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PABP1 Drives the Selective Translation of Influenza A Virus 
mRNA

Cyrus M de Rozières, Alberto Pequeno, Shandy Shahabi, Taryn M Lucas, Kamil Godula, 
Gourisankar Ghosh, Simpson Joseph*

Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 
92093-0314, USA

SUMMARY

Influenza A virus (IAV) is a human-infecting pathogen with a history of causing seasonal 

epidemics and on several occasions worldwide pandemics. Infection by IAV causes a dramatic 

decrease in host mRNA translation, whereas viral mRNAs are efficiently translated. The IAV 

mRNAs have a highly conserved 5ʹ-untranslated region (5ʹUTR) that is rich in adenosine residues. 

We show that the human polyadenylate binding protein 1 (PABP1) binds to the 5’UTR of the viral 

mRNAs. The interaction of PABP1 with the viral 5ʹUTR makes the translation of viral mRNAs 

more resistant to canonical cap-dependent translation inhibition than model mRNAs. Additionally, 

PABP1 bound to the viral 5ʹUTR can recruit eIF4G in an eIF4E-independent manner. These 

results indicate that PABP1 bound to the viral 5ʹUTR may promote eIF4E-independent translation 

initiation.
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INTRODUCTION

Influenza A virus (IAV) is a zoonotic pathogen capable of infecting the epithelial cells 

of the upper respiratory tract in humans. Infection by IAV can lead to acute respiratory 

distress such as coughing, sneezing and even pneumonia and be fatal to those that are most 

vulnerable in our society [1]. Seasonal influenza is the cause for an estimated 350,000 

deaths worldwide each year while IAV pandemics have been known to cause millions of 

deaths on several occasions in the past century [2,3]. An estimated economic burden of 

$10.4 billion for direct medical costs and $87.1 billion for the total economic impact per 

year has been attributed to IAV in the United States alone [4]. These reasons among others 
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make IAV an important subject for research into the mechanisms of infection and viral 

proliferation to better defend the global community from this disease.

A hallmark of efficient viral infection and proliferation is the ability to direct host resources 

and cellular machinery towards the production of new virions. Much of our understanding 

of how cells operate stem from how viruses modulate specific signaling pathways and host 

proteins. One of the most important mechanisms that a virus must influence is that of 

mRNA translation, since it is only through viral protein production that more viruses can be 

made. Host mRNAs have a 7-methyl guanosine cap structure (m7G cap) at the 5ʹ-end and 

a 3ʹ polyadenosine tail sequence. The m7G cap is recognized by the eukaryotic initiation 

factor 4E (eIF4E) while the poly(A) tail is bound by multiple polyadenylate binding proteins 

(PABP1) [5,6]. With both ends of the mRNA bound, subsequent initiation factors can 

assemble on the mRNA including the eukaryotic initiation factor 4G (eIF4G) that leads to 

the eventual recruitment of the 40S and 60S ribosomal subunits necessary for translating the 

mRNA sequence into a protein [5,6].

IAV has evolved its own mechanism to best take advantage of the translation mechanism 

in host cells. During the course of infection, IAV will release its eight segmented (−)-sense 

RNAs into the host cell which enter the nucleus. In the nucleus, the viral polymerase 

subunits bound to each RNA will begin to cleave off the first dozen or so nucleotides of host 

mRNAs, which include the 5ʹ-m7G cap [7–11]. This cap snatched sequence then serves as 

a primer to synthesize the (+)-sense mRNA and a final stuttering event on a poly(U) stretch 

allows for the synthesis of a 3ʹ poly(A) tail [12]. The viral mRNAs are then exported to the 

cytoplasm where they are believed to be translated in the canonical cap-dependent manner 

like host mRNAs.

To investigate the mechanism of translation of viral mRNAs, a previous study used RNA-seq 

and ribosome profiling techniques to monitor IAV mRNA levels and translation, respectively 

[13]. They observed a strong correlation between the viral mRNA levels and ribosome 

footprints indicating that viral transcripts are not preferentially translated compared to host 

mRNAs [13]. Nevertheless, these techniques cannot inform the precise mechanism by which 

translation initiation occurs on a given mRNA because ribosome profiling only measures the 

overall distribution of ribosomes on the mRNA as a proxy for translation. Furthermore, it 

has been suggested that IAV infection will stimulate the mTOR pathway and activate the 4E 

binding proteins (4EBP) which can sequester eIF4E, in a similar fashion, as found in the 

case of poliovirus and encephalomyocarditis virus (EMCV) infection [14]. Sequestration of 

eIF4E by 4EBP prevents association between eIF4E and eIF4G, thus inhibiting canonical 

cap-dependent translation initiation. This suggests the possibility that viral mRNAs are 

translated in a manner that can be independent of 5ʹ cap recognition by eIF4E.

In this study, we examine the IAV mRNA sequences found across different strains and show 

that PABP1 binds to the 5ʹUTR of all eight viral segments. We demonstrate using a cell-free 

protein synthesis system that the translation of reporter mRNAs containing the viral 5ʹUTR 

is more resistant to cap-dependent translation inhibition than host mRNAs. We further used 

immunoprecipitation of PABP1 in IAV-infected cells to demonstrate that PABP1 enriches 

the 5ʹUTRs of viral mRNAs. We propose that the recognition of the 5ʹUTR by PABP1 
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serves to recruit eIF4G and the subsequent initiation factors to stimulate the translation of 

viral mRNAs in IAV-infected cells.

RESULTS

5ʹUTR sequence is conserved across most IAV strains.

To better understand the mechanism by which IAV mRNA are so highly translated, we 

began by analyzing the sequence identity and conservation of the 5ʹUTRs of each of the 

eight segments across several strains. To do so, we analyzed all unique IAV sequences that 

are present in the Influenza Research Database (www.fludb.org) whose sequences begin 

with the universally conserved sequence: 5ʹ-AGCRAAAGC-3ʹ [15]. The database provided 

roughly 1000 – 4000 unique sequences for each viral segment. These sequences were 

separated by the 5ʹUTR length up to the AUG start codon and conservation was analyzed 

by LOGO (Figure 1A) [16,17]. The results exhibited a significant degree of conservation 

across the vast majority of IAV strains for each individual segment [18]. In the few 

cases where a nucleotide was not fully conserved, the alternative possible nucleotides were 

usually consistent as either a purine or a pyrimidine. Furthermore, the 5ʹUTRs are notably 

purine rich, primarily made up of adenosines with several segments containing stretches of 

adenosines (Figure 1B). Minor populations of specific segments (HA, NP, NA and M) with 

varying lengths were also highly conserved and purine rich (Figure S1). Mutation rates of 

IAV are known to be quite high and yet the high conservation found in the 5ʹUTRs of its 

mRNAs suggest an importance to this particular stretch of nucleotides [19–22].

PABP1 has a significant affinity for the M1 portion of the 5ʹUTR.

