.org/10.1073/pnas.76.10.4908.

(6) Lamb, R. A.; Choppin, P. W.; Chanock, R. M.; Lai, C. J. Mapping of the Two
Overlapping Genes for Polypeptides NS1 and NS2 on RNA Segment 8 of Influenza
Virus Genome. Proc. Natl. Acad. Sci. 1980, 77 (4), 1857-1861.
https://doi.org/10.1073/pnas.77.4.1857.

(7) Hale, B. G.; Randall, R. E.; Ortin, J.; Jackson, D. The Multifunctional NS1 Protein
of Influenza A Viruses. J. Gen. Virol. 2008, 89 (10), 2359-2376.
https://doi.org/10.1099/vir.0.2008/004606-0.

(8) Hale, B. G. Conformational Plasticity of the Influenza A Virus NS1 Protein. J. Gen.
Virol. 2014, 95 (10), 2099-2105. https://doi.org/10.1099/vir.0.066282-0.

(9) Burgui, I.; Aragén, T.; Ortin, J.; Nieto, A. PABP1 and EIF4GI Associate with
Influenza Virus NS1 Protein in Viral MRNA Translation Initiation Complexes. J.
Gen. Virol. 2003, 84 (12), 3263—-3274. https://doi.org/10.1099/vir.0.19487-0.

(10) Eliseeva, I. A.; Lyabin, D. N.; Ovchinnikov, L. P. Poly(A)-Binding Proteins:
Structure, Domain Organization, and Activity Regulation. Biochem. Mosc. 2013, 78
(13), 1377-1391. https://doi.org/10.1134/S0006297913130014.

(11) Gorlach, M.; Burd, C. G.; Dreyfuss, G. The MRNA Poly(A)-Binding Protein:
Localization, Abundance, and RNA-Binding Specificity. Exp. Cell Res. 1994, 211
(2), 400—407. https://doi.org/10.1006/excr.1994.1104.


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(12) Sachs, A.; Wahle, E. Poly(A) Tail Metabolism and Function in Eucaryotes. J. Biol.
Chem. 1993, 268 (31), 22955-22958.

(13) Arias-Mireles, B. H.; de Rozieres, C. M.; Ly, K.; Joseph, S. RNA Modulates the
Interaction between Influenza A Virus NS1 and Human PABP1. Biochemistry 2018,
57 (26), 3590-3598. https://doi.org/10.1021/acs.biochem.8b00218.

(14) Sawazaki, R.; Imai, S.; Yokogawa, M.; Hosoda, N.; Hoshino, S.; Mio, M.; Mio, K;
Shimada, |.; Osawa, M. Characterization of the Multimeric Structure of Poly(A)-
Binding Protein on a Poly(A) Tail. Sci. Rep. 2018, 8 (1), 1455.
https://doi.org/10.1038/s41598-018-19659-6.

(15) Aragon, T.; de la Luna, S.; Novoa, |.; Carrasco, L.; Ortin, J.; Nieto, A. Eukaryotic
Translation Initiation Factor 4Gl Is a Cellular Target for NS1 Protein, a
Translational Activator of Influenza Virus. Mol. Cell. Biol. 2000, 20 (17), 6259—
6268. https://doi.org/10.1128/MCB.20.17.6259-6268.2000.

(16) Machida, K.; Shigeta, T.; Yamamoto, Y.; Ito, T.; Svitkin, Y.; Sonenberg, N.;
Imataka, H. Dynamic Interaction of Poly(A)-Binding Protein with the Ribosome. Sci.
Rep. 2018, 8 (1), 17435. https://doi.org/10.1038/s41598-018-35753-1.

(17) Kahvejian, A.; Svitkin, Y. V.; Sukarieh, R.; M’Boutchou, M.-N.; Sonenberg, N.
Mammalian Poly(A)-Binding Protein Is a Eukaryotic Translation Initiation Factor,
Which Acts via Multiple Mechanisms. Genes Dev. 2005, 19 (1), 104—113.
https://doi.org/10.1101/gad.1262905.

