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ABSTRACT Influenza A viruses, causing seasonal epidemics and occasional pandemics,
rely on interactions with host proteins for their RNA genome transcription and replica-
tion. The viral RNA polymerase utilizes host RNA polymerase Il (Pol Il) and interacts
with the serine 5 phosphorylated (pS5) C-terminal domain (CTD) of Pol Il to initiate
transcription. Our study, using single-particle electron cryomicroscopy (cryo-EM), reveals
the structure of the 1918 pandemic influenza A virus polymerase bound to a synthetic
pS5 CTD peptide composed of four heptad repeats mimicking the 52 heptad repeat
mammalian Pol Il CTD. The structure shows that the CTD peptide binds at the C-terminal
domain of the PA viral polymerase subunit (PA-C) and reveals a previously unobserved
position of the 627 domain of the PB2 subunit near the CTD. We identify crucial residues
of the CTD peptide that mediate interactions with positively charged cavities on PA-C,
explaining the preference of the viral polymerase for pS5 CTD. Functional analysis of
mutants targeting the CTD-binding site within PA-C reveals reduced transcriptional
function or defects in replication, highlighting the multifunctional role of PA-C in viral
RNA synthesis. Our study provides insights into the structural and functional aspects of
the influenza virus polymerase-host Pol Il interaction and identifies a target for antiviral
development.

IMPORTANCE Understanding the intricate interactions between influenza A viruses and
host proteins is crucial for developing targeted antiviral strategies. This study employs
advanced imaging techniques to uncover the structural nuances of the 1918 pandemic
influenza A virus polymerase bound to a specific host protein, shedding light on the
vital process of viral RNA synthesis. The study identifies key amino acid residues in the
influenza polymerase involved in binding host polymerase Il (Pol Il) and highlights their
role in both viral transcription and genome replication. These findings not only deepen
our understanding of the influenza virus life cycle but also pinpoint a potential target
for antiviral development. By elucidating the structural and functional aspects of the
influenza virus polymerase-host Pol Il interaction, this research provides a foundation for
designing interventions to disrupt viral replication and transcription, offering promising
avenues for future antiviral therapies.

KEYWORDS influenza, RNA polymerases, transcription, RNA polymerase Il, CTD
nfluenza viruses are negative-strand RNA viruses with a genome consisting of eight
viral RNA (VRNA) segments organized into viral ribonucleoprotein (vRNP) complexes

(1). Each vRNP complex packages one viral genome segment using viral nucleoprotein

(NP) and viral RNA-dependent RNA polymerase (RdRp), a heterotrimeric protein, that

consists of the polymerase acidic (PA), polymerase basic 1 (PB1), and PB2 subunits

(2). During viral infection, the VRNPs are trafficked to the cell nucleus where the viral
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polymerase performs both viral transcription and replication. Replication, a two-step
process, is primer independent and requires de novo initiation by the viral polymer-
ase to synthesize new VRNA, using positive-sense complementary RNA (cRNA) as an
intermediate template (2, 3). In contrast, viral transcription depends on the interaction of
the viral polymerase with the host transcriptional machinery to produce viral positive-
sense mRNA. The synthesized viral mRNA contains a 5" terminal N7-methyl guanosine
(m7G) cap and a 3’ polyA tail which makes viral mMRNA structurally identical to the host
mRNA and allows the virus to hijack the host translation machinery for viral protein
synthesis in the cytoplasm (2, 4). In a process called “cap snatching’, the viral polymerase
steals 10-15 nucleotides long capped RNA fragments from nascent capped host RNA,
generated by the host RNA polymerase Il (Pol Il), to prime its own transcription using the
PB2 cap-binding and PA endonuclease domains (4, 5). Cap snatching takes place during
the early stages of Pol Il-mediated transcription which enables the viral polymerase
to secure access to host RNA caps before being bound by host cap-binding proteins
(6). The interaction of the viral polymerase with Pol Il has detrimental effects on host
transcription and results in inhibition of cellular gene expression (host shut-off) and Pol Il
degradation at later stages of infection (7-9).

To access caps of nascent host RNA, the viral polymerase physically associates
with host Pol II. Functional and structural studies confirmed that the viral polymerase
selectively recognizes the serine 5 phosphorylated (pS5) CTD heptad repeat sequence
YSPTpSPS, the signature for initiating Pol Il involved in capping (4, 10). In structural
studies, two distinct binding sites of the CTD to the viral polymerase were observed
using polymerase from influenza virus types A, B, and C and synthetic four-repeat pS5
CTD peptides (11-13). Structures of the CTD-bound polymerase of different influenza
types revealed shared and distinct binding features between each type, while binding of
the Pol Il CTD beyond the identified binding sites remains largely unknown. Considering
that mammalian Pol Il CTD contains 52 heptad repeats of the consensus sequence
Y1S,P3T4S5P6S7, which far exceeds the length of CTD mimetic peptides, it appears likely
that further interactions between the viral polymerase and Pol Il CTD take place beyond
the identified binding sites (4, 10). In addition, it has been reported that the interaction
of the viral polymerase with Pol Il involves not only the CTD of the large subunit, RPB1,
but also other subunits of the 12-subunit holoenzyme such as RPB4 (11, 14).

