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ABSTRACT

The endonuclease activity within the influenza virus
cap-snatching process is a proven therapeutic tar-
get. The anti-influenza drug baloxavir is highly ef-
fective, but is associated with resistance mutations
that threaten its clinical efficacy. The endonuclease
resides within the N-terminal domain of the PA sub-
unit (PAN) of the influenza RNA dependent RNA poly-
merase, and we report here complexes of PAN with
RNA and DNA oligonucleotides to understand its
specificity and the structural basis of baloxavir resis-
tance mutations. The RNA and DNA oligonucleotides
bind within the substrate binding groove of PAN in
a similar fashion, explaining the ability of the en-
zyme to cleave both substrates. The individual nu-
cleotides occupy adjacent conserved pockets that
flank the two-metal active site. However, the 2′ OH of
the RNA ribose moieties engage in additional interac-
tions that appear to optimize the binding and cleav-
age efficiency for the natural substrate. The major
baloxavir resistance mutation at position 38 is at the
core of the substrate binding site, but structural stud-
ies and modeling suggest that it maintains the neces-
sary virus fitness via compensating interactions with
RNA. These studies will facilitate the development of
new influenza therapeutics that spatially match the
substrate and are less likely to elicit resistance mu-
tations.

INTRODUCTION

The influenza virus RNA dependent RNA polymerase
(RdRp) is a trimeric complex comprising the PB1, PB2 and
PA subunits. The RdRp performs transcription to gener-
ate the viral mRNA, and replication to generate the viral
genomic RNA, during the infection cycle (1). To synthe-
size viral mRNAs that can be processed by the host ribo-
some, the RdRp employs a ‘cap-snatching’ mechanism by
which host mRNAs are sequestered and trimmed down to
5′-capped RNA primers (2–4). Over the past decade, crys-
tallographic studies on components of the RdRp and the
complete trimer have provided key insights into how the
complex functions and how the three subunits interact to
coordinate these activities (5,6). Early studies had suggested
that the PB2 subunit contains the cap-binding functionality
(7) while the PA subunit harbors the endonuclease activity
(8), and these were confirmed by structural studies of sub-
domains of the two subunits (9–11). The structure of the
trimer subsequently revealed that the two subdomains are
perfectly positioned to both process bound host mRNAs
and to allow the resulting 5′-capped primers into the active
site of the central PB1 polymerase subunit (12–15). Recent
studies by cryoelectron microscopy have revealed the en-
tire transcription cycle (16). The RdRp physically binds to
the host RNA polymerase II to facilitate the cap-snatching
mechanism (17) and structural studies have provided key
insights into the nature of this interaction (18).

Cap-snatching is an essential process in the influenza in-
fection cycle, and was quickly recognized as a potential ther-
apeutic target. This was particularly true of the endonu-
clease activity and the discovery that the active site within
the N-terminal domain of the PA subunit (PAN) contains a
two-metal center that can be targeted by chelating scaffolds
(19–23). Structure-assisted drug discovery using the crystal
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structure of PAN has been pursued by several groups, in-
cluding ours (24–30). The active metabolite (baloxavir) of
the anti-influenza drug XOFLUZA or Baloxavir marboxil
that was recently approved for therapeutic use (31) is a par-
ticularly potent endonuclease inhibitor (32–34).

There is little information on how the PAN endonucle-
ase binds its RNA substrate, although structures are avail-
able for complexes with single nucleotides bound at the
two-metal center (25,35,36). The large open cavity that sur-
rounds the two-metal center together with conserved dis-
tal patches within the cavity (24) suggest that the RNA
binding surface is quite extensive. Also, it has been shown
that the RNA-binding locale imparts sequence specificity
for the cleavage reaction (37). To investigate this, we have
determined the crystal structure of a short RNA oligomer
in complex with PAN. The structure reveals that the bind-
ing surface is indeed quite extensive and encompasses con-
served pockets both 5′ and 3′ to the central nucleotide. We
also determined the complex structures with short DNA
oligomers that explain the observed activity with both RNA
and DNA and reveal additional 5′ and 3′ binding pock-
ets. The complex structures reveal that the single nucleotide
complexes do not reflect the true interaction with the two-
metal center, and that a dinucleotide should be considered
as the core element of the substrate that engages the active
site.