(18) Sachs, A. B.; Davis, R. W. The Poly(A) Binding Protein Is Required for Poly(A)
Shortening and 60S Ribosomal Subunit-Dependent Translation Initiation. Cell
1989, 58 (5), 857-867. https://doi.org/10.1016/0092-8674(89)90938-0.

(19) Weeks, S. D.; Drinker, M.; Loll, P. J. Ligation Independent Cloning Vectors for
Expression of SUMO Fusions. Protein Expr. Purif. 2007, 53 (1), 40-50.
https://doi.org/10.1016/j.pep.2006.12.006.

(20) Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. NIH Image to ImagedJ: 25 Years of
Image Analysis. Nat. Methods 2012, 9 (7), 671-675.
https://doi.org/10.1038/nmeth.2089.

(21) Cho, E. J.; Xia, S.; Ma, L.-C.; Robertus, J.; Krug, R. M.; Anslyn, E. V.; Montelione,
G. T.; Ellington, A. D. Identification of Influenza Virus Inhibitors Targeting NS1A
Utilizing Fluorescence Polarization—Based High-Throughput Assay. J. Biomol.
Screen. 2012, 17 (4), 448—459. https://doi.org/10.1177/1087057111431488.

(22) Pollard, T. D. A Guide to Simple and Informative Binding Assays. Mol. Biol. Cell
2010, 21 (23), 4061—4067. https://doi.org/10.1091/mbc.E10-08-0683.

(23) Eschenfeldt, W. H.; Maltseva, N.; Stols, L.; Donnelly, M. |.; Gu, M.; Nocek, B.; Tan,
K.; Kim, Y.; Joachimiak, A. Cleavable C-Terminal His-Tag Vectors for Structure
Determination. J. Struct. Funct. Genomics 2010, 11 (1), 31-39.
https://doi.org/10.1007/s10969-010-9082-y.

(24) Eschenfeldt, W. H.; Lucy, S.; Millard, C. S.; Joachimiak, A.; Mark, |. D. A Family of
LIC Vectors for High-Throughput Cloning and Purification of Proteins. In High


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Throughput Protein Expression and Purification; Doyle, S. A., Ed.; Walker, J. M.,
Series Ed.; Methods in Molecular Biology; Humana Press: Totowa, NJ, 2009; Vol.
498, pp 105-115. https://doi.org/10.1007/978-1-59745-196-3_7.

(25) Chen, E.; Sharma, M. R.; Shi, X.; Agrawal, R. K.; Joseph, S. Fragile X Mental
Retardation Protein Regulates Translation by Binding Directly to the Ribosome.
Mol. Cell 2014, 54 (3), 407—417. https://doi.org/10.1016/j.molcel.2014.03.023.

(26) Nemeroff, M. E.; Qian, X. Y.; Krug, R. M. The Influenza Virus NS1 Protein Forms
Multimers in Vitro and in Vivo. Virology 1995, 212 (2), 422—-428.
https://doi.org/10.1006/viro.1995.1499.

(27) Wang, W.; Riedel, K.; Lynch, P.; Chien, C.-Y.; Montelione, G. T.; Krug, R. M. RNA
Binding by the Novel Helical Domain of the Influenza Virus NS1 Protein Requires
Its Dimer Structure and a Small Number of Specific Basic Amino Acids. RNA 1999,
5 (2), 195-205. https://doi.org/10.1017/S1355838299981621.

(28) Das, K.; Ma, L.-C.; Xiao, R.; Radvansky, B.; Aramini, J.; Zhao, L.; Marklund, J.;
Kuo, R.-L.; Twu, K. Y.; Arnold, E.; Krug, R. M.; Montelione, G. T. Structural Basis
for Suppression of a Host Antiviral Response by Influenza A Virus. Proc. Natl.
Acad. Sci. 2008, 105 (35), 13093—-13098.
https://doi.org/10.1073/pnas.0805213105.

