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Influenza A viruses cause the respiratory illness influenza, which can be mild to fatal depending on the strain
and host immune response. The flu polymerase acidic (PA), polymerase basic 1 (PB1), and polymerase basic
2 (PB2) proteins comprise the RNA-dependent RNA polymerase complex responsible for viral genome
replication. The first crystal structures of the C-terminal domain of PA (PA-CTD) in the absence of
PB1-derived peptides show a number of structural changes relative to the previously reported PB1-peptide
bound structures. The human A/WSN/1933 (HIN1) and avian A/Anhuil/2013 (H7N9) strain PA-CTD
proteins exhibit the same global topology as other strains in the absence of PB1, but differ extensively in the
PB1 binding pocket including a widening of the binding groove and the unfolding of a f-turn. Both PA-CTD
proteins exhibited a significant increase in thermal stability in the presence of either a PB1-derived peptide
or a previously reported inhibitor in differential scanning fluorimetry assays. These structural changes
demonstrate plasticity in the PA-PB1 binding interface which may be exploited in the development of novel
therapeutics.

nfluenza A and B viruses cause the infectious disease influenza, commonly referred to as flu, in the respiratory

tract of mammals and birds. The current standard of care is a seasonal vaccine that is typically effective for only

a subset of the host population and ineffective against the more virulent strains of influenza that can cause
pandemics. These vaccines target viral surface proteins which mutate quickly, hence the need for yearly vaccina-
tions. Therefore, there is a significant unmet medical need for the development of novel therapeutics against
influenza viruses. The influenza viral RNA-dependent RNA polymerase (RdRp) complex is highly conserved and
may be a suitable target for therapeutics that are effective across many viral strains. The Influenza A virus (IAV)
RdRp consists of three separate polypeptide subunits: the polymerase basic protein 1 (PB1), polymerase basic
protein 2 (PB2), and the polymerase acidic protein (PA)". The IAV RdRp associates with the viral RNA genome
and the viral nucleoprotein (NP) to form the viral ribonucleoprotein (vVRNP) complex responsible for transcrip-
tion and translation®. PB1 contains the nucleic acid polymerase catalytic subunit®. Although the IAV RdRp likely
uses the same two metal ion mechanism common to all polymerases* and contains the common GD(D/N)
divalent metal ion binding catalytic motif at residues 304-306, the remaining primary sequence may be unlike
any other polymerase of known structure. PB1 forms the core of the IAV RdRp complex, interacting with PA
through its highly conserved N-terminus® and PB2 through its C-terminus. PA contains an N-terminal endo-
nuclease domain (PAy) that interacts with PB2° and a C-terminal domain (PA-CTD) that interacts with PB1
(Figure 1). An mRNA frameshift results in a distinctively different protein, termed PA-X, which represses cellular
gene expression and thereby modulates infectivity and the host immune response’. Crystal structures have been
determined for PAy as apo®’, in complex with nucleotides' or inhibitors'"'*> and for PA-CTD in complex with
small peptides derived from the N-terminus of the PB1 protein'*'*. A structure of the PB1-PB2 interface has also

| 4:5944 | DOI: 10.1038/srep05944 1



252

1
-1 NT frameshift
1 I

PB2 binding site

PA-CTD

198 254 I 716

PB1 binding site

Figure 1| Schematic representation of full length IAV PA. The Influenza
A virus (IAV) polymerase acidic (PA) protein contains an N-terminal
endonuclease domain (PAy) as well as a C-terminal PB1-binding domain
(PA-CTD). The PA-X protein arises due to a -1 nucleotide frameshift in the
open reading frame’. A structure of PAy is shown in blue ribbons
representation with Mn** ions depicted as orange spheres and inhibitor
DPBA shown in sticks'. A structure of the PA-CTD is shown in gray with a
peptide derived from the N-terminus of the PB1 protein in red'*. The
chemical structure of a previously reported inhibitor" which was also used
in this study is also shown.

been determined'®. No crystal structures have yet been determined
for full length PA, the PA-PB1-PB2 complex, or PA-X.