MATERIALS AND METHODS

Chemicals

DNA and RNA substrates were obtained from Integrated
DNA Technologies, Inc. (USA). Crystallization solutions
were obtained from Qiagen (USA). All other chemicals
were of research grade, obtained from Sigma-Aldrich Corp.
(USA).

Cloning, expression and purification of PAN endonuclease

The PAN endonuclease construct comprised residues 1–
209 from the PA subunit of the pandemic H1N1 influenza
virus A/California/04/2009 in which a flexible loop com-
prising residues 51–72 was replaced with a three-residue
GGS linker. This choice of construct was based on previ-
ous work (24) and routinely produces high quality crystals
suitable for analysis of protein-ligand complexes (29). The
construct was cloned with an N-terminal His-tag into the
pET28a+ expression vector. The vector was transformed
into BL21(DE3) cells and the protein was expressed in LB
medium overnight at 18◦C after induction at an OD600
of 0.8 with 0.2 mM isopropyl-�-thiogalactopyranoside
(IPTG). The protein was initially purified from cell lysates
by HisTrap affinity chromatography and final purification
was achieved by size-exclusion chromatography using a Su-
perdex 75 column in 20 mM Tris pH 8.0, 150 mM NaCl
and 1 mM TCEP. Although a thrombin cleavable site was
included to remove the N-terminal His-tag, this step proved
unnecessary because the protein crystallized well with the
His-tag present. Three versions of the protein were used in
these studies, wild type and the E119D and I38T point mu-
tants, and all three were purified as described above.

Crystallization and X-ray structure analysis

To obtain the PAN–oligonucleotide complexes, we first
screened a number of DNA oligonucleotides using the cat-
alytically impaired active site PAN mutant E119D. The
oligonucleotides varied between pentamers to octamers
based on the length of the conserved active site cleft (24),
and several contained a single GC pair based on the ob-
served specificity of the endonuclease (37). The screening
resulted in seven complexes at ∼2.0 Å resolution. Based
on these structures, we then tested several RNA oligonu-
cleotides and succeeded in obtaining one structure with a
non-cleavable sulfate linkage between the GC pair to fur-
ther increase the chances of obtaining an intact bound
oligonucleotide. Finally, two DNA oligonucleotides yielded
complex structures with wild type PAN. We obtained a total
of 10 complex structures, and the four reported here repre-
sent those that are structurally unique with the highest res-
olution. The detailed procedures are as follows.

The purified proteins were concentrated to ∼10 mg/ml
and crystallizations were performed using the hanging drop
vapor diffusion method. Crystals appeared in 1–4 days and
grew to their maximum size in a week. The crystallization
conditions for the various complexes were as follows. (1)
E119D PAN–AG*CAUC (RNA oligo where * represents a
non-cleavable sulfate in place of the phosphate group) com-
plex: the protein was incubated with 20 mM oligo for an
hour prior to crystallization with 0.1 M HEPES pH 7.5,
and 1.0 M ammonium sulfate. The cryo solution consisted
of the crystallization solution supplemented with 5 mM
MnCl2 and 33% glycerol. (2) E119D PAN–TTAGCATT
(DNA oligo) complex: apo crystals grown in 0.1 M HEPES
pH 7.5 and 1.0 M ammonium sulfate were soaked overnight
in the same crystallization solution containing 5 mM oligo.
The cryo solution consisted of the crystallization solution
supplemented with 5 mM MnCl2 and 33% glycerol. (3) Wild
type PAN–TTAGCATT (DNA oligo) complex: apo crys-
tals were grown in 0.1 M HEPES pH 7.5, 1.0 M ammo-
nium sulfate, 2% (w/v) PEG 400, 5 mM MnCl2 and 5 mM
MgCl2, and soaked overnight in the same crystallization
solution supplemented with 10 mM oligo. The cryo solu-
tion consisted of the crystallization solution supplemented
with 5 mM oligo and 33% glycerol. (4) Wild type PAN–
GTGAGCAGTG (DNA oligo) complex: the protein was
incubated with 20 mM oligo for an hour prior to crystal-
lization with 0.1 M HEPES pH 7.5, and 1.0 M ammonium
sulfate. The cryo solution consisted of the crystallization so-
lution supplemented with 2 mM MnCl2 and 33% glycerol.
(5) Wild type, E119D and I38T PAN in complex with balox-
avir acid: 0.1 M HEPES pH 7.8, 1.0 M ammonium sulfate,
10 mM MnCl2, 10 mM MgCl2, 0.5% PVP K15 and 1 mM
baloxavir acid. The cryo solution consisted of 0.1 M HEPES
pH 7.8, 1.3 M ammonium sulfate, 10 mM MnCl2, 10 mM
MgCl2, 0.5% PVP K15, 1 mM baloxavir acid and 33% glyc-
erol. All crystals were flash frozen in liquid nitrogen.