Given the richness in adenosines of these UTRs, we wondered whether PABP1, which is 

known to bind poly(A) and to a lesser extent poly(G) sequences will bind to the 5ʹUTR 

[23–25]. Previous studies have shown that during the cap snatching process the 5ʹUTR of 

the M1/M2 segment (referred to as M1 in the text) contains the first 12 nucleotides of the 

U2 snRNA [8–11]. We were curious therefore, to see how PABP1 would interact with an 

RNA segment of the M1 5ʹUTR with or without the cap-snatched sequence. Therefore, we 

purified recombinant human PABP1 and synthesized the RNA of the M1 5ʹUTR segment 

for A/WSN/1933 (H1N1) strain, with and without the U2 snRNA cap-snatched sequence 

(Figure 2A). An EMSA was performed to qualitatively analyze the binding of PABP1 to 

the M1 5ʹUTR and control RNAs. We observed a shift of the Poly(A)18 RNA and M1 

5ʹUTR with and without the cap-snatch sequence in the presence of PABP1 (Figure 2B). 

PABP1 binds as a monomer and dimer to Poly(A)18 RNA, which was resolved by the EMSA 

[24,26]. A shift was also observed with the U2 snRNA cap-snatch sequence and PABP1, but 

to a lesser extent. No shift was observed with a single-stranded control RNA (ssCR1) in the 

presence of PABP1. We note that the electrophoretic mobility of the PABP1 bound RNAs 

is not entirely consistent with the size of the RNAs suggesting that the conformation of 

the PABP1•RNA complexes is affecting the extent of the shift in the EMSA. Nevertheless, 

our results indicate that PABP1 binds to the M1 5ʹUTR and to a lesser extent to the 

cap-snatched sequence. We next performed fluorescence anisotropy studies to quantitatively 

determine the binding affinity of PABP1 for M1 5ʹUTR. Fluorescence anisotropy studies 

showed that PABP1 binds to the M1 5ʹUTR with an equilibrium dissociation constant 
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(KD) of 86 ± 7 nM, regardless of the presence of the cap snatch sequences (Figure 2C 

and Table S1). Despite the affinity being an order of magnitude weaker than PABP1’s 

affinity to poly(A) sequences, the binding affinity suggest biological relevance given the 

high concentration (~ 4 μM) of PABP1 found in the cell [27]. Absence of PABP1 binding to 

other control RNAs demonstrates the specificity it has for the M1 5ʹUTR sequence (Figures 

2C and S2 and Table S2).

PABP1 has varying affinities for the eight IAV 5ʹUTRs.

We were curious then to see how PABP1 interacted with the 5’UTRs of the remaining IAV 

segments of A/WSN/1933 (H1N1). The seven 5ʹUTR RNAs were synthesized without the 

cap-snatch sequence and binding to PABP1 was analyzed using EMSA and fluorescence 

anisotropy. Our studies showed that PABP1 has varying affinities to each IAV 5ʹUTR 

ranging from 20 nM up to 1 μM (Figure 3 and Table S3). Furthermore, we measured 

the binding affinity PABP1 has to the eight 5ʹUTRs of two other human-infecting 

strains used most prevalently in the literature, namely A/Puerto Rico/8/34 (H1N1) and 

A/Udorn/307/1972 (H3N2) (Figures S3 and S4, Tables S4 and S5). Our studies showed that 

PABP1 binds to the 5ʹUTRs of all eight segments from the two additional IAV strains.

Translation initiation with IAV 5ʹUTR are resistant to cap-dependent downregulation.

Given the evidence that PABP1 binds to the 5ʹUTRs with significant affinity, we set out 

to examine the biological relevance of this binding. We hypothesized that due to PABP1’s 

canonical role of initiating translation by binding to the 3ʹ end, perhaps it could do the 

same for viral mRNAs from the 5ʹ end. To test this, we took the viral 5ʹUTR sequences 

of M1 with and without the cap snatch sequence (shown in Figure 2A) and incorporated 

them upstream of a Renilla luciferase coding sequence with a poly(A)25 sequence at the 3ʹ 
end. The viral 5ʹUTR containing Renilla luciferase mRNAs were synthesized by in vitro 
transcription. Additionally, we made a control Renilla luciferase mRNA with the Kozak 

sequence (5ʹ-GCCACCAUG-3ʹ), which is known to be found in the 5ʹUTR of highly 

expressed mRNAs [28]. All mRNAs were capped at the 5ʹ end with a m7G cap using the 

vaccinia virus capping enzyme. We tested the baseline Renilla expression of these mRNAs 

in a HeLa cell-derived in vitro translation system (IVTS) and found that the IAV 5’UTR 

sequences do not confer any significant advantage compared to the Kozak driven mRNA 

(Figure 4A) [29]. This suggests that under normal cellular conditions viral mRNAs would 

not have any advantage over host mRNA with regard to translation.

Interestingly, previous studies have shown that the translation of influenza viral mRNA is 

independent of eIF4E activity [14,30–32]. We therefore determined how expression of the 

M1 5ʹUTR mRNAs handled shutoff of eIF4E driven translation initiation by including an 

m7G cap analog in the IVTS (Figures 4B and S5) [33]. Results show that 90% of the 

Kozak driven mRNA translation is inhibited, whereas only ~50% of the translation of the 

mRNA driven by the M1 5’UTR is affected by the presence of the analog. The same trend 

was found to be true when comparing the relative translation of the same mRNAs that 

were capped and poly(A) tailed to versions that contained no cap and a long randomized 

3ʹUTR sequence (Figure S5B). This suggests, that while knockdown of cap-dependent 

translation creates an environment that decreases translation for all mRNAs, it does give 
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mRNAs with the viral 5ʹUTR sequence a distinct advantage over the host mRNAs. We 

also used a bicistronic RNA where the varying 5ʹUTRs and the cricket-paralysis virus 

(CrPV) IRES drove the production of firefly and Renilla luciferase, respectively (Figure 

S5D). By measuring the production of firefly luciferase and normalizing it to the production 

of the CrPV IRES driven Renilla luciferase, we found that the downregulation of eIF4E 

inhibited translation of the Kozak driven mRNA more than the M1–5ʹUTR driven mRNA. 

In fact, the translation of the varying 5ʹUTR of the bicistronic mRNAs resemble those of the 

monocistronic mRNAs, indicating the importance of the 5ʹUTR sequence on its resistance to 

cap-dependent translation inhibition.

We wanted to see whether this translational advantage during eIF4E inhibition is also 

observed with the eight different 5ʹUTRs of the IAV segments. We thus incorporated the 

different 5ʹUTRs of each IAV viral segment upstream of the monocistronic Renilla mRNA 

reporter. The reporter mRNAs containing the 5ʹUTR of NS, HA, M1, and NP IAV segments 

were found to be more resistant to the presence of the cap analog compared to the Kozak 

sequence (Figure S5C). These UTRs also have the highest binding affinity for PABP1 (Table 

S3). Our results suggest that if eIF4E is sequestered or inhibited during the course of IAV 

infection, several of the viral mRNAs are capable of overcoming cap-dependent translation 

inhibition.

To further validate that the translational levels observed in the in vitro translation system 

is due to PABP1 binding to the 5ʹUTR, we compared the translational efficiency of 

an M1 5’UTR driven Renilla construct with a Renilla sequence whose 5ʹUTR is the 

complementary sequence of the M1 5ʹUTR (Control). Binding studies reveal that PABP1 

does not bind with significant affinity to the M1 5ʹUTR Control (Figure S6). The translation 

assay showed that the M1–5ʹUTR Control driven mRNA is more susceptible to knocking 

down cap-dependent translation initiation than the M1–5ʹUTR driven mRNA sequence 

(Figure 4C).

eIF4G binds to PABP1•IAV 5ʹUTR complex.