(29) Cheng, A.; Wong, S. M.; Yuan, Y. A. Structural Basis for DSRNA Recognition by
NS1 Protein of Influenza A Virus. Cell Res. 2009, 19 (2), 187-195.
https://doi.org/10.1038/cr.2008.288.

(30) Held, P. Quantitation of Peptides and Amino Acids with a Synergy™HT using UV
Fluorescence
https://www.biotek.com/resources/docs/Synergy HT_Quantitation_of Peptides_an
d_Amino_Acids.pdf.

(31) Wilcox, W.; Eisenberg, D. Thermodynamics of Melittin Tetramerization Determined
by Circular Dichroism and Implications for Protein Folding. Protein Sci. 1992, 1 (5),
641-653. https://doi.org/10.1002/pro.5560010510.

(32) Kumar, S.; Swaminathan, R. Employing the Fluorescence Anisotropy and
Quenching Kinetics of Tryptophan to Hunt for Residual Structures in Denatured
Proteins. J. Chem. Sci. 2007, 119 (2), 141-145. https://doi.org/10.1007/s12039-
007-0021-9.

(33) Held, P.; Davis, K. UV Fluorescence Polarization as a Means to Investigate Protein
Conformational and Mass Change https://www.biotek.com/resources/application-
notes/uv-fluorescence-polarization-as-a-means-to-investigate-protein-
conformational-and-mass-change-using-intrinsic-tryptophan-fluorescence-in-
conjunction-with-uv-capable-polarizers/.

(34) Sachs, A. B.; Davis, R. W.; Kornberg, R. D. A Single Domain of Yeast Poly(A)-
Binding Protein Is Necessary and Sufficient for RNA Binding and Cell Viability. Mol.
Cell. Biol. 1987, 7 (9), 3268—-3276. https://doi.org/10.1128/mcb.7.9.3268.


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(35) Kuhn, U.; Pieler, T. Xenopus Poly(A) Binding Protein: Functional Domains in RNA
Binding and Protein-Protein Interaction. J. Mol. Biol. 1996, 256 (1), 20-30.
https://doi.org/10.1006/jmbi.1996.0065.

(36) Lin, J.; Fabian, M.; Sonenberg, N.; Meller, A. Nanopore Detachment Kinetics of
Poly(A) Binding Proteins from RNA Molecules Reveals the Critical Role of C-
Terminus Interactions. Biophys. J. 2012, 102 (6), 1427-1434.
https://doi.org/10.1016/j.bpj.2012.02.025.

(37) Melo, E. O.; Dhalia, R.; Martins de Sa, C.; Standart, N.; de Melo Neto, O. P.
|dentification of a C-Terminal Poly(A)-Binding Protein (PABP)-PABP Interaction
Domain: Role in Cooperative Binding to Poly (A) and Efficient Cap Distal
Translational Repression. J. Biol. Chem. 2003, 278 (47), 46357—-46368.
https://doi.org/10.1074/jbc.M307624200.

(38) Forman-Kay, J. D.; Mittag, T. From Sequence and Forces to Structure, Function,
and Evolution of Intrinsically Disordered Proteins. Structure 2013, 21 (9), 1492—
1499. https://doi.org/10.1016/j.str.2013.08.001.

(39) Baer, B. W.; Kornberg, R. D. The Protein Responsible for the Repeating Structure
of Cytoplasmic Poly(A)-Ribonucleoprotein. J. Cell Biol. 1983, 96 (3), 717-721.
https://doi.org/10.1083/jcb.96.3.717.

(40) Rackle, A.; Haasbach, E.; Julkunen, I.; Planz, O.; Ehrhardt, C.; Ludwig, S. The NS1
Protein of Influenza A Virus Blocks RIG-I-Mediated Activation of the Noncanonical
NF-KB Pathway and P52/RelB-Dependent Gene Expression in Lung Epithelial
Cells. J. Virol. 2012, 86 (18), 10211-10217. https://doi.org/10.1128/JV1.00323-12.