X-ray diffraction data were collected on beam lines 22-ID
and 22-BM at the Southeast Regional Collaborative Access
Team (SERCAT) at the Advanced Photon Source (APS),
Argonne National Laboratory. Data sets were indexed, in-
tegrated, and scaled using HKL2000 (38). The structures
were solved by molecular replacement using Phaser (39)
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and pdb coordinates 5CZN as the search model. Refine-
ment was performed using iterative rounds of Phenix.refine
(40) and rebuilding using COOT (41). The data collection,
refinement statistics and Protein DataBank accession codes
are provided in Table 1 (oligonucleotide complexes) and Ta-
ble 2 (baloxavir complexes). All the figures in this article
were generated and edited using PyMOL and GIMP, re-
spectively.

Modeling studies

The models were constructed based on the PAN
E119D/RNA complex reported here (pdb code: 7KL3)
and the wild type PAN complex with baloxavir also re-
ported here (pdb code: 7K0W). Wherever necessary, side
chains were manipulated and adjusted using COOT (41).
Preprocessing of the coordinates was performed in
SCHRODINGER/MAESTRO. Hydrogen atoms and
missing side chains were added using PRIME. Only water
molecules within 5 Å of the complex in the crystal struc-
tures were included in the model. The modeled structures
were energy minimized using OPLS 2005 Force Field
in SCHRODINGER/MAESTRO, and all atoms were
allowed to move to avoid clashes. Overall, the changes
in the conformations of the protein and the RNA were
minimal.

RESULTS

The structure of the PAN(E119D)–RNA complex

To increase the likelihood of crystallizing the complex and
to attempt to understand the basis of the PAN specificity
(37), we used the catalytically compromised point mutant
E119D (35) and an RNA oligomer (5′-AGCAUC-3′) that
contained a single preferred GC cleavage sequence and a
sulfate connection between the GC pair in place of the phos-
phate. The complex structure was determined at 2.0 Å reso-
lution (Table 1), although only four (AGCA) of the six nu-
cleotides are visible in the structure (Figure 1A). Each of the
four nucleotides (defined as the 5′ phosphate nucleotide) en-
gages a distinct pocket that we refer to as P-1, P0, P1 and
P2, where P0 contains the two-metal catalytic site and P-1
and P1/P2 are 5′ and 3′, respectively, to P0. The nucleotides
in these four pockets are A (P-1), G (P0), C (P1) and A
(P2). This register is not consistent with the observed GC
specificity of the endonuclease (37) that would have G and
C in the P-1 and PO pockets with the connecting phosphate
group occupying the two-metal catalytic center. The inter-
actions within each of the four pockets are as follows.

In the P-1 pocket, the base (A) stacks with Tyr24 and
forms hydrogen bonding interactions with Glu26 that, in
turn, forms a salt bridge with Lys34. The ribose group has
no significant interaction and the 5′ phosphate interacts
with main chain amide group of Leu106 and potentially
with the OH group of Tyr24. In the P0 pocket, the base
(G) is flanked on one side by the P-1 base and acyl chain
of Lys34, and by the P1 base on the other side. The ribose
group forms a van der Waals interaction with Ile38 and the
5′ phosphate engages in hydrogen bonding interactions with
several water molecules. There are no metal atoms visible in