Viral polymerases have been successful therapeutic targets for
other single-stranded RNA viruses such as HIV and Hepatits C. In
addition to inhibitors of the PAy enzyme'"'>'¢, there have been
reports of peptide inhibitors'”'® and small molecule inhibitors' '
that bind to PA and disrupt the PA-PB1 interaction.
Computational docking and other structure-based drug design strat-
egies could exploit the bound state of PA-CTD with PB1-peptide
removed'>'. Structural information on the apo state of the PA-
CTD could impact such activities by providing a state of the protein
prior to binding PB1, and thus be useful in the development of
compounds that target this protein-protein interaction. Here we
present the first crystal structures of PA-CTD in the absence of
PB1-derived peptides, showing that although the global protein
topology appears the same, there is significant movement of portions
of the PB1 binding site. The protein constructs used here appear to be
functionally active in that they can be shown to bind to PB1-derived
peptides as well as an inhibitor reported previously in the literature.
These results improve our understanding of the structural features of
the influenza PA protein and how they may be exploited for the
development of novel therapeutics.

Results

We cloned full length IAV PA (residues 1-716) and PA-CTD (resi-
dues 254-716) from the 1933 Wilson-Smith human HIN1 strain and
the 2013 Anhui avian H7N9 strain using codon engineered synthetic
genes*>* and overexpressed these proteins as N-terminal hexahisti-
dine-Smt fusion proteins (see Methods). Although we were unable to
express full length HIN1 PA, we generated purified HIN1 PA-CTD

as well as both full length and PA-CTD H7N9 protein samples in
quantities (multiple mg) necessary to support crystallographic ana-
lysis. These proteins appear folded, possessing a single melting trans-
ition at temperatures of 43°C for either H7N9 full length or PA-CTD
and 38°C for HIN1 PA-CTD, as determined by differential scanning
fluorimetry** assays (Figure 2). Full length 1933 HIN1 has previously
been reported to bind to a peptide corresponding to the first 15
amino acids of the PBI protein with an ICsy of 41 nM'™. In the
presence of a peptide derived from the first 25 amino acids of the
PB1 protein, we observed a significant thermal stabilization of all
three PA proteins, with single transition melting temperatures of
56°C (+13°C AT,,) for full length H7N9 PA, 57°C (+14°C AT,,)
for H7N9 PA-CTD, and 54°C (+16°C AT,,) for HIN1 PA-CTD
(Figure 2). Furthermore, the thermal stabilization observed upon
binding to PBl-derived peptide suggests each protein sequence
tested is functionally active in that they are capable of binding a
PB1-derived peptide. Such large thermal stabilizations are not sur-
prising given the large hydrophobic surface area buried at the PA/
PB1 interface in the PA/PB1-peptide crystal structures''*. We also
investigated binding of our PA protein samples with an inhibitor
(Figure 1) that targets the PB1 binding site on PA with an ICs, of
20-30 uM in either ELISA or FluA minireplicon assays'. Due to
solubility challenges with the compound at 300 uM concentration,
we were unable to obtain a single melting transition, but did observe
two-peak melting transitions which resemble a mixture of the apo
peak transition and the PBl-derived peptide bound transition
(Figure 2). Thus, these protein samples may be capable of binding
small molecule inhibitors in addition to binding PBI1-derived
peptides.