During canonical cap-dependent translation initiation, PABP1 utilizes RRM1 and RRM2 to 

bind to the poly(A) tail and interacts with eIF4G bound to the 5ʹ-end of the mRNA. Studies 

have shown that eIF4G will bind to RRM2 and that this interaction is allosterically driven 

by PABP1 binding to its target RNA sequence [34]. For IAV to utilize PABP1 for translation 

initiation from the 5ʹ end of the mRNA, it may recruit eIF4G to the 5ʹ-end in an eIF4E 

independent manner. To test this hypothesis, we purified a fragment of eIF4G (88–653) 

which contains the PABP1 binding site and confirmed its ability to recognize PABP1 on 

a poly(A) sequence by EMSA (Figure 5A, indicated by blue circle). We then tested the 

binding of eIF4G to PABP1 bound to the M1 5ʹUTR by EMSA. At low concentration of 

PABP1, we observed the monomer of PABP1 bound to the M1 5ʹUTR (Figure 5B, indicated 

by the red circle in lane 3). While at higher concentration of PABP1, we observed the dimer 

of PABP1 bound to the M1 5ʹUTR (Figure 5B, indicated by the purple circle in lane 5). 

This is consistent with previous data showing that at high concentrations PABP1 binds as 

a dimer to RNA [24,26,35]. In both cases, the presence of eIF4G causes the PABP1 RNA 

complex to shift up even further (Figure 5B, indicated by the blue and green circles in 
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lanes 4 and 6, respectively). In the absence of PABP1, eIF4G has weak affinity for the 

M1 5ʹUTR (Figure 5B, lane 2). However, in the presence of PABP1, eIF4G cannot bind 

to the M1 5ʹUTR because PABP1 binds with higher affinity to the RNA and it will cover 

about 30 nucleotides thereby blocking access to the 26 nucleotide M1 5ʹUTR [23]. Thus, 

PABP1 bound to the M1 5ʹUTR recruits eIF4G by protein-protein interaction. Our results 

suggest that PABP1 is capable of binding to the 5ʹ-end of the viral mRNA and recruiting 

eIF4G, which should be sufficient for the assembly of the subsequent initiation factors and 

the ribosome to commence translation.

PABP1 is enriched on IAV 5ʹUTR sequences in infected cells.

We used immunoprecipitation (IP) and quantitative reverse transcription PCR (RT-qPCR) 

to determine whether PABP1 would preferentially enrich RNA pools with the IAV 5ʹUTR. 

To this end, we took A549 cells that were infected for 24 hours with the A/Puerto Rico/8 

(H1N1) virus (MOI = 0.5) and used formaldehyde to crosslink proteins bound to RNA 

sequences. We did not observe significant cell death and were able to recover more viral 

mRNAs for subsequent analysis under these conditions. We used sonication to lyse the cells 

and fragment the RNA to shortened sequences of 100 nt to 500 nt in length. Using an 

antibody against PABP1, we performed an IP reaction to pull down PABP1 and any RNAs 

it was bound to during infection. After isolating the RNAs by reversing the crosslinks, we 

used RT-qPCR to amplify different portions of the IAV segment to examine the relative 

preference PABP1 has for different portions of an mRNA (Figures 6A and 6B). Using the 

actin gene as a housekeeping control, we find that the PABP1 IP enriches the RNA pool 

with the 3ʹ-end of the mRNA by about 4-fold higher than the middle region. This trend 

is expected given that the 3ʹ end of the actin mRNA abuts the poly(A) tail and should be 

enriched during the IP. We also find that these results are consistent regardless of whether 

the cells were MOCK infected or IAV-infected. Furthermore, we examined the abundance of 

the 5ʹ-end of the actin mRNA in the IP to test whether the closed loop model of translation 

initiation would cause the IP to enrich the 5ʹ-ends of mRNAs (Figure 6C). We find that the 

relative enrichment of the 5ʹ mRNA ends are 5-fold less than the 3ʹ-ends indicating that the 

background we may encounter due to the closed loop model is very low [36].

Next, we analyzed the eight IAV mRNAs coding for HA, NA, PB1, NP, PB2, PA, NS 

and M by IP and RT-qPCR. Examination of the relative enrichment of the IAV mRNA 5ʹ 
ends shows a 2- to 4-fold increase over that of actin mRNA when normalized against the 

middle sections of the same mRNA (Figures 6D). We also compared the 5ʹ-end enrichment 

of tubulin mRNA, a different housekeeping gene, and found the relative differences to be 

similar (Figure S7). These results indicate that the IP of PABP1 is enriching the RNA pool 

with the 5ʹ-ends of each viral mRNA in line with what might be expected if PABP1 is bound 

to the 5ʹUTR.

DISCUSSION

Canonical eukaryotic translation initiation is an intricate process and involves more than 

ten initiation factors. One of the key steps during initiation is the recruitment of the 43S 

preinitiation complex to the 5ʹ-end of an mRNA by eIF4F (Figure 7). Mammalian eIF4F 
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is composed of eIF4E, eIF4G, and eIF4A subunits. The eIF4E subunit binds to the m7G 

cap structure present at the 5ʹ-end of cellular mRNAs; therefore, it is responsible for the 

placement of eIF4F at the 5ʹ-end. The eIF4G subunit is a large scaffolding protein that 

interacts with eIF4E, eIF4A, mRNA, 43S preinitiation complex (via eIF3), and PABP1 

bound to the 3ʹ-end of the mRNA. Finally, the eIF4A subunit is an RNA helicase that 

melts RNA structures in the 5ʹUTR, which facilitates the recruitment of the 43S preinitiation 

complex. Interestingly, the concentration of eIF4E in the cell is low and it is the limiting 

factor for translation initiation [6]. Additionally, the activity of eIF4E is regulated by 

a phosphorylation/dephosphorylation cycle and by 4EBP [6]. Thus, eIF4E serves as a 

regulatory hub for translation initiation.

Many viruses subvert canonical translation initiation in order to direct ribosome assembly 

onto viral mRNA sequences. For example, EMCV activates 4EBP and poliovirus encodes 

a protease that cleaves eIF4G [37]. Both strategies neutralize eIF4E-dependent translation 

initiation of capped host mRNAs. These viruses contain an IRES in the 5ʹUTR regions of 

their mRNA that directly recruit eIF4G in the case of EMCV or the cleaved eIF4G fragment 

in the case of poliovirus to proceed with translation initiation [38]. Many such IRES’s have 

been discovered in viral mRNAs whose ability to recruit initiation factors and the ribosome 

without the need for eIF4E give them a clear advantage over host mRNA translation [39]. 

To date no IRES-like activity for the IAV 5’UTR has been reported. However, numerous 

studies have shown that the IAV mRNAs are efficiently translated, whereas the translation 

of the host mRNAs is dramatically attenuated in infected cells [31,40–45]. This is explained 

by the inhibition of host RNA polymerase II, and the degradation of host mRNAs after 

viral infection [7,46–49]. Viral mRNAs escape the fate of the host mRNAs because they 

are transcribed by the viral polymerase, have a 5ʹ-cap obtained from host mRNAs, and a 3ʹ 
poly(A) tail added by a specialized process [50–59].