the electron density map, although one or two of the wa-
ter molecules may actually be low occupancy metal ions. In
the P1 pocket, the base (C) stacks on the P0 base, forms
van der Waal interactions with the P2 base and Tyr130,
and a hydrogen-bonding interaction with Lys137. The ri-
bose forms van der Waal interactions with Tyr130 and the
2′ OH forms a hydrogen bond with the guanidinium group
of Arg125. The 5′ phosphate interacts with Tyr130, the main
chain amide of Val122 and two water molecules. Finally,
in the P2 pocket, the base (A) forms van der Waal inter-
actions with Arg125 that in turn forms a salt bridge with
Glu133. The ribose also interacts with Arg125 and the 2′
OH appears to interact with the main chain carbonyl oxy-
gen of Gln193. The 5′ phosphate is tightly sequestered be-
tween and interacts with Arg124, Arg125, Thr123 and the
main chain amide of Arg124. The orientation of Arg124 is
fixed by Phe191, specifically by a stacking interaction and a
hydrogen bond with the main chain carbonyl oxygen.

The structure of the PAN(E119D)–DNA complex

We and others have previously demonstrated that PAN can
also use DNA oligonucleotides as substrates (10,24). To in-
vestigate how PAN binds DNA, we determined the complex
structure at 2.1 Å resolution (Table 1) using the oligonu-
cleotide 5′-TTAGCATT-3′ and the E119D mutant (Figure
1B). The complex is similar to the RNA complex, but six
nucleotides (5′-TAGCAT-3′) are visible instead of four and
the GC pair now occupies the P1 and P2 pockets rather
than the P0 and P1 pockets. A key difference is the pres-
ence of a catalytic Mn2+ ion at the active site coordinated to
His41, Asp108, Asp119 (normally Glu119), the main chain
carbonyl oxygen of Ile120 and two water molecules. The
two water molecules replace the P0 phosphate oxygen atom
that normally coordinates the Mn2+ ion, and the phosphate
group and the P-1 ribose group are ∼1.5 Å further away
from the catalytic center than in the RNA structure. Apart
from this difference, the sugar-phosphate backbones of the
RNA and DNA complexes overlap well (Supplementary
Figure S1A).

The residues that create the four pockets are largely un-
perturbed when compared to the RNA complex, but the
orientations of the individual bases within the pockets are
quite different (Supplementary Figure S1B), which suggests
that the bases make minimal contributions to the substrate
binding. However, one key difference is in the P-1 pocket
where the movement of the P0 phosphate and the P-1 ri-
bose appears to reorient the base (T) that, in turn, leads to
a shift in the adjacent loop that contains Tyr24, Gly25 and
Glu26. The five nucleotides 3′ to the P-1 site (AGCAT) cre-
ate a stacked structure that is not present in the RNA struc-
ture. The base stacking appears to be initiated by a ‘book
end’ interaction between the P0 base (A) and Lys34. The 3′
A interacts closely with the Arg125/Glu133 salt bridge and
we therefore designate this as the P3 pocket.

The structure of the PAN(WT)–DNA complex

Assuming that DNA is a poorer substrate for PAN than
RNA, we attempted to obtain the complex structure of
wild type PAN with an intact DNA oligonucleotide. We ob-
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Table 1. Data collection and refinement statistics for the PAN–RNA and PAN–DNA crystal structures

PAN complex
PAN species E119D E119D WT WT
Oligonucleotide RNA: AG*CAUCa DNA: TTAGCATT DNA: TTAGCATT DNA: GTGAGCAGTG
Data collectionb

Beamline (SERCAT) APS/22-ID APS/22-ID APS/22-ID APS/22-ID
Wavelength (Å) 1.000 1.000 1.000 1.000
Space group I422 I422 I422 I422
Unit cell (Å)

a, b, c 89.20, 89.20, 134.25 89.30, 89.30, 134.02 89.89, 89.89, 134.30 89.65, 89.65, 133.78
Resolution range (Å) 50.00–1.99 50.00–2.08 50.00–1.92 50.00–2.20
Rmerge

c 0.047 (0.843) 0.080 (0.485) 0.049 (0.779) 0.078 (0.790)
Rmeas 0.071 (0.804) 0.108 (0.594) 0.061 (0.740) 0.104 (0.969)
Rpim 0.024 (0.426) 0.030 (0.219) 0.023 (0.308) 0.042 (0.486)
Unique reflections 18 911 (1369) 16 288 (1435) 21 245 (2048) 25 628 (2145)
Multiplicity 4.9 (4.7) 12.3 (5.9) 7.3 (5.4) 3.2 (1.9)
Mean I/�(I) 30.5 (2.0) 25.0 (1.8) 46.4 (2.0) 20.8 (1.4)
CC1/2 0.999 (0.807) 0.999 (0.865) 0.999 (0.786) 0.996 (0.684)
Completeness (%) 99.9 (100.0) 98.9 (89.6) 99.4 (95.5) 99.0 (92.1)
Wilson B-factor (Å−2) 39.80 37.68 39.4 50.80
Refinement
Rwork (%) 17.76 17.46 17.72 18.99
Rfree (%) 20.98 20.49 21.67 21.54
R.m.s. deviations