(41) Ayllon, J.; Russell, R. J.; Garcia-Sastre, A.; Hale, B. G. Contribution of NS1
Effector Domain Dimerization to Influenza A Virus Replication and Virulence. J.
Virol. 2012, 86 (23), 13095-13098. https://doi.org/10.1128/JV1.02237-12.

(42) Bornholdt, Z. A.; Prasad, B. V. V. X-Ray Structure of NS1 from a Highly Pathogenic
H5N1 Influenza Virus. Nature 2008, 456 (7224), 985—-988.
https://doi.org/10.1038/nature07444.

(43) Koliopoulos, M. G.; Lethier, M.; van der Veen, A. G.; Haubrich, K.; Hennig, J.;
Kowalinski, E.; Stevens, R. V.; Martin, S. R.; Reis e Sousa, C.; Cusack, S;
Rittinger, K. Molecular Mechanism of Influenza A NS1-Mediated TRIM25
Recognition and Inhibition. Nat. Commun. 2018, 9 (1), 1820.
https://doi.org/10.1038/s41467-018-04214-8.

(44) Chen, G.; Ma, L.-C.; Wang, S.; Woltz, R. L.; Grasso, E. M.; Montelione, G. T.; Krug,
R. M. A Double-Stranded RNA Platform Is Required for the Interaction between a
Host Restriction Factor and the NS1 Protein of Influenza A Virus. Nucleic Acids
Res. 2020, 48 (1), 304-315. https://doi.org/10.1093/nar/gkz1094.

(45) Chien, C.; Xu, Y.; Xiao, R.; Aramini, J. M.; Sahasrabudhe, P. V.; Krug, R. M;;
Montelione, G. T. Biophysical Characterization of the Complex between Double-
Stranded RNA and the N-Terminal Domain of the NS1 Protein from Influenza A
Virus: Evidence for a Novel RNA-Binding Mode . Biochemistry 2004, 43 (7), 1950—
1962. https://doi.org/10.1021/bi0301760.


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(46) Kummer, S.; Fléttmann, M.; Schwanhausser, B.; Sieben, C.; Veit, M.; Selbach, M;
Klipp, E.; Herrmann, A. Alteration of Protein Levels during Influenza Virus H1N1
Infection in Host Cells: A Proteomic Survey of Host and Virus Reveals Differential
Dynamics. PLoS ONE 2014, 9 (4), e94257.
https://doi.org/10.1371/journal.pone.0094257.

(47) Shapiro, G. |.; Gurney, T.; Krug, R. M. Influenza Virus Gene Expression: Control
Mechanisms at Early and Late Times of Infection and Nuclear-Cytoplasmic
Transport of Virus-Specific RNAs. J. Virol. 1987, 61 (3), 764-773.
https://doi.org/10.1128/JV1.61.3.764-773.1987.

(48) Jackson, R. J.; Hellen, C. U. T.; Pestova, T. V. The Mechanism of Eukaryotic
Translation Initiation and Principles of Its Regulation. Nat. Rev. Mol. Cell Biol.
2010, 71 (2), 113-127. https://doi.org/10.1038/nrm2838.

(49) Bernstein, P.; Peltz, S. W.; Ross, J. The Poly(A)-Poly(A)-Binding Protein Complex
Is a Major Determinant of MRNA Stability in Vitro. Mol. Cell. Biol. 1989, 9 (2), 659—
670. https://doi.org/10.1128/mcb.9.2.659.

(50) Ford, L. P.; Bagga, P. S.; Wilusz, J. The Poly(A) Tail Inhibits the Assembly of a 3’-
to-5" Exonuclease in an in Vitro RNA Stability System. Mol. Cell. Biol. 1997, 17 (1),
398-406. https://doi.org/10.1128/mcb.17.1.398.

(51) Vicens, Q.; Kieft, J. S.; Rissland, O. S. Reuvisiting the Closed-Loop Model and the
Nature of MRNA 5-3' Communication. Mol. Cell 2018, 72 (5), 805-812.
https://doi.org/10.1016/j.molcel.2018.10.047.