We determined crystal structures of the IAV PA-CTD in the
absence of PB1-derived peptides at 1.9 A resolution for HIN1 and
at 2.2 A resolution for H7N9 (Figure 3 and Table 1). The crystals
obtained for these two proteins possess the same hexagonal crystal
form (Table 1) and thus exhibit many similar features in the final
structures. However, differences in the c-axis result in a number of
residues that are disordered and solvent exposed in the H7N9
structure but are ordered and involved in crystal packing in the
HINT1 structure. The overall structures of PA-CTD (residues 254~
716) from the Wilson-Smith 1933 HIN1 human strain and the
Anhui 2013 H7N9 avian strain are similar to previously reported
structures of PA-CTD in complex with PB1-derived peptides from
either avian H5N1" or human HIN1", but with clear differences
in two peripheral loops and the PB1 binding site (Figure 3c). The
C, backbone r.m.s.d. values for apo HIN1 compared with PB1-
bound HIN1 (PDB ID 2ZNL') and PB1-bound H5N1 (PDB ID
3CM8") were 1.18 A (377 similar residues) and 1.03 A (380
similar residues), respectively. The C, backbone r.m.s.d. values
for apo H7N9 compared with PBl-bound HIN1 (PDB ID
2ZNL") and PB1-bound H5N1 (PDB ID 3CMS8') were 0.98 A
(355 similar residues) and 0.86 A (368 similar residues), respect-
ively. The C, backbone r.m.s.d. value for apo HIN1 and apo
H7N9 is 0.53 A (375 similar residues). The W422-E436 loop
connecting o4 and o5 distal to the PBI1-binding site is well
ordered in Wilson-Smith 1933, while largely disordered in both
the 2013 Anhui avian H7N9 and the 1997 Hong Kong avian
H5N1", and adopts a different conformation in Puerto Rico
1934 human HIN1™. This region contains a single A432V point
variant in the 1933 HIN1 apo structure that is involved in crystal
packing. Taken as a whole, the two apo structures and two PB1
peptide-bound structures show a high degree of structural vari-
ability in the W422-E436 loop, indicative of flexibility. The loop
connecting o3 and a4 that spans residues N373 to P398 was
mostly ordered in the avian H5N1 structure but was disordered
in the other three structures, preventing further analysis.

Of particular interest are structural differences that occur at the
PB1 binding site (Figure 3). Out of the 36 PA-CTD residues which
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trace), in the presence of a PB1-derived peptide (orange), and with a
previously reported fluorinated inhibitor (blue). (b), DSF analysis of the
\ ; PA-CTD from 2013 avian H7N9 as apo (red), in the presence of a PB1-

‘ derived peptide (orange), and with a previously reported fluorinated
inhibitor (blue). (¢), DSF analysis of the PA-CTD from 1933 human HIN1
as apo (red), in the presence of a PB1-derived peptide (orange), and a
previously reported fluorinated inhibitor (blue).

contact the N-terminus of the PBl-derived peptide, only three
(N409S, 1621V and E630D) exhibit sequence differences between
the strains studied here and a number of historic pandemic strains
(Figure 4). In the PB1 peptide-bound structures'>', o4 and 8
contact the B-strand of the PB1 peptide, while $8-39, a10, and
al1-013 contact the a-helix of the PB1 peptide. Without the PB1
peptide, both a11-013 and a5-0:8-09 move outward to increase
the size of this cavity by ca. 5 A at its widest point (Figure 3d).
Virtually all of these residues exhibit higher than average B-factors
indicating relatively high thermal motion in the absence of the
PBI1 peptide. In addition, the B8-B9 turn is largely disordered; in
the HIN1 apo structure the C-terminal residues of B9 form an
alternative conformation, packing against a crystal lattice contact
in the apo HIN1 structure. Interestingly, the residues remaining
from this stretch and residual electron density point 180° away
from orientation of the (8-B9 turn observed in the PBI bound
structure. P625 and K626 form the turn between 8 and B9 in the
PB1-peptide bound structure, but in the apo state these residues
have moved 24 and 19 A, respectively, from their positioning in
the PB-1 bound state. These results strongly suggest that this turn
is highly mobile in the absence of PB1. Without the PB1 peptide
present in the complex, M595 of a8, F611 of a9, and 1633, V636,
and L640 of a10 are exposed (Figure 3d). In the PB1 peptide-
bound state, M595, F611, and 1633 coordinate W619 of P8
whereas V636 and L640 contact L8 of PB1 al. However, none
of these residues are truly solvent exposed in the HIN1 apo crystal
structure, but rather are involved in crystal packing with the loop
that spans f6-P7 of a symmetry related molecule. Differences in
packing result in these residues being significantly more solvent

exposed in the apo H7N9 structure.