Bonds (Å) 0.017 0.016 0.009 0.008
Angles (◦) 1.43 1.93 0.87 0.80

Coordinate error (Å)d 0.25 0.21 0.23 0.28
Protein residues 177 178 179 179
Average B factor (Å2)

All atoms 56.61 57.93 59.12 77.80
Protein atoms 55.51 57.29 57.84 77.20
Ligand atoms 93.64 86.79 106.94 117.80
Solvent atoms 59.56 62.27 64.67 77.50

Ramachandran plot
Favored (%) 96.57 94.89 97.18 98.31
Allowed (%) 2.86 3.41 1.69 1.69
Outliers (%) 0.57 1.70 1.13 0.00

Clash score 6.0 4.3 5.4 2.7
PDB accession code 7KL3 6W7A 6WHM 6WS3

a‘*’ indicates a non-cleavable sulfate group in place of the phosphate group at this position.
bValues in parentheses refer to the highest resolution shell.
cRmerge = ∑

|(I–<I>)|/
∑

(I), where I is the observed intensity.
dCalculated by maximum likelihood.

tained two structures, but the DNA is cleaved in both. How-
ever, one structure only contains the bound 3′ product (we
call this structure ‘cleaved’) whereas the second structure
contains both the 5′ and the 3′ products (‘product’). The
cleaved structure is at 1.9 Å resolution using the sequence
5′-TTAGCATT-3′ (Table 1), and the product structure is
at 2.2 Å using the sequence 5′-GTGAGCAGTG-3′ (Table
1). The catalytic GC dinucleotide is once again not at the
two-metal center in either complex. The sugar-phosphate
backbones of the bound DNA generally align well with the
bound RNA and DNA in the E119D complexes (Supple-
mentary Figure S1A), although the orientation of the bases
show significant variations (Supplementary Figure S1C and
Supplementary Figure S1D).

In the ‘cleaved’ complex (Figure 1C), only four nu-
cleotides are visible (TAGC) and occupy the P0, P1, P2
and P3 pockets, respectively. Consistent with the catalytic
mechanism, the P0 phosphate is present and adjacent to the
two-metal site that contains the two metal ions in this wild
type Glu119 structure. The refinement is consistent with one
site being occupied by a mixture of Mn2+ and Mg2+ ions.
Although there is no nucleotide in the P-1 pocket and no
base to stack onto Tyr24, this residue and its associated

loop region maintain the same conformation observed in
the E119D intact DNA complex structure. In the ‘product’
structure (Figure 1D), five nucleotides are visible, TG on
the 5′ side of the cut and AGC on the 3′ side. The latter
occupy the P0, P1 and P2 pockets and superimpose well
on the TAG nucleotides present in the cleaved structure. In
contrast, the 5′ TG nucleotides are in new locations; the G
is flipped out of the P-1 pocket and the terminal T base
stacks onto the exposed Trp88 that we designate as the P-
2 pocket. The 5′ phosphate of the flipped out G remains
in its P-1 pocket but the sidechain of Tyr24 has rotated by
∼40◦. Again, consistent with the catalytic mechanism, the
P0 phosphate is present and the P-1 nucleotide has a free 3′
OH, although there is only one metal ion (refined as Mn2+)
at the two-metal site.