(52) Archer, S. K.; Shirokikh, N. E.; Hallwirth, C. V.; Beilharz, T. H.; Preiss, T. Probing
the Closed-Loop Model of MRNA Translation in Living Cells. RNA Biol. 2015, 12
(3), 248-254. https://doi.org/10.1080/15476286.2015.1017242.

(53) Lima, S. A.; Chipman, L. B.; Nicholson, A. L.; Chen, Y.-H.; Yee, B. A.; Yeo, G. W,;
Coller, J.; Pasquinelli, A. E. Short Poly(A) Tails Are a Conserved Feature of Highly
Expressed Genes. Nat. Struct. Mol. Biol. 2017, 24 (12), 1057-1063.
https://doi.org/10.1038/nsmb.3499.

(54) Burgui, |.; Yanguez, E.; Sonenberg, N.; Nieto, A. Influenza Virus MRNA Translation
Revisited: Is the EIF4E Cap-Binding Factor Required for Viral MRNA Translation?
J. Virol. 2007, 81 (22), 12427-12438. https://doi.org/10.1128/JVI.01105-07.

(55) Rodriguez, P.; Pérez-Morgado, M. I.; Gonzalez, V. M.; Martin, M. E.; Nieto, A.
Inhibition of Influenza Virus Replication by DNA Aptamers Targeting a Cellular
Component of Translation Initiation. Mol. Ther. - Nucleic Acids 2016, 5, e308.
https://doi.org/10.1038/mtna.2016.20.

(56) Yangulez, E.; Nieto, A. So Similar, yet so Different: Selective Translation of Capped
and Polyadenylated Viral MRNAs in the Influenza Virus Infected Cell. Virus Res.
2011, 156 (1-2), 1-12. https://doi.org/10.1016/j.virusres.2010.12.016.

(57) Searfoss, A.; Dever, T. E.; Wickner, R. Linking the 3’ Poly(A) Tail to the Subunit
Joining Step of Translation Initiation: Relations of Pab1p, Eukaryotic Translation
Initiation Factor 5b (Fun12p), and Ski2p-Slh1p. Mol. Cell. Biol. 2001, 21 (15),
4900—4908. https://doi.org/10.1128/MCB.21.15.4900-4908.2001.


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(58) Tarun, S. Z.; Sachs, A. B. A Common Function for MRNA 5" and 3’ Ends in
Translation Initiation in Yeast. Genes Dev. 1995, 9 (23), 2997-3007.
https://doi.org/10.1101/gad.9.23.2997.

(59) Panthu, B.; Terrier, O.; Carron, C.; Traversier, A.; Corbin, A.; Balvay, L.; Lina, B;
Rosa-Calatrava, M.; Ohlmann, T. The NS1 Protein from Influenza Virus Stimulates
Translation Initiation by Enhancing Ribosome Recruitment to MRNAs. J. Mol. Biol.
2017, 429 (21), 3334-3352. https://doi.org/10.1016/j.jmb.2017.04.007.

(60) Anastasina, M.; Terenin, |.; Butcher, S. J.; Kainov, D. E. A Technique to Increase
Protein Yield in a Rabbit Reticulocyte Lysate Translation System. BioTechniques
2014, 56 (1). https://doi.org/10.2144/000114125.

(61) Kainov, D. E.; Mller, K. H.; Theisen, L. L.; Anastasina, M.; Kaloinen, M.; Muller, C.
P. Differential Effects of NS1 Proteins of Human Pandemic H1N1/2009, Avian
Highly Pathogenic H5N1, and Low Pathogenic H5N2 Influenza A Viruses on
Cellular Pre-MRNA Polyadenylation and MRNA Translation. J. Biol. Chem. 2011,
286 (9), 7239-7247. https://doi.org/10.1074/jbc.M110.203489.


https://doi.org/10.1101/2020.08.10.245225
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.10.245225; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure Legends