Here, we present the structures of the CTD-bound polymerase of the 1918 pandemic
influenza A virus. In these structures, we observe a continuous stretch of the CTD binding
site, encompassing 25 of the 28 amino acid residues of the four heptad repeats (repeats
a-d), on the C-terminal domain of the PA subunit (PA-C). Additionally, we observe a
minor population of particles with a unique arrangement of the PB2 C-terminal (PB2-C)
region, likely representing a transcriptase intermediate. Based on these structures, we
performed mutagenesis of residues in the CTD-binding site that are conserved across
influenza A virus strains, with the aim of determining their effect on viral polymerase
activity using a cell-based VRNP reconstitution assay. Our findings demonstrate that
mutagenesis of conserved residues in the CTD binding site results in transcriptional and
replicational defects, indicating a potential overlap of binding sites for host factors that
facilitate transcription and replication, respectively.

RESULTS

Effect of alternative phosphorylation patterns of the Pol Il CTD on binding
the influenza A virus polymerase

The Pol Il CTD exhibits remarkable functional flexibility because many of the amino
acids in the heptapeptide can undergo posttranslational modifications, and various
combinations of these covalent marks are selectively recognized by different protein
partners (15-18). Of the amino acid residues composing the consensus heptad, serines
at positions 2, 5, and 7 (abbreviated as S2, S5, and S7, respectively) as well as the
tyrosine at position 1 (Y1) and the threonine at position 4 (T4) can be phosphorylated.
Mass spectrometry analysis revealed that S2 and S5 phosphorylations are the most
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prominent posttranslational modifications (19, 20). More recently, several studies linked
S7 phosphorylation to early events of transcription initiation (21). The influenza virus
polymerase has been shown to have a strong preference for the pS5 CTD over pS2
and unphosphorylated CTD (22). However, combinations of these main phosphorylation
patterns and the effect of pS7 have not yet been investigated.

To further characterize the binding preference of the influenza virus polymerase to
Pol Il CTD, we used biotinylated Pol Il CTD mimic peptides containing four repeats
(designated repeats a-d) of the conserved heptapeptide repeat (Y1S,P3T4S5P¢S7) with
a combination of phosphorylation patterns (Fig. 1; Fig. S1; Table S1). We opted for
peptides with four heptapeptide repeats as it has been demonstrated previously that
these can bind the influenza virus polymerase specifically (13, 22). We found that the
polymerase of the 1918 pandemic influenza virus bound to the pS5 peptide, and we
also detected low but above background levels of binding to pS7. Interestingly, none
of the other peptides were bound by the viral polymerase above background. Overall,
this experiment shows that the influenza virus polymerase has a striking preference
for pS5 peptide compared to pS2 and pS7 and additional phosphorylation in the pS5
peptide interferes with binding. This binding preference clearly links the influenza virus
polymerase to the initiating form of Pol Il engaged in capping its nascent RNA (23).

Structure of the 1918 pandemic influenza A virus polymerase bound to Pol Il
CTD mimic peptide

To characterize the binding of the CTD of host Pol Il to the 1918 pandemic influenza A
virus polymerase, we used recombinant influenza virus polymerase expressed in insect
cells and a four-repeat synthetic pS5 Pol Il CTD mimic peptide. Cryo-EM analysis of
the complex generated a high-quality map to a global resolution of 3.22 A (Fig. 2A;
Fig. S2) comprising the polymerase core (PA-C, PB1, PB2-N domains), the PA endonu-
clease domain, 15 bases of the 5" VRNA promoter, 8 bases from the 5" end of the 3’
VRNA promoter, and continuous density for 25 amino acids of the CTD peptide (Fig.
2B). Though capped RNA was added to the complex, this was not observed either in
the RdRp active site or in the PB2 cap-binding domain. The PB2-C domains were not
observed in the consensus refinement.
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FIG 1 Effect of serine phosphorylations of Pol Il CTD on binding the 1918 pandemic HIN1 influenza A virus polymerase. (A) Schematic of peptides used in the
binding assay with the four heptad repeats (designated repeats a, b, ¢, and d) depicted as gray lines. Serine phosphorylations (pS) are shown as colored circles
[pS2 (yellow), pS5 (green), pS7 (blue)l. (B) Binding of the influenza virus polymerase to serine phosphorylated Pol Il CTD mimic peptides. Top panel, quantification
of influenza virus polymerase (FluPol) binding from n = 3 independent binding assays. Data are mean + SEM. Ordinary one-way ANOVA was used to compare
the relative polymerase binding in the presence and absence of CTD. *P < 0.05; ****P < 0.0001. Bottom panel, a representative silver-stained gel.
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FIG 2 Structure of the 1918 pandemic H1N1 influenza A virus polymerase bound to a pS5 Pol Il CTD mimic peptide. (A and B) deepEMhancer modified cryo-EM
map (A) and model in two orientations showing the position of the CTD peptide bound at PA-C domain (B). (C and D) Close-up views detailing the interaction of
the CTD peptide with the PA-C domain showing the fit of the peptide model (C) and amino acids involved in mediating the interactions (D).