Even though the above-described processes reduce the amount of host mRNAs, there are 

still significant amounts of host mRNAs in the cytoplasm of infected cells, especially during 

the early phase of infection that will compete with viral mRNAs for translation [46]. More 

importantly, IAV infection activates the cellular stress response pathways, which will inhibit 

global translation [30,37,60–64]. One of the mechanisms for inhibiting global translation 

during the stress response is by the dephosphorylation of eIF4E and the activation of 4EBPs 

[30,37,60–64]. The dephosphorylation of eIF4E or the binding of 4EBPs to eIF4E reduces 

the activity of eIF4E and inhibit canonical cap-dependent mRNA translation [30,37,60–64]. 

However, many stress response mRNAs escape the inhibition of cap-dependent translation 

by recruiting PABP1 to their 5ʹ-UTR to initiate translation in an eIF4E-independent 

mechanism [33].

We propose that IAV mRNAs also use an eIF4E-independent mechanism for translation 

initiation to compete with cellular mRNAs under virus-induced stress conditions. Indeed, 

previous studies have shown that downregulating eIF4E during the course of IAV infection 

does not hinder the overall translation of the viral proteins [14,30–32]. These observations 

can be more fully explained by our findings since PABP1 recognition of the 5ʹUTR is 

capable of recruiting eIF4G and thus exclude the need for cap-recognition by eIF4E (Figure 

7). Additionally, viral mRNA translation may be enhanced because eIF4E, which is the 
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limiting factor for canonical translation initiation, is not needed for translation initiated by 

PABP1 binding to the 5ʹUTR.

The high sequence conservation of the 5ʹUTR comes as no major surprise considering 

other studies have also noted the conservation of both the 5ʹ- and 3ʹ-ends of IAV segments 

allow for the panhandle structure to form for the negative stranded RNA [65]. While 

this sequence is known to be important for viral replication, our studies suggest that the 

complementary sequence present in the IAV mRNAs may additionally be important for 

translation. The conservation of A-rich sequence identity in the 5ʹUTR may be to ensure 

favorable binding to PABP1 [66,67]. In summary, our unexpected discovery that PABP1 

binds with high affinity to the conserved sequence present in the viral 5ʹUTR and recruits 

eIF4G to initiate translation is consistent with previous reports that IAV mRNA translation 

is resistant to eIF4E inhibition [14,30–32]. The alternative mechanism could be used to 

enhance viral mRNA translation in competition with host mRNAs especially when the 

activity of eIF4E is reduced [68]. More studies are needed to understand this alternative 

mechanism of translation initiation on viral mRNAs, which could be targeted to treat IAV 

infection.

METHODS

LOGO Analysis.

We performed a sequence search on www.fludb.org for all eight IAV segments individually 

[15]. Search results were filtered based on human-infecting IAV strains with duplicate 

sequences removed by the websites search parameter options. Minimum sequence lengths 

were also included to enrich results containing the respective 5ʹUTRs of each segment. 

Lengths are as follows; PB2 = 2341 nucleotides, PB1 = 2339 nucleotides, PA = 2233 

nucleotides, HA = 1760 nucleotides, NP = 1565 nucleotides, NA = 1466 nucleotides, M1 

= 1011 nucleotides, and NS = 889 nucleotides. Resulting sequences were trimmed after the 

first ATG of the sequence and the results were separated by length. Sequences were then 

analyzed using weblogo.berkeley.edu/logo.cgi.

Purification of Human PABP1.

Human PABP1 (GenBank accession no. 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 [69,70]. E. coli Rosetta 2 (DE3) pLysS cells (Millipore) were 

transformed with pMCSG26-PABP1 construct. The cells were grown at 37 °C in LB/

ampicillin/chloramphenicol to an OD600 of 0.6−0.8, cooled to 18 °C, and then induced with 

0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) 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% (v/v) glycerol, 8 mM DTT, 0.5 mM EDTA, 1 mM PMSF, 

0.1% (v/v) Triton X-100, and 5 mM imidazole] and disrupted by sonication. The cell lysate 

was centrifuged at 20000 × g 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 PABP1 wash buffer (lysis buffer with 20 mM imidazole and 1 mg/mL 

heparin sodium salt from porcine intestinal mucosa (Sigma)). Protein was eluted with 
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PABP1 elution buffer [25 mM Tris (pH 7.5), 250 mM NaCl, 10% (v/v) 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 NaCl, 5% (v/v) glycerol, and 0.25 

mM TCEP]. Sample peaks were collected and analyzed by 10% SDS−PAGE. Fractions free 

of nucleic acids, based on A280/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 Human eIF4G.

The human eIF4G1 (NP_937884.1) gene (coding from amino acid 88–653) was codon 

optimized for E. coli expression and purchased as a FragmentGENE (GENEWIZ). The gene 

coding for eIF4G1 88–653 was subcloned using NdeI and SapI sites into the pTXB1 vector 

(NEB) which contains a C-terminal Mxe GyrA Intein and a chitin binding domain. An 

additional threonine was inserted after D653 to enhance cleavage during purification.

The E. coli BL21 (DE3) Star cells (Novagen) were transformed with the pTXB1-eIF4G 

plasmid. Cells were grown overnight at 37 °C in a 5 ml LB starter culture supplemented with 

100 μg/mL ampicillin. 1 L LB media containing 100 μg/mL ampicillin was inoculated with 

3–5 ml of the overnight starter culture and grown at 37 °C to OD600 ~0.5. The culture was 

cooled to 30 °C then induced with 0.4 mM IPTG and grown at that temperature for 2.5 – 3 

hrs. Cells were pelleted at 5000 RPM for 15 min at 4 °C and then stored at −80 °C.

Cells were resuspended in pTXB1 lysis buffer (20 mM HEPES, 100 mM KCl, 10% (v/v) 

glycerol, 1 mM PMSF, pH 8.5) then lysed by French Press. Lysate was clarified at 50,000 

× g for 30 min at 4 °C then loaded into a pre-equilibrated column containing chitin resin 

(NEB) with a flow rate of ~0.5 ml/min at 4 °C. The resin was washed with 10 column 

volumes of pTXB1 lysis buffer, 10 column volumes of pTXB1 wash buffer (20 mM HEPES, 

1 M KCl, 10% (v/v/) glycerol, 1 mg/ml heparin sodium salt, pH 8.5), and finally an 

additional 10 column volumes of pTXB1 lysis buffer. The resin was quickly washed with 3 

column volumes of cleavage buffer (20 mM HEPES, 100 mM KCl, 10% (v/v) glycerol, 50 

mM DTT, pH 8.5) before closing the column and incubating in cleavage buffer for 16–20 

hrs at room temperature. Fractions were collected, analyzed by SDS-PAGE, then pooled and 

concentrated to ~5 ml in an Amicon Ultra Centrifugal Filter (Millipore). The protein was 

further purified on a Superdex 200 16/600 gel filtration column (GE Healthcare) in Storage 

Buffer (20 mM HEPES, 200 mM KCl, 10% (v/v) glycerol, 1 mM DTT, 0.1 mM EDTA, 

pH 7.5). Fractions were analyzed by SDS-PAGE and only the purest fractions were pooled, 

concentrated, aliquoted, flash-frozen, and stored at −80 °C.