Figure 1. NS1 binds to PABP1 as a dimer. (A) Structure of NS1 RBD dimer (blue and
yellow) bound to dsRNA (red) (PDB:2ZK0).?° (B) Tricine-PAGE gel of purified WT NS1
RBD and MUT NS1 RBD proteins. (C) Tryptophan polarization of WT NS1-RBD and
MUT NS1-RBD. (D) EMSA assay comparing binding of WT NS1 RBD and MUT NS1-
RBD to single-stranded RK1 (ssRK1) and double stranded RK1 (dsRK1) RNA. Minus
sign indicates no protein was added to the lane. Arrow points to the shifted protein-
RNA complex. (E) Anisotropy assay of WT NS1-RBD and MUT NS1-RBD binding to
dsRK1 RNA. The final concentration of the RNAs was 10 nM, and the final
concentration of NS1 was increased from 0 to 5 yM. The change in anisotropy is shown
on the y-axis. The error bars represent the standard deviation from three independent

experiments.

Figure 2. Binding of PABP1 to Poly(A)1s RNA in the presence or absence of NS1. (A)
PABP1 titration with Poly(A)1s RNA. (B) Binding of PABP1 to Poly(A)1s RNA in the
presence or absence of excess full length H3N2 Udorn NS1 (WT NS1) or the RNA
binding domain of H3N2 Udorn NS1 (WT NS1-RBD). BSA serves as a control for the
presence of NS1 protein. ssCR1 serves as a control for non-specific binding by PABP1
and NS1. (C) Binding of WT NS1-RBD or MUT NS1-RBD to the PABP1+Poly(A)1s
complex. (D) Binding of full length H5N1 Nigeria WT NS1 and HIN1 WSN WT NS1 to

the PABP1+Poly(A)1s complex. Arrows indicate the monomer and dimer of PABP1 on
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the RNA. Minus and plus signs indicate the absence and presence of NS1,

respectively. Arrow points to the shifted protein-RNA complex.

Figure 3. Binding of PABP1 to NS1 RBD monitored with a polarization assay. (A) Plot
showing the change in anisotropy when NS1-RBD FL binds to PABP1 or GST as a
control. (B) Binding of NS1-RBD FL to PABP1 in the presence of increasing
concentrations of NaCl. The final concentration of NaCl ranged from 50 mM to 1M. The
final concentration of the NS1-RBD FL was 10 nM, and the final concentration of
PABP1 was increased from 0 to 5 yM. The change in anisotropy is shown on the y-
axis. The error bars represent the standard deviation from three independent

experiments.

Figure 4. NS1 does not bind to PABP1+Poly(A)1s complex. (A) EMSA assay of NS1-
RBD labelled with Cy5 (in red) incubated with PABP1 and either Poly(A)1s or Poly(A)eo
RNA labelled with fluorescein (in green). Minus and plus signs indicate the absence
and presence of NS1, respectively. Arrows point to the shifted complexes. (B) Imaged
plot of the fluorescence intensity profile for each lane of the EMSA gel in (A). Top axis of
each plot represents the intensity (in arbitrary units) of fluorescein (in green) ranging
from 0 to 30,000. Bottom axis of each plot represents the intensity (in arbitrary units) of
Cy5 (in red) ranging from 0 to 10,000. Left axis of each plot represents relative distance
from the well (in inches) ranging from 0 to 2.1. Axes in all plots are scaled the same.
(C) EMSA of NS1-RBD binding to varying PABP1 concentrations. NS1-RBD FL is

labelled with Cy5. Arrows point to the shifted complexes. (D) Polarization assay with
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PABP1 pre-bound to NS1-RBD FL (labelled with fluorescein) in the presence of
increasing amount of Poly(A)1s RNA or S17 RNA. CTL refers to the PABP1-NS1-RBD
FL complex in the absence of RNA. BLANK refers to NS1-RBD FL without PABP1 or
RNA. The final concentration of the NS1-RBD FL was 10 nM, the final concentration of
PABP1 was 500 nM and the final concentration of Poly(A)1s RNA and S17 RNA were

increased from 0 to 1 uyM.
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