The global polymerase conformation is that of a transcriptase as characterized by the
position of the endonuclease domain packing against the PB1 C-terminal helices (24-26).
The CTD occupies an elongated binding site along the PA-C domain, where we observe
25 of the 28 residues from the peptide (Fig. 2C). The phosphorylated peptide buries a
total surface area of 1,160 A? with the interaction mediated predominantly by the first
(designated repeat a), third (designated repeat c), and the N-terminal half of the fourth
heptad repeat (designated repeat d). The phosphorylated serine residues pS5a and pS5c
of the peptide are highly ordered and are coordinated into binding sites formed by
K635/R638 and K289/R454, respectively. E416 and E457 aid in the correct positioning
of R454 to coordinate pS5c. Other amino acid residues of the polymerase interact with
unmodified residues from the CTD peptide. Specifically, residues Y445, E449, and F612
interact with Y1a and D419 may contact Y1b. At the C-terminal end of the resolved
part of the peptide L290 and Y313 contact Y1d, L527 may interact with P6c, and R551/
R559 contact the peptide as it leaves the surface of the PA-C over the top of the PA
550-loop. The phosphorylated pS5b was partially ordered showing a clear main chain
and does not appear to contact the polymerase core (Fig. 2D). All residues interacting
with the peptide are from the PA subunit. The observed CTD binding site is similar to that
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observed previously for other influenza A virus polymerases as well as influenza B and
C virus polymerases, underpinning the conserved role of PA-C in binding Pol Il CTD (Fig.
S3). However, there are clear distinctions in the mode of CTD binding involving different
regions of PA-C for the polymerases of the three different influenza types. Additionally, in
contrast to influenza A, in influenza B, the CTD binding site extends to the PB2 627-NLS
domain, while in influenza C polymerase, the binding site also involves amino acid
residues from the PB1 subunit. Together, these data show that although polymerases of
all three influenza types use PA-C as the main interface for Pol Il CTD binding, the mode
of binding has diverged between influenza virus types involving distinct regions.

Arrangement of PB2-C in the Pol Il CTD-bound influenza virus polymerase

While most particles in our cryo-EM data set lacked density for the flexible PB2-C
domains, including the cap-binding domain, mid-link, 627, and nuclear localization
signal (NLS) domains, approximately 5% of the particles from the consensus refinement
contained additional electron density, suggesting that in these particles the PB2-C
domains had become ordered (Fig. 3A; Fig. S2). By aligning the core of previously
determined polymerase structures, we were able to accurately position the cap-binding
domain and mid-link domain in the density (Fig. 3B). The position of these two domains
was essentially identical to that of the recently determined transcription intermediate
structure (PDB ID 7NHX) (27). In this model, the mid-link domain has remained in
close contact with the core of the polymerase (in a position common to transcriptase
conformations), while the cap-binding domain has retracted away from the core and
primer entry channel. A putative role of this conformation was recently proposed, as
an intermediate state between transcription and replication (28). To aid our attempts
to unambiguously orient the 627 domain and/or the NLS, we utilized deepEMhancer to
modify the map. From this modified map, we could unambiguously position the 627
domain such that the connectivity to the mid-link was maintained and with a good fit to
the modified density (Fig. S4).