Discussion
The two apo crystal structures of human 1933 HIN1 and avian

2013 H7N9 presented here expand our understanding of the
structural basis for influenza virulence, PB1 binding and potential
interactions with small molecules that target the PA/PB1 interface.
The Wilson-Smith 1933 HIN1 strain was the first flu virus cul-
tured in the laboratory and has been well studied, due to its high
sequence homology with the 1918 pandemic Spanish flu believed
to be responsible for nearly 50 million deaths (Figure 4a).
Typically, avian flu cannot replicate in human cells; however, it
was shown that acquisition of a human PA subunit or simply the
T552S mutation may allow avian flu strains to bypass the species-
species restriction of the avian polymerase complex®. In the 1934
HINI human strain structure, the loop containing residue S552
was disordered; our 1933 HIN1 human flu PA structure now
permits detailed analysis of this residue critical for virulence
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(Figure 4b). In the human strain, the side chain of S552 forms
hydrogen bonds with the backbone nitrogen of 1554 and the car-

Figure 2 | Differential scanning fluorimetry analysis of IAV PA. (a),
Analysis of full length influenza A virus 2013 avian H7N9 polymerase
acidic (PA-FL) by differential scanning fluorimetry (DSF) as apo (red

bonyl of G555 in the solvent exposed P6-B7 turn (Figure 4c). In
the avian H5N1 PA-CTD PB1 peptide complex'?, T552 is modeled
in a different rotamer conformation with the side chain hydroxyl
pointing toward a solvent channel; however, in our avian H7N9
apo structure T552 adopts the same conformation as in our

3

| 4:5944 | DOI: 10.1038/srep05944



WS 1933 H1N1

d WS 1933 H1N1
AN 2013 H7N9

AN 2013 H7N9

WS 1933 H1N1
AN 2013 H7N9

Figure 3 | Comparison of crystal structures of PA-CTD in the absence or presence of PB1-derived peptides. (a), Crystal structure of apo 1933 Wilson-
Smith human HIN1 PA-CTD solved at 1.9 A resolution. (b), Crystal structure of apo 2013 Anhui avian H7N9 PA-CTD solved at 2.2 A resolution. (),
Global overlay of apo 1933 Wilson-Smith human HIN1 PA-CTD (green), apo 2013 Anhui avian H7N9 (blue), and 1998 Hong Kong avian H5N1 PA-
CTD" (gray) in complex with a peptide derived from the N-terminus of the PB1 protein (red). (d), Close up of the overlay shown in panel ¢ highlighting
differences in active site residues along a8, 29, and the f8—f9 turn. (e), Overlay of the apo and PB1-derived peptide-bound structures as in panels (c) and
(d) highlighting residues at the base of the peptide binding groove which were predicted to bind to small molecule inhibitor via in silico docking
experiments (Q408, N412, K643, W706)>>*' which shows little conformational variability between the apo and peptide-bound structures as well as a
second predicted binding site (L666, Q670, R673, F710) toward the top of the cavity which shows considerably more variability between the apo and PB1-

peptide bound structures.

human HINI apo structure and here, rather, the side chain
methyl point toward solvent. Further investigation into the posi-
tion of this critical residue in the presence of larger binding part-
ners will be necessary to determine how PA-CTD with T552 may
prevent full assembly or function of the RdRp in human IAV.