The structures of PAN—baloxavir complexes

We recently demonstrated that the point mutant I38T con-
sistently appears in PAN mutants that are resistant to com-
pound RO-7, an analog of the approved drug baloxavir (42).
Consistent with this finding, the same drug resistance mu-
tation has now emerged upon baloxavir pressure (42,43).
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Table 2. Data collection and refinement statistics for the PAN–baloxavir crystal structures

PAN complex
PAN species Wild type I38T E119D
Bound compound Baloxavir (BLX) Baloxavir (BLX) Baloxavir (BLX)
Data collectiona

Beamline (SERCAT) APS/22-BM APS/22-BM APS/22-BM
Wavelength (Å) 1.000 1.000 1.000
Space group I422 I422 I422
Unit cell (Å)

a, b, c 89.72, 89.72, 133.76 89.82, 89.82, 133.77 89.96, 89.96, 133.94
Resolution range (Å) 46.03–2.09 46.06–2.25 44.98–2.25
Rmerge

b 0.069 (0.500) 0.064 (0.556) 0.048 (0.618)
Rmeas 0.096 (0.619) 0.104 (0.744) 0.086 (0.845)
Rpim 0.031 (0.251) 0.032 (0.332) 0.027 (0.377)
Unique reflections 15263 (762) 12419 (671) 12694 (768)
Multiplicity 4.8 (2.7) 9.3 (3.8) 5.1 (2.4)
Mean I/�(I) 12.0 (2.1) 12.0 (1.4) 12.7 (1.4)
CC1/2 1.000 (0.835) 1.000 (0.679) 0.998 (0.692)
Completeness (%) 92.5 (57.5) 93.1 (56.9) 94.9 (65.3)
Wilson B-factor (Å−2) 38.80 46.00 47.9
Refinement
Rwork (%) 21.90 19.25 19.59
Rfree (%) 25.07 23.59 22.94
R.m.s. deviations

Bonds (Å) 0.008 0.003 0.006
Angles (◦) 1.3 0.51 0.84

Coordinate error (Å)c 0.31 0.26 0.31
Protein residues 180 183 182
Average B factor (Å2)

All atoms 50.5 60.2 63.8
Protein atoms 50.6 59.2 62.8
Ligand atoms 51.4 76.6 77.5
Solvent atoms 45.0 61.0 61.1

Ramachandran plot
Favored (%) 96.61 98.32 96.63
Allowed (%) 3.39 1.12 2.81
Outliers (%) 0 0.56 0.56

Clash score 4.4 11.3
PDB accession code 7K0W 7KAF 7KBC

aValues in parentheses refer to the highest resolution shell.
bRmerge = ∑

|(I–<I>)|/
∑

(I), where I is the observed intensity.
cCalculated by maximum likelihood.

To investigate this, we determined the complex structures
of baloxavir bound to wild type PAN (Figure 2A) and PAN-
I38T (Figure 2B). These structures have previously been re-
ported (43) but we wanted to confirm that our PAN con-
struct does not introduce any significant differences. The
two structures are very similar, at 2.09 and 2.25 Å, respec-
tively (Table 2), and contain two tightly bound active site
Mn2+ ions coordinated to the compound. Unsurprisingly,
the structures are very similar to those of the RO-7 com-
plex (42) and to the previously determined baloxavir com-
plexes. Ile38 forms a tight and extensive apolar interac-
tion with baloxavir and its mutation to the polar threo-
nine would significantly impact binding affinity as observed
(43). Reduced susceptibility to baloxavir has also been re-
ported for the mutant E119D (43), although not to the
extent of I38T, and we therefore determined the structure
of baloxavir bound to PAN-E119D (Figure 2C) at 2.25 Å
(Table 2). The complex is very similar to that of the wild
type PA although the shorter aspartic acid reduces the in-
teraction with the oxazino-pyridotriazin-dione head-group,
which may explain the reduced susceptibility.

The model structure of the cognate PAN–RNA complex

Despite using specifically designed oligonucleotides, we
have not been able to determine the wild type structure
of the bound substrate with the preferred GC pair at the
P-1 and P0 positions that would provide insights into the
structural basis for the specificity. Each of our structures
is variably distorted by the use the E119D active site mu-
tant, the DNA substrate and the lack of two metal ions at
their known locations in the active site. We therefore mod-
eled the wild type complex and performed energy minimiza-
tion. The model was created in four steps. First, two Mn2+