RNAs for Fluorescence Anisotropy.

The poly(A)18, ssIAV (5ʹ-AGCAAAAGCAGG-3ʹ), and ssCR1 (5ʹ-
GCUAUCCAGAUUCUGAUU-3ʹ) RNA with a fluorescein dye attached to the 3ʹ-end were 

purchased from GE Dharmacon. The dsRK1 with a fluorescein dye attached to the 5′-end 

was synthesized as two complementary RNAs: 5ʹ-FL-CCAUCCUCUACAGGCG-3ʹ and 5ʹ-
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FL-CGCCUGUAGAGGAUGG-3ʹ. 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 KCl, and 1 mM DTT for 2 min and then 

allowed to cool slowly to room temperature. The dsRNA was then aliquoted and stored at 

−80 °C.

RNA Transcription, Purification, and Capping.

RNAs not directly purchased were synthesized by in vitro transcription using either 

DNA oligonucleotides purchased from IDT or PCR products. Briefly, complementary 

sequences to the desired RNA sequence were designed with an additional 5ʹ-
CCTATAGTGAGTCGTATTA-3ʹ sequence at the 3ʹ end that is complementary to the 18T7T 

sequence (5ʹ-TAATACGACTCACTATAG-3ʹ). All DNA oligonucleotides were purified by 

denaturing urea-PAGE and resuspended in RNase-free water. The quality and yield were 

assessed with a NanoDrop 2000c (ThermoFischer). The 18T7T was annealed to the 

oligonucleotide templates and used for in vitro transcription using T7 RNA polymerase 

to synthesize RNAs. All RNAs were purified by denaturing urea-PAGE. Each RNA was 

then purified via chloroform extraction followed by ethanol precipitation and resuspended in 

RNase-free water. The quality and yield were assessed by measuring A260 with a NanoDrop 

2000c (ThermoFischer).

For long RNAs used for in vitro translation assays, the templates were synthesized by PCR. 

Briefly, the gene encoding the Renilla luciferase (RLuc) in the pRL-null vector (Promega) 

was modified with different sequences at the 5ʹ-end and a poly(A)25 was inserted at the 3ʹ-
end of the gene by PCR. Similarly, the bicistronic construct encoding the Firefly luciferase 

and CrPV driven Renilla luciferase proteins in the pFR-CrPV vector was modified with 

different sequences at the 5ʹ-end and a poly(A)25 was inserted at the 3ʹ-end of the gene. 

The bicistronic constructs were amplified by PCR to add the T7 promoter sequence. The 

PCR products were used as templates for in vitro transcription by T7 RNA polymerase 

to synthesize the RNAs. RNAs were purified using the Monarch RNA Cleanup Kit (New 

England BioLabs) and resuspended in RNase-free water. RNA length and quality were 

checked using denaturing urea-PAGE and concentration was measured with a NanoDrop 

2000c (ThermoFischer).

The mRNAs were 5ʹ-capped with 7-methylguanosine (m7G) using a homemade Vaccinia 

virus capping enzyme [71]. The mRNAs were first heated for 5 minutes at 65°C and then put 

on ice for 5 minutes. Capping was carried out for 2 hours at 37°C in 50 μL reactions with 

1X capping buffer [50 mM Tris pH 8, 5 mM KCl, 1 mM MgCl2, and 1 mM DTT], 0.5 mM 

GTP, 0.1 mM SAM, and 10 μg homemade Vaccinia capping enzyme; the amount of mRNA 

substrate to be modified was limited to maintain a large stoichiometric excess of both GTP 

and SAM to ensure all mRNA molecules were capped. The 5ʹ m7G-capped mRNAs were 

then cleaned up using the Monarch RNA cleanup kit (New England Biolabs) and yield was 

assessed with a NanoDrop 2000c (ThermoFischer).

de Rozières et al. Page 10

J Mol Biol. Author manuscript; available in PMC 2023 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 KCl, 50 ng/μL E. coli total tRNA, 1 mM DTT, and 0.01% (v/v) Tween 

20] [72]. For the anisotropy experiments, the concentration of RNA was fixed at 1 nM, and 

the concentration of PABP1 was titrated from 0 to 5 μM. 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 μL) was excited at 470 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 values, plotted, and fit to the 

following quadratic equation to determine KD as described previously [72,73]:

P + FL
FL =

P + FL + KD − P + FL + KD 2 − 4 P FL
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.

Electrophoretic Mobility Shift Assay (EMSA).

An EMSA was performed by incubating fluorescein-labeled RNA [final concentrations of 

100 nM] with protein in anisotropy buffer to a final volume of 11 μL at room temperature 

for 1 h. After incubation, 1.3 μL of ice-cold 50% (v/v) glycerol and xylene cyanol were 

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 

1× TBE buffer. Samples were separated at 4 °C in 1× 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 excitation laser at a 600 PMT voltage and 50 μm resolution. In cases where 

concentrations are not explicit, 500 nM PABP to 100 nM poly(A) RNA ratio was used. Gels 

were analyzed with ImageJ software [74].

In vitro translation assay.

HeLa extract and translation assays were performed as described previously [75]. Briefly, 

HeLa cells were cultured in several 10 cm or 15 cm tissue culture plates until > 95% 

confluency. Cells were trypsinized, collected, spun down, washed with PBS and spun down 

again. The cell pellet mass was measured in a falcon tube (~ 200 – 300 mg) and resuspended 

in an equal volume of lysis buffer (10 mM HEPES pH 7.6, 10 mM potassium acetate, 

0.5 mM magnesium acetate, 5 mM dithiothreitol, 15 mM 2-aminopurine and 1 tablet of 

cOmplete Mini, EDTA free proteinase inhibitor tablet from Roche). Cells were then lysed 

with 25 strokes of a 2 mL dounce homogenizer and lysate was clarified via centrifugation. 

Supernatant was isolated and subjected to a 7-minute incubation at 25°C with 15 U/mL of 

micrococcal nuclease (New England Biolabs) and 0.75 mM calcium chloride. Reaction was 
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stopped with the addition of 3 mM EGTA pH 7.0 and sample was aliquoted and stored in 

liquid nitrogen.

The in vitro translation reactions were carried out as recommended with some slight 

modifications [75]. Briefly, HeLa extract made up 40% of each reaction with the remaining 

volume made up of translation buffer [16 mM HEPES pH 7.6, 20 mM creatine phosphate, 

0.1 μg/μL creatine kinase, 0.1 mM spermidine, 100 μM amino acid mix, 8 mM ATP and 

500 μM GTP], 150 mM potassium acetate, 2.5 mM magnesium acetate and 15 nM RNA. 

Samples were incubated at 30°C for 1.5 hours and luminescence was measured with a 

Tecan Spark plate reader after adding 3 μM coelenterazine (Promega) for the monocistronic 

Renilla luciferase mRNAs. Samples of Firefly and Renilla luciferase bicistronic mRNAs 

were measured using the Dual Reporter Luciferase Assay System kit (Promega). All 

experiments were performed a minimum of three times with different lysate batches to 

ensure reproducibility.

Tissue culture, Virus propagation and IAV infection.