A number of small molecule inhibitors which target the PA/PB1
interface have been identified by virtual screening experiments' ",
Many of these compounds were predicted to bind at the base of the
PB1 binding cleft and interact with Q408, N412, K643, and W706°°*',
which are involved in recognition of V3-N4-P5-V6 of the PBI-
derived peptide’*'*. Residues Q408, N412 and W706 as well as
nearby hydrophobic residues F411 and C415 exhibited the same
conformation across the two apo and the two PB1 peptide-bound

crystal structures (Figure 3e). K643 adopts a slightly different rota-
mer conformation in the absence of the PB1 peptide. All six of these
residues are solvent exposed in our apo HIN1 and H7N9 PA-CTD
crystal structures. The major difference in this region is the lack of the
8-B9 turn, which could possibly cap inhibitor binding from the
opposite face as the Q408-N412-W706 motif, similar to its inter-
action with the PB1 peptide. The second hot spot for ligand binding
identified by in silico docking experiments correspond to the binding
site for the C-terminal residues of the PB1-derived peptide (L10-P13
of PB1), including residues L666, Q670, and R673 on a11 and F710
on 13 of PA. The widening of this region in the absence of the PB1
peptide results in differences in positioning of several of these resi-
dues. Thus, the base of the PB1 binding cleft (residues Q408, N412,
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Table 1 | Crystallographic statistics for IAV PA-CTD
Strain A/WSN/1933 (HIN1) A/Anhuil/2013 (H7N9)
Construct residues 254-716 254-716
Data collection
Beamline APS 21 ID-F APS 21 ID-F
Wavelength 0.97872 0.97872
Data reduction
Space Group P6522 R . P6522 R .
Unit Cell a=b=6880A,c=395.65Aa=B=90°y=120° a=b=68.89A, c=40021Aa=p=90°y=120°
Solvent content (%) 52.0 52.2
Vi (A%/Da) 2.55 2.57
Resolution (A) 50-1.90 (1.94-1.90)° 50-2.2 (2.25-2.20)
l/c 19.1 (4.5) 19.9 (3.1)
Completeness (%) 99.0 (100) 99.8 (100)
merge 0.072 (0.520) 0.057 (0.585)
CC % 0.998 (0.916) 0.999(0.810)
Multiplicity 8.9 5.9
Reflections 45,117 30,002
Refinement
R 0.175(0.212) 0.203
Riec® ] 0.201 (0.272) 0.228
r.m.s.d. bonds (A) 0.011 0.008
r.m.s.d. angles (°) 1.334 0.975
Wilson Bfactors (A?) 35.4 39.1
Validation
Ramachandran Favored (%) 98.0 96.5
Ramachandran Allowed (%) 100 100
Molprobity Score 0.90 (100" percentile) 1.29 (100" percentile)
Clash Score 1.55 (100" percentile) 1.55 (100" percentile)
PDB ID 41U) 4P9A
“Values in parenthesis indicate the highest resolution shell. 20 shells were used in XSCALE.
A unique 5% of the reflections were used to calculate the Rfee.

and W706) appears largely unchanged between the apo and PB1
peptide-bound states and may provide a platform for initial interac-
tions with potential ligands. Other elements such as the f8-f9 turn
and a11 appear mobile and may provide conformational malleability
within the binding site. Thus, it may be possible to exploit both the
rigid platform at the base of the PBI binding cleft and the more
flexible elements on the periphery in the design and development
of therapeutics which abrogate the PA-PB1 protein-protein
interaction.

Though the TIAV viral polymerase is highly conserved between
strains, the structural differences highlighted here reveal the need
to examine homologous PA-PB1 complexes in the development of
therapeutics using a structure-based approach. In addition to exam-
ining the more rigid and highly conserved areas of the binding
pocket, less conserved residues may present challenges in compound
design and could potentially lead to varied binding affinities between
strains. Thus, careful consideration should be taken when selecting
strains for developing novel therapeutics.