The 627 domain and NLS in this model adopt a position that is distinct
from their location in either a replicating polymerase, encapsidating polymerase,
or previously observed transcription initiation or cap-snatching structures (Fig. 3C)
(29). In this model, the 627 domain and NLS have rotated 155° and moved 27 A
from the transcription initiation position (Fig. 3D). The movement changes the
interaction with the polymerase from contacting the PA and PB1 subunits through
a three stranded beta-sheet formed by residues 640-676 such that it now contacts
the PA-C and PB2-N2 domains through residues 643-654. This interface is smaller
than observed in the transcription initiation conformation resulting in this domain
being poorly resolved. A small interface was formed between the NLS and residues
from the PB1 (583-587), PB2 (125-127), and PA (430-432) subunits. Although we
can precisely position the protein domains, due to the low resolution, we were
unable to accurately describe residue contacts in these regions. This relocation of
the 627 domain and NLS brings them proximal to the N-terminus of the Pol Il CTD
peptide, but we do not observe any additional peptide density for Pol Il CTD in
this reconstruction that would suggest a direct contact between the CTD and the
PB2-C. However, given the low-resolution maps, we cannot exclude the possibility
of a direct contact. In fact, electrostatic analysis of the surface of the 627 domain
that is oriented toward the N-terminus of the CTD peptide shows a highly basic
surface (Fig. 3E). This surface would likely be able to bind the negatively charged
phosphorylated CTD peptide. Recent structural evidence of Pol Il CTD binding to the
influenza B virus polymerase demonstrates a large additional CTD-binding site across
the surface of the 627 domain (11, 13). In line with this, deletion of the 627 domain
from the influenza B virus polymerase dramatically reduced binding to Pol Il CTD,
while a similar deletion did not affect the ability of the influenza A virus polymerase
to bind CTD (11). It is possible that the loss of binding from the deletion of the 627

May 2024 Volume 98 Issue 5

Journal of Virology

10.1128/jvi.00138-24 5

Downloaded from https://journals.asm.org/journal/jvi on 23 July 2024 by 193.165.0.253.


https://doi.org/10.1128/jvi.00138-24

Full-Length Text Journal of Virology

endonuclease

L) S/ cap binding
w,‘), _ PB2N 4
cap-binding "J‘@i‘m‘\ domain
) OO AR X
domain ’“\\Q“-%

A

LA
S
(‘\"

Pol I CTD
peptide
C
. cap-binding
cap-binding domain
domain
Cap-snatching Retracted Transcription initiation
conformation (4WSB) conformation (7NHX) conformation (6RR7)
D E
cap-binding domain
retracted (7NHX)
cap-binding domain Pol ”_ CTD
New conformation (8R65) superposed core and Peptlde
endonuclease N-terminus
mid-link

retracted (7NHX)

&

Basic Acidic

627 domain
retracted (7NHX)

627-dom5in

FIG 3 Structure of the 1918 pandemic HIN1 influenza A virus polymerase bound to a pS5 Pol Il CTD mimic peptide with resolved PB2-C domains. (A and
B) deepEMhancer modified cryo-EM map (A) and model in two orientations showing the domain structure with the arrangement of the PB2-C domains
highlighted on the right (B). (C) Previously determined structures of the influenza virus polymerase with different arrangements of the PB2-C domains
highlighted. (D) Structures of the 1918 CTD-bound polymerase and the polymerase in the retracted conformation superposed on the polymerase core and
endonuclease domain (shown in gray). The PB2-C domains are highlighted in different colors, and the 27 A movement of the PB2 627 domain is indicated.
(E) Electrostatic analysis of the PB2 627 domain that is oriented toward the N-terminus of the CTD peptide shows a highly basic surface.

domain is compensated by the larger binding surface of the CTD peptide on the
influenza A virus PA-C domain.
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Effect of mutations in the PA-C Pol Il CTD binding site on polymerase function

To address the role of the identified Pol Il CTD-binding site in PA-C in polymerase
function, we used a VRNP reconstitution assay followed by the analysis of RNA by primer
extension. We co-expressed the three polymerase subunits, nucleoprotein, and segment
6 encoding the neuraminidase VRNA in HEK 293T cells to assemble vRNPs, the minimal
viral complex required for transcription (MRNA synthesis), and genome replication (cRNA
and vRNA synthesis) (Fig. S5). Based on our structural model and previously determined
polymerase structures from influenza A virus strains, we mutated 14 conserved residues
in the PA-C domain that we hypothesized to influence CTD binding (Fig. S6) (11, 13, 26,
27). Only low levels of VRNA, expressed from the transfected plasmid, were observed if
the PA subunit was omitted from the transfection (Fig. 4). However, in the presence of a
complete wild-type polymerase, we observed mRNA and cRNA, as well as a significant
increase in VRNA levels, indicating that the viral polymerase transcribes and replicates
the input VRNA. Comparing the RNA levels produced by the wild-type and mutant
polymerases, we found that mutations K289A, Y445A, E449A, R454A, and K635A affected
transcription with relatively little if any effect on replication. The phenotype of these
mutants is fully consistent with CTD binding being required for viral transcription, as this
interaction facilitates access of the viral polymerase to capped RNA fragments generated
from nascent Pol Il transcripts. Other mutations such as L290A, T313A, D419A, L527A,