HeLa and A549 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

with 10% Fetal Bovine Serum (FBS) in an incubator set a 37°C with 5% CO2. A/Puerto 

Rico/8/34 (H1N1 ATCC-1469) virus was propagated in MDCK cells and transferred to 

DMEM supplemented with 25 mM HEPES buffer, 0.2% BSA Fraction V, 2 μg/mL TPCK-

trypsin, and 1% penicillin/streptomycin (DMEM-IAV Media). Viral titers were determined 

via the hemagglutination test in Turkey red blood cells. MDCK cells were infected and used 

to determine the 50% tissue culture infective dose (TCID50) using the Spearman-Karber 

method.

Cells used for infection were carried out by passaging 106 A549 cells into a 10-cm dish for 

two days prior to infection with IAV. Infection was done at an MOI of 0.5 in DMEM-IAV 

Media and incubated for 1 hour prior to multiple washes with 1x PBS. A mock infected 

control plate was prepared in parallel. Cells were incubated in DMEM + 10% FBS for 24 

hours before harvest. Briefly, media was aspirated and cells were washed twice with cold 

1x PBS. A crosslinking solution made up of 0.1% (v/v) formaldehyde in 1x PBS solution 

was added to each plate and incubated at room temperature for ten minutes with gentle 

mixing. Afterwards glycine was added (final concentration of 125 mM) to each plate and 

incubated for five minutes at room temperature. Solution was removed from each plate 

and cells were washed twice with cold 1x PBS. Cells were harvested by scraping the 

plates in 1 mL of 1x PBS using a cell scraper and transferred to an Eppendorf tube. Cells 

were pelleted, supernatant was aspirated and pellet was stored at −80°C until ready for 

immunoprecipitation. Experiment was performed a minimum of three times.

PABP1 Immunoprecipitation.

Pulldown of PABP1 was performed by resuspending the A549 pellets in ice cold RIPA 

buffer [25 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.1% SDC and 1 mM 

EDTA]. Resuspended cells were sonicated on ice for 5 rounds 15 seconds on, 60 seconds 

off using a Branson Sonifier 450 equipped with a microtip and set at 50% Duty Cycle and 

an Output Control of 4. Samples were spun down, supernatant was transferred to washed 
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Dynabeads Protein G Magnetic Beads (Invitrogen) with Rabbit IgG (Diagenode Cat. # 

c15410206) and placed on a rotator for 30 minutes at 4 °C. Aliquots were collected prior 

to the next stage to serve as an RNA Input control. Samples were separated from beads and 

added to anti-PABPC1 rabbit polyclonal antibody (Abcam Cat. # ab21060)) and placed on 

a rotator for 2 hours at 4 °C followed by washed Dynabeads Protein G Magnetic Beads 

for another hour. Supernatant was then discarded and beads were gently washed three times 

with RIPA buffer. Protein and RNA were eluted off with elution buffer [50 mM Tris-HCl pH 

7.5, 5 mM EDTA, 1% SDS and 10 mM DTT] and samples were subjected to a proteinase K 

(New England Biolabs) treatment at 65 °C for 45 minutes. RNA was separated from beads 

and then subjected to the Monarch RNA cleanup kit (New England Biolabs) where yield 

and purity were checked via NanoDrop 2000c (ThermoFischer). Pulldown experiments were 

performed a minimum of three times with three different infection experiments to ensure 

reproducibility.

Quantitative RT-PCR.

For RT-qPCR, 10 ng of total RNA taken before and after the IP was 

reverse transcribed with gene specific primers for different sections of the target 

mRNAs. Briefly, three different reactions per target mRNA were performed 

using the following primers: HA-5ʹUTR-Rev: 5ʹ-CGTTGTGGCTGTCTTCGAGC-3ʹ, 
HA-Mid-Rev: 5ʹ-CTGGAAAGGGAGACTGCTGTTTATAGC-3ʹ, HA-3ʹUTR-

Rev: 5ʹ- TCAGATGCATATTCTGCACTGCAAAGAT-3ʹ, 
Actin-5ʹUTR-Rev: 5ʹ-GCCCACATAGGAATCCTTCTGACC-3ʹ, Actin-Mid-

Rev: 5ʹ-GGTACATGGTGGTGCCGCC-3ʹ, Actin-3ʹUTR-Rev: 5ʹ-
TCATTTTTAAGGTGTGCACTTTTATTCAACTGG-3ʹ, Tubulin-5ʹUTR-Rev: 

5ʹ-TGCATGTGTTAAAAGGCGCAGG-3ʹ, Tubulin-Mid-Rev: 5ʹ-
AAGCAGTGATGGAGGACACAATCTG-3ʹ, Tubulin-3ʹUTR-Rev: 5ʹ-
GACATTTAAAATGGAAACTTCAATTTTATTAACAATTTACGGC-3ʹ, NP-5ʹUTR-

Rev: 5ʹ-AATCACTGAGTTTGAGTTCGGTGCA-3ʹ, NP-Mid-Rev: 

5ʹ-CCGACCCTCTCAATATGAGTGCA-3ʹ, NP-3’UTR-Rev: 5ʹ-
TTAATTGTCGTACTCCTCTGCATTGTCTC-3ʹ, NA-5ʹUTR-Rev: 5ʹ-
TGATGTTTTGGTTGCATATTCCAGTATGGT-3ʹ, NA-Mid-Rev: 5ʹ-
TGATTTAGTAACCTT CCCCTTTTCGATCTTG −3ʹ, 
NA-3ʹUTR-Rev: 5ʹ-CTACTTGTCAATGGTGAATGGCAACTC-3ʹ, PB1–

5ʹUTR-Rev: 5ʹ-CTGAGTACTGATGTGTCCTGTTGACA-3ʹ, PB1-Mid-

Rev: 5ʹ-TGAATCCCTTCATGATTGGGTGCA-3ʹ, PB1–3ʹUTR-Rev: 

5ʹ-CTATTTTTGCCGTCTGAGCTCTTCAATG-3ʹ, NS-5ʹUTR-Rev: 5ʹ-
TGC CTC ATC GGATTCTTCTTTCAGAATC-3ʹ, NS-

Mid-Rev: 5ʹ-GGAAGAGAAGGCAATGGTGAAATTTCG-3ʹ, NS-3ʹUTR-

Rev: 5ʹ-TAAATAAGCTGAAACGAGAAAGTTCTTATCTCTTGC-3ʹ, 
M-5ʹUTR-Rev: 5ʹ-CGTGAACACAAATCCTAAAATCCCCTTAGT-3ʹ, 
M-Mid-Rev: 5ʹ-CTCCATAGCCTTAGCTGTAGTGCTG-3ʹ, M-3ʹUTR-

Rev: 5ʹ-TTACTCCAGCTCTATGCTGACAAAATGAC-3ʹ, PB2–5ʹUTR-

Rev: 5ʹ-GCTGTAATTGGATATTTCATTGCCATCATCC-3ʹ, PB2-Mid-

Rev: 5ʹ-GCTGATTCGCCCTATTGACGAAATTC-3ʹ, PB2–3ʹUTR-

Rev: 5ʹ-AAACTATTCGACACTAATTGATGGCCATCC-3ʹ, PA-5ʹUTR-

de Rozières et al. Page 13

J Mol Biol. Author manuscript; available in PMC 2023 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rev: 5ʹ-TCTACGATTATTGACTCGCCTTGCTC-3ʹ, PA-Mid-Rev: 

5ʹ-GCCCACTTTAGCTGACTTGTTTTCTTC-3ʹ, PA-3ʹUTR-Rev: 5ʹ-
GGACAGTATGGATAGCAAATAGTAGCACTG-3. The reverse transcriptase used was 

Superscript III (Invitrogen) and reaction followed manufacturer’s protocol.