ions and conserved water molecules were placed at the ac-
tive site locale according to the high resolution wild type
baloxavir complex structure described above. Second, the
RNA oligonucleotide GCAU was placed according to the
PAN(E119D)-RNA complex structure (Figure 1A) but with
the G and C placed at the P-1 and P0 positions respectively.
Third, the P0 phosphate was placed at the active site and co-
ordinating two Mn2+ ions according to the two-metal cat-
alytic mechanism (44). Finally, the wild type Glu119 was
restored at the active site.
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Figure 1. RNA and DNA oligonucleotides bound to the PAN endonuclease. RNA oligomers have orange carbon atoms and DNA oligomers have magenta
carbon atoms. (A) Active site mutant E119D bound to RNA oligomer AG*CA, where * indicates the location of the uncleavable sulfate linkage. (B) Mutant
E119D bound to DNA oligomer TAGCAT. One metal is visible at the active site and was refined as a Mn2+ (yellow sphere). (C) Wild type PAN endonuclease
bound to DNA oligomer TAGC. Two metal sites are visible at the active site; a Mg2+ (green sphere), and a shared Mg2+/Mn2+ (overlapping green/yellow
spheres) with 70% and 30% occupancies, respectively. (D) Wild type PAN endonuclease bound to DNA oligomer TGAGC. In this structure, the oligomer
is cleaved into a 5′ TG (light pink carbon atoms) and a 3′ AGC. There is a single Mn2+ (yellow sphere) at the active site. In each figure, the letter indicating
the bound 5′ nucleotide is colored according to the pocket it occupies: P-2, magenta; P-1, red; P0 (5′ phosphate at the two-metal site), blue; P1, green; P2,
yellow; and P3, orange. The orientation of each figure is the same apart from D to more clearly show the cleaved DNA. In each structure, the interacting
amino acids are in very similar orientations except in D where Tyr24 is rotated as the guanine base leaves the P-1 pocket.

Figure 2. Baloxavir bound to the PAN endonuclease. (A) Wild type PAN. (B) I38T PAN. (C) E119D PAN. In each figure, baloxavir is represented as sticks
with black carbon atoms, the PAN cartoon and key residues are colored cyan, the active site Mn2+ ions are large yellow spheres and the water molecules are
small red spheres. Note in B that the side chain of the Thr38 point mutant is oriented such that the hydroxyl group can make hydrogen bond interactions
with the main chain carbonyl oxygens of Lys34 and Phe35 (dotted black lines) while the methyl group optimizes its apolar interaction with baloxavir.

In the energy minimized model (Figure 3A), the GC pair
in the P-1 and P0 positions do indeed make ideal interac-
tions with Tyr24, Glu26, Lys34 and the active site metal ions
(Figure 3B). Of particular note are the hydrogen bonding
interactions between the guanine base and Glu26, the salt
bridge between Glu26 and Lys34, and the accommodation

of the single ring cytosine base in a tight pocket bounded by
the 5′ and 3′ bases and the sidechain of Lys34. The model
suggests that the GC pair serves to accurately place the
bridging phosphate at the two-metal active site. Thus, the
larger purine moiety in the P-1 pocket is necessary to simul-
taneously maintain the optimal interactions with Tyr24 and
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Figure 3. Energy minimized models of RNA oligonucleotide GCAU bound to PAN endonuclease. (A) Overview of the wild type model in the same
orientation as Figure 1. (B) Close up of the GC dinucleotide at the two-metal active site center of the wild type model showing the key hydrogen bonding
interactions. (C) The interactions of the 2′ OH groups of the oligonucleotide sugar-phosphate backbone in the wild type model. (D) Close up of the Thr38
interactions in the I38T mutant model. To distinguish these as models rather than actual crystal structures, the RNA oligomer has orange carbon atoms
and the protein and side chains are in light green. The metals are modeled as Mn2+ (yellow) and water molecules are shown as red spheres.

Glu26 and the correct placement of the phosphate adjacent
to the two catalytic Mn2+ ions. The role of the preferred cy-
tosine in the P0 pocket is less clear, but a larger purine base
would appear to be sterically disfavored and a uracil may
have less ideal interactions with the surrounding residues.
The interactions of the AU nucleotides are very similar to
those of the actual RNA crystal structure described above.
The model suggests that the 2′ OH groups are important in
the RNA complex and provide additional binding affinity
and specificity compared to DNA (Figure 3C). Thus, the P-
1 2′ OH interacts with Glu80, the P0 2′ OH potentially with
Arg124 and/or the main chain carbonyl oxygen of Lys34
via water molecules, the P1 2′ OH with Arg125 and the P2
2′ OH potentially with the main chain carbonyl oxygen of
Gln193.