200 7 0 mRNA
= cRNA
9 HE VRNA
S 150
o
>
8 1
I
< 100 4y [ | 1 z |
s |
2 « «
=1 * *
© i b4 M %
2 SO 1 N H K
*
il i
0 T i T T T
E $ 3 355 $ 5 I 255 s s €8
(9] o o) O [} w0 [} < N~ ~ (o) N Yo} (9]
[*e] [} — ~ ~ < < wn N 0 0 ~ (32} [32] |
N N 3] < < N3 < < (e} n 0 [(o) [<¢) ©
X - = w [m] > w ' — @ ['d 'S X [
mRNA -
cRNA —
VRNA
5S rRNA

FIG 4 The effect of mutations in the CTD-binding site of the 1918 pandemic HIN1 influenza A virus
polymerase on viral RNA synthesis. HEK 293T cells were transfected to express the 1918 influenza virus
polymerase subunits PA (WT and mutant), PB1, and PB2, and nucleoprotein, as well as segment 6 vRNA.
For the negative control, the plasmid expressing PA was replaced with an empty vector. Total RNA was
isolated 24 h post-transfection and was analyzed by primer extension assay. Top panel, quantification
of mRNA, cRNA, and vRNA levels from n = 3 independent VRNP reconstitution assays. Bottom panel,
a representative primer extension analysis. 55 rRNA was used as a loading control. The faint bands
observed for some of the mutants between the cRNA, vRNA, and 5S rRNA bands are not reproducible
between replicates and most likely represent primer extension products from partially degraded RNA.
The mean signal intensity is shown relative to the signal intensity from WT 1918 viral polymerase. Data
are mean + SEM. Ordinary two-way ANOVA was employed to determine significant differences with *P <
0.05; ***P < 0.001; and ****P < 0.0001.
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R559A, F612A, and T639A had no or only a small effect on transcription indicating
that these amino acid residues do not contribute critical interactions to CTD binding.
Surprisingly, two mutations, E416A and R551A, specifically reduced cRNA synthesis,
suggesting that amino acid residues around the Pol Il CTD binding site also participate in
the replication of the viral RNA genome.

DISCUSSION

In this study, we have solved the solution state structure of the 1918 pandemic H1N1
influenza virus polymerase bound to pS5 Pol Il CTD using cryo-EM. The structure
revealed a continuous density for the CTD peptide with 25 out of the 28 amino acid
residues fully resolved. The CTD peptide was found to bind exclusively at the PA-C
with two of the phosphorylated serine residues playing prominent roles in guiding the
interaction by being accommodated in highly basic grooves. The interaction interface
overlaps with that previously observed in a study using polymerase of a bat H17N10
influenza A virus (13). However, in contrast to this study that observed two separate
binding sites for the CTD, here we identify a continuous density with the CTD linking
the two binding sites. The PB2-C domains remained unstructured in most particles
suggesting that binding of CTD in solution does not stabilize the cap-snatching or
transcription initiation complexes and that a longer CTD peptide and/or other interact-
ing partners might be required. However, in a small population of particles, the PB2
cap-binding, mid-link, 627, and NLS domains were structured, revealing an arrangement
not previously observed. In this novel arrangement, the 627 domain is positioned close
to the N-terminus of the CTD peptide providing a potential basic surface for additional
interactions with the acidic CTD. Binding of the CTD across PA-C and the adjacent 627
domain could stabilize the 627 domain and, consequently, enable the PB2 cap-binding
and PA endonuclease domains to assume a cap-snatching competent conformation.
Pol Il CTD peptides composed of four heptad repeats used in our study might be too
short to cover the entire binding surface that might extend from PA-C across the PB2
627-NLS domains. Further studies using Pol Il CTD peptides composed of more than four
heptad repeats could reveal further insights into the interaction of the influenza virus
polymerase with Pol Il CTD.

The Pol Il CTD can be phosphorylated at S2, S5, and S7 and on Y1 and T4 of the
heptad repeat (16). Binding assays of the influenza A virus polymerase to Pol Il CTD
peptides containing different phosphorylation patterns revealed a striking preference
for pS5 CTD peptides over pS2 or pS7 peptides. Combining pS5 with pS2 or pS7 in
various arrangements in the same peptide led to a dramatic reduction of polymerase
binding suggesting that the viral polymerase engages with Pol Il at a very precise point
in the transcription cycle when the capping enzyme is recruited to Pol Il (30, 31). Analysis
of our structure explains how additional phosphorylation at S2 and S7 would disrupt
CTD binding even for peptides that carry phosphorylation at the most critical S5a and
S5c positions. Phosphorylation at S2a and S2b would likely be well accommodated as
these residues are exposed toward the solvent. On the other hand, phosphorylation at
S7a, S7b, S7¢, and S2d could be accommodated but would likely require some rearrange-
ment of the peptide. Phosphorylation of S2c would be unlikely to be accommodated
given the tight contact with the polymerase and the nearby highly negative charge
on S5c. Furthermore, phosphorylation additional to pS5a and pS5c could promote
conformational changes in the peptide not compatible with polymerase binding. We
observed weak but significant binding to the pS7 peptide. The functional significance of
S7 phosphorylation is still poorly understood, but several studies have linked it to events
early in the Pol Il transcriptional cycle (21). Given the weak binding observed further
studies are required, using different methodologies, to assess pS7 peptide binding to the
influenza A virus polymerase and its potential functional significance.