The RT-qPCR was performed on a Bio-Rad CFX Connect Real-Time System using specific 

primers for different sections of the target mRNAs. Briefly, RT-qPCR was performed with 

2 μL of total cDNA from the above step using the Luna Universal RT-qPCR Master Mix 

(NEB) and specific primers according to the manufacturer’s protocol. The reverse primers 

used are the same as the aforementioned primers for reverse transcription. The forward 

primers are as follows:

HA-5ʹUTR-Fwd: 5ʹ-AGCAAAAGCAGGGGAAAATAAAAACAACC-3ʹ,

HA-Mid-Fwd: 5ʹ-GGAGGATGAACTATTACTGGACCTTGC-3ʹ,

HA-3ʹUTR-Fwd: 5ʹ-ATCAATGGGGATCTATCAGATTCTGGC-3ʹ,

Actin-5ʹUTR-Fwd: 5ʹ-ACAGAGCCTCGCCTTTGC-3ʹ,

Actin-Mid-Fwd: 5ʹ-AGCTGCCTGACGGCCAG-3ʹ,

Actin-3ʹUTR-Fwd: 5ʹ-
TTTTAATCTTCGCCTTAATACTTTTTTATTTTGTTTTATTTTGAATGA-3ʹ,

Tubulin-5ʹUTR-Fwd: 5ʹ-CTAAAATGACAGCCTGGTTCAATGGG-3ʹ,

Tubulin-Mid-Fwd: 5ʹ-CCAGGTTTCCACAGCTGTAGTTGA-3ʹ,

Tubulin-3ʹUTR-Fwd: 5ʹ-GACATGGCTGCCCTTGAGAAG-3ʹ,

NP-5ʹUTR-Fwd: 5ʹ-AGCAAAAGCAGGGTAGATAATCACTCAC-3ʹ,

NP-Mid-Fwd: 5ʹ-GGTGAGAATGGACGAAAAACAAGAATTGC-3ʹ,

NP-3ʹUTR-Fwd: 5ʹ-ATCTGACATGAGGACCGAAATCATAAGG-3ʹ,

NA-5ʹUTR-Fwd: 5ʹ-GCAGGAGTTTAAAATGAATCCAAATCAGAAAATAATAACC-3ʹ, 
NA-Mid-Fwd: 5ʹ-GCAGTGGCTGTATTAAAATACAACGGC-3ʹ,

NA-3ʹUTR-Fwd: 5ʹ-GGAAGTTTCGTTCAACATCCTGAGC-3ʹ,

PB1–5ʹUTR-Fwd: 5ʹ-CAGGCAAACCATTTGAATGGATGTCAATC-3ʹ,

PB1-Mid-Fwd: 5ʹ-CTGCATCATTGAGCCCTGGAATG-3ʹ,

PB1–3ʹUTR-Fwd: 5ʹ-TGCTGCAATTTATTTGAAAAATTCTTCCCCAG-3ʹ, 
NS-5ʹUTR-Fwd: 5ʹ-AGCAAAAGCAGGGTGACAAAAACAT-3ʹ, NS-

Mid-Fwd: 5ʹ-CATGCTCATACCCAAGCAGAAAGTG-3ʹ, NS-3ʹUTR-

Fwd: 5ʹ-CTCCACTCACTCCAAAACAGAAACGA-3ʹ, M-5ʹUTR-
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Fwd: 5ʹ-AGCAAAAGCAGGTAGATATTGAAAGATGAGTC-3ʹ, M-Mid-

Fwd: 5ʹ-CTCAGTTATTCTGCTGGTGCACTTG-3ʹ, M-3ʹUTR-Fwd: 

5ʹ-AACGGTTCAAGTGATCCTCTCACTATTG-3ʹ, PB2–5ʹUTR-Fwd: 5ʹ-
CGAAAGCAGGTC AATTATATTCAATATGGAAAGAATAAAAG-3ʹ, 
PB2-Mid-Fwd: 5ʹ-AGGGATATGAAGAGTTCACAATGGTTGG-3ʹ, PB2–

3ʹUTR-Fwd: 5ʹ-GATTCCTCATTCTGGGCAAAGAAGACA-3ʹ, PA-5ʹUTR-

Fwd: 5ʹ-TGATCCAAAATGGAAGATTTTGTGCGAC-3ʹ, PA-Mid-Fwd: 

5ʹ-GGAACCCAATGTTGTTAAACCACACG-3ʹ, PA-3ʹUTR-Fwd: 5ʹ-
GAAGGATTTTCAGCTGAATCAAGAAAACTGC-3ʹ. Reactions were run in duplicates 

and the 2-ΔΔCt was calculated by subtracting the Ct values of the samples post pulldown 

from pre-pulldown and relating different sections of a gene to each other before relating 

genes to each other. Note that primer efficiency for each pair of primers was validated 

according to recommended practices [76]. RT-qPCR was done on RNA from three 

biological replicates. GraphPad Prism was used to perform one-way ANOVA and t-test 

analysis to obtain P-values. P < 0.05 is denoted with one asterisk, P < 0.01 is denoted with 

two asterisks, and P < 0.0001 is denoted with four asterisks.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
IAV 5ʹUTR Sequence Conservation. (A) LOGO analysis of the eight IAV 5ʹUTR sections 

found across strains. Analysis is based on DNA sequencing files and thus the RNA would 

have an uracil instead of a thymine. For each segment, the last three nucleotides (ATG) 

correspond to the mRNA start codon. Note that the M1 5ʹUTR is also used by M2, but for 

simplicity we refer to it as M1. A black line above ATG is used to indicate the start codon. 

(B) Estimated nucleotide percent representation per IAV 5ʹUTR. The sum of each individual 

nucleotide was calculated relative to the total number of nucleotides making up the 5ʹUTR. 

In cases where a position had low conservation, the most conserved nucleotide was chosen 

for that position and used as part of the calculation. The plot is separated based on individual 

nucleotide or purine versus pyrimidine prevalence.
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Figure 2. 
PABP1 binds to the 5ʹUTR of M1 mRNA. (A) The sequences used in the binding studies. 

The U2 snRNA (blue) and M1–5ʹUTR (red) sequences are color coded for visual clarity. 