Methods

Overexpression and purification. PA C-terminal domains from both the 1933
Wilson-Smith IAV HIN1 (A/WS/1933/HIN1 UniProt ID P15659) and the 2013
Anhui IAV H7N9 (A/Anhuil/2013/H7N9 UniProt ID S5MT15) strains spanning
residues 254 through the native C-terminus (716) were overexpressed in E. coli as a
His-Smt fusion using protocols similar to that which resulted in several PB2 crystal
structures®* %, Full length (1-716) PA from the 2013 Anhui IAV H7N9 strain was
expressed in the same manner. Briefly, the proteins were purified by nickel affinity
chromatography followed by cleavage and removal of the fusion tag with ULP-1
protease and a subtractive nickel column. The final samples were obtained after sizing
with a Sephacryl S-100 SEC column in 25 mM Tris pH 8.0, 200 mM NaCl, 1% v/v
glycerol, and 1 mM TCEP.

Differential scanning fluorimetry (DSF) analysis. Differential scanning
fluorimetry** experiments were performed on the IAV PA-CTD from HIN1 as well as

the full length PA and PA-CTD from H7N9 using Sypro Orange dye (Sigma-Aldrich)
on an Opticon Monitor II from 20 to 100°C at 1 mg/mL protein (12-19 uM). The use
of 100 mM sodium acetate pH 6.2 resulted in improved curve profiles (Figure 2)
relative to the original purification buffer (25 mM Tris pH 8.0, 200 mM NaCl, 1% v/v
glycerol, and 1 mM TCEP). The PB1-derived peptide (NH,-
MDVNPTLLFLKVPVQNAISTTFPYTKK) was obtained as a custom peptide
synthesis at >90% purity from GenScript and included two lysine residues at the C-
terminus to improve solubility. The previously identified PA inhibitor'® N-[3-
(aminocarbonyl)-5,6-dihydro-4H-cyclopenta[b] thien-2-yl]-7-(difluoromethyl)-5-
phenylpyrazolo[1,5-a]pyrimidine-3-carboxamide was obtained from ChemBridge
(Catalog No. 7914306). The peptide or inhibitor were used at 200 and 300 uM
concentrations, respectively. All samples contained 5% v/v DMSO for consistency,
and all samples were run in triplicate with the average temperature reported. The
standard deviations were <1°C.

Crystallization. Crystals of human HIN1 PA-CTD (SSGCID target ID
InvaN.07057.a) grew from the Morpheus screen® condition G5 (10% w/v PEG 8000,
20% v/v ethylene glycol, 0.1 M MOPS/HEPES pH 7.5, and 20 mM of each sodium
formate, ammonium acetate, trisodium citrate, sodium/potassium D/L tartrate, and
sodium oxamate) at 20.45 mg/mL (384 uM). Crystals of avian H7N9 PA-CTD
(SSGCID target ID InvaQ.07057.a) grew from the PACT screen condition A10
(200 mM MgCl,, 0.1 M sodium acetate pH 5.0, 20% PEG 6000) at 15 mg/mL

(282 pM). Crystals were grown using the sitting drop vapor diffusion method at
289 K with 0.4 pL protein and 0.4 pL precipitant equilibrated against 80 pL of
reservoir.

X-ray data collection and structure determination. For X-ray diffraction data
collection, crystals of HIN1 PA-CTD were vitrified directly, whereas crystals of H7N9
PA-CTD were harvested into a cryo-protectant containing precipitant supplemented
with 20% v/v ethylene glycol. X-ray data (Table 1) were collected at the APS LS-CAT
and reduced with XDS* using a single crystal for each target. The HIN1 PA-CTD
structure was solved by molecular replacement in Phaser®' using PDB ID 2ZNL' as
the search model, and the H7N9 PA-CTD structure was solved using the apo 1933
HIN1 PA-CTD structure. The final HIN1 PA-CTD model (Table 1) was obtained
after iterative refinement in Refmac5*’, manual model building in Coot®, and
validation in MolProbity**. The final H7N9 PA-CTD was obtained after iterative
refinement in both Refmac5°” and Phenix®® with manual model building in Coot™,
and validation in MolProbity*.
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