We observed that mutations of PA-C at the CTD-binding site cause defects in
both transcription and replication. Transcription was affected by mutations in K289A,
Y445A, E449A, R454A, and K635A of the PA subunit with little to no effect on genome
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replication. These amino acid residues, along with the previously extensively studied
R638 (13, 32), are involved in direct interactions with pS5 of the first and third heptad
repeat of the Pol Il CTD (pS5a and pS5c) as well as Y1 of the first repeat (Y1a), high-
lighting that interactions with these three amino acids are the most critical for CTD
binding. These results are consistent with CTD binding being important for viral mRNA
synthesis by enabling cap-snatching. Interestingly, we observed reduced replication of
the PA E416A and R551A mutants with little effect on transcription. Recent studies of the
influenza C virus polymerase in complex with human and chicken ANP32A revealed that
the ANP32A-binding site overlaps with part of the Pol Il CTD-binding site (33) (Fig. 5).
ANP32 proteins have been shown to be essential factors for the genome replication of
all three types of influenza viruses (33-35), and influenza A virus likely also interacts with
ANP32A through its PA-C domain. The involvement of influenza A virus PA-C in ANP32A
binding is supported by previously published functional data analyzing the effect of
mutations in PA-C on ANP32A binding and the replication activity of the viral polymerase
(33). We speculate that PA mutations E416A and R551A might also inhibit genome
replication through interfering with ANP32A binding. Further structural studies using
influenza A virus polymerase in complex with ANP32A could provide further insights into
how the alternate binding of Pol Il CTD and ANP32A at the same site in PA-C regulate
transcription and replication by the viral polymerase. The importance of this site in the
viral replication cycle has recently been highlighted through the use of nanobodies
(27). Specifically, two nanobodies which bind PA-C at sites adjacent to the CTD peptide
binding site and have been shown to block CTD binding, inhibited both mRNA and cRNA
synthesis and, consequently, viral growth.

While this study was under review, a new structure of the influenza A virus polymer-
ase bound to a Pol Il CTD peptide has been reported (36). Specifically, the structure of the
polymerase derived from influenza A/Zhejiang/DTID-ZJU01/2013 (H7N9) virus bound to
Pol Il CTD has been solved by cryo-EM. The structure reveals a very similar CTD-binding
site on PA-C as reported in our study.

In summary, our work has uncovered the structural basis of the binding of the CTD
of Pol Il to the polymerase of the 1918 pandemic influenza A virus. Future research
aiming to understand cap-snatching in molecular detail in the context of mammalian
Pol Il will require the inclusion of additional accessory proteins suspected to contribute

B C

cap-binding
domain

FIG 5 Comparison of the Pol Il CTD and ANP32 binding sites on the PA-C. (A) Influenza A virus polymerase bound to Pol Il CTD peptide (PDB ID 8R60).
(B) Influenza C virus polymerase in the encapsidating conformation bound to chicken ANP32A (PDB ID 6XZR), aligned on PB1 and PA-C to the structure in panel
A. (Q) Positioning of the ANP32A structure on the influenza A virus polymerase structure (A) based on the superposition in (B) indicating the overlap of the Pol Il
CTD and ANP32A-binding sites on PA-C.
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to the complex formation between Pol Il and the viral polymerase. The highly repetitive
and intrinsically disordered nature of the CTD drives phase separation and leads to the
recruitment of Pol Il and transcription factors that together form condensates (37-41).
In the future, CTD-driven phase separation should be investigated within the context of
viral infection to facilitate a spatiotemporal understanding of the links between the host
transcriptional apparatus and viral transcription and replication beyond the PA-C.