The first guanosine residue (black) is due to T7 transcription and is not part of the native 

sequence. (B) EMSA assay comparing the binding of PABP1 to the sections that make up 

the M1 5ʹUTR RNA and control RNAs. Plus sign indicates 500 nM of PABP1 was added 

to the reaction. Minus sign indicates no PABP1 was added to the reaction. Arrow points to 

the shifted PABP1 monomer•Poly(A)18 complex and PABP1 dimer•Poly(A)18 complex. (C) 

Anisotropy assay of PABP1 binding to the sections that make up the M1 5ʹUTR RNA and 

control RNAs. The final concentration of the RNAs was 1 nM [Poly(A)18, Poly(A)30, and 

M1–5ʹUTR] and 10 nM [ssCR1-Fwd, U2 snRNA, and U2 snRNA+M1–5ʹUTR]. The final 

concentration of PABP1 was increased from 0 to 5 μM. The change in anisotropy is shown 

on the y-axis. The error bars represent the SEM from three independent experiments.
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Figure 3. 
PABP1 binds to the 5ʹUTR of all eight segments of A/WSN/1933 (H1N1) IAV. (A) The 

sequences of the 5ʹUTRs of A/WSN/1933 (H1N1) used in the binding studies. The first 

guanosine residue (black) is due to T7 transcription and is not part of the native sequence. 

(B) EMSA assay comparing the binding of PABP1 to the different 5ʹUTR RNA of each IAV 

segment. Minus sign indicates no PABP1 was added to the reaction. Arrow points to the 

shifted PABP1•Poly(A)18 complexes. (C) Anisotropy assay to determine the binding affinity 

of PABP1 for the different 5ʹUTR RNA of each IAV segment. The final concentration of the 

RNAs was 1 nM, and the final concentration of PABP1 was increased from 0 to 5 μM. The 

change in anisotropy is shown on the y-axis. The error bars represent the SEM from three 

independent experiments.
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Figure 4. 
The IAV 5ʹUTR confer resistance to cap-dependent translation inhibition. (A) Translation 

of Kozak sequence driven Renilla luciferase mRNA, M1–5ʹUTR driven Renilla luciferase 

mRNA, and U2 snRNA + M1–5ʹUTR driven Renilla luciferase mRNA in HeLa lysate 

monitored by relative luminescence units (RLU). RNAs are capped at the 5’ end with m7G 

and have a 25-nucleotide long polyadenosine tail at the 3’ end. The RLU was normalized 

relative to the control Kozak driven Renilla mRNA translation. (B) Translation of Kozak 

sequence driven Renilla luciferase mRNA, M1–5ʹUTR driven Renilla luciferase mRNA, and 

U2 snRNA + M1–5ʹUTR driven Renilla luciferase mRNA in HeLa lysate in the presence 

or absence of 1 mM m7G cap analog. RNAs are capped at the 5ʹ-end with m7G and have 

a 25-nucleotide long polyadenosine tail at the 3ʹ-end. In each case, the RLU with the cap 

analog was normalized to the absence of cap analog arbitrarily set as 100%. (C) Translation 

of M1–5ʹUTR driven Renilla luciferase mRNA, and M1–5ʹUTR Control driven Renilla 
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luciferase mRNA in HeLa lysate in the presence or absence of 1 mM m7G cap analog. 

RNAs are capped at the 5ʹ-end with m7G and have a 25-nucleotide long polyadenosine tail 

at the 3ʹ-end. The RLU in the presence of the cap analog was normalized relative to the 

signal in the absence of the cap analog arbitrarily set as 100%. The standard deviations from 

three experiments are shown.
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Figure 5. 
eIF4G is recruited by PABP1 to the 5ʹ-UTR of M1 mRNA. (A) EMSA assay monitoring the 

binding of PABP1 to poly(A)18 RNA in the presence of varying amounts of eIF4G. Minus 

sign indicates no PABP1 was added to the reaction. The plus sign indicates 250 nM PABP1 

was added to the reaction. The red circle points to the shifted PABP1•poly(A)18 complex 

(lane 3) and the blue circle points to the PABP1•poly(A)18•eIF4G complex (lanes 4 to 8). 

(B) EMSA assay monitoring the binding of PABP1 to M1–5ʹUTR RNA in the presence 

or absence of eIF4G. Minus sign indicates no eIF4G was added to the reaction. The plus 

sign indicates 5 μM eIF4G was added to the reaction. The red circle points to the PABP1 

monomer•M1–5ʹUTR complex (lane 3), the blue circle points to the PABP1 monomer•M1–

5ʹUTR•eIF4G complex (lane 4), the purple circle points PABP1 dimer•M1–5ʹUTR complex 

(lane 5), and the green circle points to the PABP1 dimer•M1–5ʹUTR •eIF4G complex (lane 

6).
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Figure 6. 
PABP1 pulldown from IAV-infected cells enriches for viral 5ʹUTR RNAs. (A) The 

workflow of the immunoprecipitation experiment from live IAV-infected cells. Briefly, 

lysate containing PABP1 crosslinked to RNA are sheared into fragments by the sonication 

step, followed by recognition of PABP1 by specific antibody and pulldown of the 

PABP1•RNA complex. Proteins are digested and total RNA fragments are purified. Primers 

for reverse transcription and RT-qPCR were designed to amplify the 5ʹ-, 3ʹ- and middle 

section of the mRNAs of interest. RT-qPCR was performed to determine the enrichment for 

the 5ʹ-, 3ʹ- and middle section of selected mRNAs. (B) Results of RT-qPCR comparing the 

enrichment of actin mRNA fragments from the 3ʹ-end (Actin 3ʹUTR) relative to the middle 

fragments (Actin Mid) set to 1. MOCK refers to cells that were mock infected while IAV 

refers to cells infected with A/Puerto Rico/8/34 (H1N1) IAV strain. (C) Results of RT-qPCR 

comparing the enrichment of actin mRNA fragments from the 5ʹ-end (Actin 5ʹUTR) relative 
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to fragments from the 3ʹ-end (Actin 3ʹUTR) set to 1. MOCK refers to cells that were mock 

infected while IAV refers to cells infected with A/Puerto Rico/8/34 (H1N1) IAV strain. (D) 

Results of RT-qPCR comparing the enrichment of RNA fragments from the 5ʹ-end relative 

to fragments from the middle of IAV mRNAs. The data was normalized relative to the 

actin mRNA fragments from the 5ʹ-end over middle set to 1 and the error was propagated 

for all conditions. The cells were infected with A/Puerto Rico/8/34 (H1N1). The standard 

deviations from three biological replicates are shown. P < 0.05 is denoted with one asterisk, 

P < 0.01 is denoted with two asterisks, P < 0.001 is denoted with three asterisks, and P < 

0.0001 is denoted with four asterisks.
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Figure 7. 
Models for translation initiation on IAV mRNAs. The IAV mRNAs have a m7G cap structure 

at the 5ʹ-end, a highly conserved 5ʹUTR and a poly(A) tail at the 3ʹ-end. During canonical 

translation initiation shown on the left, PABP1 binds to the 3ʹ poly(A) tail, and eIF4F 

consisting of eIF4E, eIF4G and eIF4A subunits binds to the m7G cap at the 5ʹ-end (for 

clarity the binding of eIF4E subunit to the m7G cap is shown as a separate step). This 

is followed by mRNA circularization by the interaction of eIF4G with PABP1 and the 

recruitment of the 43S preinitiation complex to the mRNA by eIF4F. In the alternate 

mechanism of initiation shown on the right, PABP1 binds both to the 3ʹ poly(A) tail and 

to the viral 5ʹUTR. PABP1 bound to the viral 5ʹUTR then recruits eIF4G and eIF4A. 

Finally, the 43S preinitiation complex is recruited by eIF4G to initiate translation in an 

eIF4E-independent manner.
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