MATERIALS AND METHODS
Protein expression and purification

The three polymerase genes from influenza A/Brevig Mission/1/1918 (H1N1) virus were
codon optimized for insect cells and synthesized (Synbio Technologies). Genes were then
cloned into the Multibac system (42) with protein expression and purification carried
out as previously described (43). Cryo-EM studies in this manuscript were carried out
using a polymerase that contained a PA D108A endonuclease mutation to reduce RNA
degradation. Briefly, Sf9 insect cells were infected with the baculovirus encoding the
three viral polymerase genes and harvested 72 h post infection. Cell pellet from one
liter of culture was resuspended in 50 mL buffer containing 50 mM HEPES-NaOH, pH
7.5,500 mM NaCl, 10% vol/vol glycerol, 0.05% wt/vol n-octyl beta-p-thioglucopyranoside,
1 mM dithiothreitol which was further supplemented with 1 protease inhibitor cocktail
tablet (Roche) and 5 mg RNase A. The cells were lysed with sonication and clarified with
centrifugation. The resulting lysate was incubated with 1gG Sepharose for 3 h before
washing the resin with 50 mM HEPES-NaOH, pH 7.5, 500 mM Nacl, 10% vol/vol glycerol,
0.05% wt/vol n-octyl beta-p-thioglucopyranoside, 1 mM dithiothreitol. The protein was
eluted by the addition of Tobacco Etch Virus (TEV) protease overnight. The eluted protein
was concentrated and applied to a Superdex increase S200 10/300 (GE Healthcare) size
exclusion column equilibrated with 25 mM HEPES-NaOH, pH 7.5, 500 mM NacCl, 5%
vol/vol glycerol, 0.5 mM dithiothreitol. Fractions containing pure protein were concentra-
ted and stored at —80°C.

Cryo-EM sample preparation

An aliquot of purified polymerase of the A/Brevig Mission/1/1918 (H1N1) influenza
virus with a D108A mutation in the PA subunit was defrosted and viral RNA promot-
ers [5" VRNA 5-AGUAGAAACAAGGCC-3’, 3 vRNA 5-GGCCUGCUUUUGCUAUU-3" with
a 3-nucleotide long extension at the 3’ end (italics)] were added to a 1.2 molar
excess and incubated on ice for 20 min. The sample was then further purified by
size exclusion chromatography into a buffer containing 25 mM HEPES-NaOH, pH 7.5,
and 500 mM NaCl before being concentrated to 1 mg/mL. A capped RNA primer (5
m7GpppGAAUGCUAUAAUAGC), with six complementary bases at the 3’ to the 3" vRNA
promoter, was added to this sample to a final concentration of 0.2 mM. Additionally, a
pS5 Pol Il CTD mimic peptide containing four repeats of the heptapeptide consensus
sequence (Y1S,P3T4pS5PgS7)4, with C-terminal amidation, N-terminal biotinylation, and
a nine-atom polyethylene glycol spacer between the biotin moiety and the first amino
acid (PeptideSynthetics, Peptide Protein Research Ltd) (Table S1), was added to a final
concentration of 0.2 mM. Immediately prior to grid preparation, the sample was diluted
1:3 with a buffer containing HEPES-NaOH, pH 7.5, 37.5 mM NaSCN, and 0.0075% (vol/vol)
Tween20. A volume of 3.5 pL of the sample was applied to a freshly glow-discharged
Quantifoil Holey Carbon R2/1, 200 mesh copper grid which was blotted for 3.5 s and
plunge frozen in liquid ethane. All grids were prepared using a Vitrobot mark VI (FEI) at
100% humidity and 20°C.

Cryo-EM image collection and processing

Data were collected on a 300 kV Titan Krios with a K2 Summit camera (Gatan) and a GIF
Quantum energy filter at the Oxford Particle Imaging Centre. Data were collected using
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SerialEM (44). Figures were prepared using ChimeraX (45). Data processing is graphically
summarized in Fig. S2, and data collection and processing details are presented in Table
S2. cryoSPARC V4-4.2 (46, 47) was used to perform patch motion correction, patch CTF
estimation, and picking of initial particles using the blob picker. Micrographs with poor
pre-processing statistics were manually removed. After 2D classification and generation
of an initial high-resolution consensus refinement, these particles were used to train
a topaz model (48) and repick particles in the data set. Particles were combined, and
duplicates were removed.

After performing rounds of 3D classification on the CTD peptide data set, a consensus
refinement involving 303,608 particles resulted in a map with a resolution of 3.22 A. A
model was built into this reconstruction using the 7NHX as a starting model. The model
was manually built in COOT before refinement in real space using PHENIX (49). Further
3D classification yielded a reconstruction which contained extra density corresponding
to PB2-C. To aid interpretation of the density, the map was modified using deepEM-
hancer (50). In this modified map, the previously mentioned model, encompassing the
PA, PB1, and N-terminal region of PB2 (PB2-N) subunits, was positioned. Subsequently,
the PB2-C domains (extracted from PDB 7NHX) were placed into the corresponding
density. Due to the low resolution of the density in this region, the domains were
manually connected in COOT before restrained rigid-body real-space and ADP refine-
ment.

Cells and plasmids

Human embryonic kidney (HEK) 293T cells (293T) were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco)
and cultured at 37°C with 5% CO,. The pCAGGS-PA-1918, pCAGGS-PB1-1918, pCAGGS-
PB2-1918, pCAGGS-NP-1918 plasmids expressing the vVRNP components of influenza
A/Brevig Mission/1/1918 virus, have been described previously (51). The pPOLI-NA-RT
plasmid expressing a segment 6 VRNA template under the control of a human RNA
polymerase | (Pol 1) has also been described (52). Mutations in pCAGGS-PA-1918 were
introduced using site-directed mutagenesis. All constructs were confirmed by Sanger
sequencing.

VRNP reconstitution assay, RNA isolation, and analysis

To compare the activity of mutant viral polymerases in cell culture, HEK 293T cells
were grown to 80% confluency in six-well dishes and transfected with 0.5 ug of each
of wild-type (WT) or mutant pCAGGS-PA-1918, pCAGGS-PB1-1918, pCAGGS-PB2-1918,
pCAGGS-NP-1918, and pPOLI-NA-RT plasmids. For the negative control, pCAGGS-PA-1918
was replaced with an empty vector. Transfections were performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Total RNA from trans-
fected cells was extracted using TRI reagent (Sigma) according to the manufacturer’s
instructions 24 h post transfection. Levels of mRNA, cRNA, and vRNA were analyzed
by primer extension assay as previously described (53). In brief, extracted RNA was
reverse transcribed by SuperScript lll reverse transcriptase (Invitrogen) and *P-labeled
NA-specific primers along with a primer targeting endogenous 5S rRNA as an internal
control. Primer extension products were separated by 6% denaturing PAGE with 7 M urea
in TBE buffer, and bands were detected by phosphorimaging on an FLA-5000 scanner
(Fuji). The cDNA was analyzed using ImageJ (Fiji) and Prism 8 (GraphPad).

Immunoblotting

Immunoblotting was performed to determine expression levels of WT and mutant
PA in HEK293T cells. PA, NP (transfection control), and GAPDH (loading control) were
probed overnight at 4°C with rabbit anti-PA (6) (1:500), rabbit anti-NP (1:5,000) (Genetex),
and rabbit anti-GAPDH (1:1,000) (Cell Signalling Technology). Goat anti-rabbit antibody
conjugated to horseradish peroxidase (HRP) was used as secondary antibody (1:10,000)
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(Genetex). Bands were detected using Amersham ECL Western blotting detection
reagents (GE Healthcare).

Design and synthesis of Pol Il CTD mimic peptides

Peptides were chemically synthesized by solid-phase peptide synthesis (Peptide Protein
Research Ltd.). The designed peptides contain four repeats of the heptapeptide
consensus sequence of the Pol Il CTD (YSPTSPS) with modifications to mimic different
phosphorylation states of serine residues at position 2, position 5, and position 7 of
the CTD. Full amino acid sequences are detailed in Table S1. All peptides were synthe-
sized with C-terminal amidation and N-terminal biotinylation and included a nine-atom
polyethylene glycol spacer between the biotin moiety and the first amino acid. Peptides
were purified by high-performance liquid chromatography to at least 90% purity, and
peptide quality was confirmed by mass spectrometry.

Binding assay of influenza virus polymerase to Pol Il CTD

The binding of purified viral polymerase to synthetic four-heptad repeat Pol Il CTD mimic
peptides (Table S1) was performed as previously described (22, 27). In brief, biotinylated
Pol Il CTD mimic peptide (20 pug) was immobilized on 10 pL streptavidin agarose resin
(Thermo Scientific) for 2 h at 4 °C in binding buffer [10 mM HEPES (PAA catalog no.
S11-001), 150 mM Nacl, 0.1% (vol/vol) Igepal, 1 x Halt protease inhibitor cocktail (Pierce),
1% (wt/vol) bovine serum albumin (BSA)], followed by washing with wash buffer [10 mM
HEPES (PAA catalog no. S11-001), 150 mM NaCl, 0.1% (vol/vol) Igepal, T mM PMSF].
After washing the beads with wash buffer, 4 ug of 1918 influenza virus polymerase in
binding buffer was incubated with the peptide-bound beads for 2 h at 4 °C. Beads were
washed and boiled in SDS-PAGE sample buffer at 95 °C for 5 min, followed by SDS-PAGE
analysis and silver staining to visualize protein bands according to the manufacturer’s
instructions (Invitrogen). Quantitation of bands was performed using ImageJ.
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