The model structure of the PAN(I38T)–RNA complex

In the RNA and DNA complexes, Ile38 interacts with the
P0 ribose group and the I38T mutation should therefore
also compromise binding. Indeed, it has been observed that
PAN-I38T is significantly compromised in terms of endonu-
clease activity and that viruses bearing this mutation dis-
play impaired replicative capacity (43). To support this, we
have failed to obtain RNA or DNA complex structures
with PAN-I38T. While a number of mutations have been
identified that have impacted the susceptibility of influenza
viruses to baloxavir-like inhibitors, changes at position 38

are the most commonly observed clinically and the I38T
mutation, in particular, has been described as the marker of
baloxavir resistance (45). One would therefore predict that
it retains sufficient fitness in terms of RNA binding to sup-
port the cap-snatching process. To investigate this, we re-
peated the modeling using the mutant protein. The model
suggests that the threonine side chain is oriented to max-
imize its interaction with the P0 ribose (Figure 3D). The
side chain hydroxyl group forms a hydrogen bond interac-
tion with the main chain carbonyl oxygen of Lys34 but may
also form a hydrogen bond with the ribose 2′ OH. The N2
nitrogen of the P-1 guanine is also within 5Å of the side
chain hydroxyl of Thr38. Water molecules are not present
in the model structure and may contribute to these poten-
tial hydrogen bonding interactions.

Comparison with single nucleotide PAN complexes

We and others have previously determined the structures
of single nucleotides bound to the PAN endonuclease
(25,35,36), which have provided key information for our
drug discovery studies (29). However, comparison of the
RNA and DNA complexes presented here with these sin-
gle nucleotide complex structures reveals that the latter are
artifactual and do not accurately reflect the mode of binding
at the P0 pocket. Although the single nucleotide complexes
overlap well between themselves, they actually represent a
compromise between the oligonucleotide binding at the P-
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Figure 4. Implications for PAN endonuclease inhibitor development. (A) Overlap of the bound P-1/P0 RNA dinucleotide with the previously determined
bound mononucleotide (pdb file 5CCY). Note that the mononucleotide actually spans the P-1 and P0 sites. The dinucleotide is colored orange and the
mononucleotide is colored magenta and shown in ball-and-sticks. The Mn2+ ions at the active site are shown as yellow spheres. Note that Tyr24 in the
mononucleotide complex (magenta sticks) moves to maintain the stacking interaction with the base. (B) Spatial comparison of baloxavir and the RNA
dinucleotide bound at the P-1 and P0 sites. (C) Spatial comparison of L-742,001 and the RNA dinucleotide bound at the P-1 and P0 sites. In (B) and (C),
the RNA dinucleotide is shown as an orange van der Waal surface, the PAN cartoon and key residues are colored lime green, and baloxavir and L-742,001
are shown as black and magenta van der Waal surfaces, respectively. In all panels, the RNA dinucleotide and the PAN endonuclease are derived from the
wild type RNA-bound model shown in Figure 3B with GC occupying the P-1 and P0 pockets.

1 and P0 pockets (Figure 4A). Thus, while the phosphate
and ribose correctly occupy the P0 pocket, the base reaches
over to occupy the P-1 pocket location adjacent to Tyr24.
The key roles of the P-1 and P0 pockets is consistent with
the GC specificity of the endonuclease (37) residing in these
pockets.

In terms of drug discovery, the dinucleotide that occu-
pies the P-1 and P0 sites is the structure that should be
spatially mimicked to reduce the potential for resistance
(Figure 3B). Comparison of baloxavir (Figure 4B) with the
bound dinucleotide reveals that there is significant spatial
overlap but there are opportunities for the emergence of re-
sistance as observed. We have also previously demonstrated
that F105S consistently appears in PAN mutants that are
resistant to compound L-742,001 and predicted that this
mutation would have minimal impact on substrate bind-
ing (35). The RNA complex confirms this (Figure 1A) and
shows that Phe105 is relatively distant from the bound sub-
strate and free to mutate without affecting activity. Com-
parison of L-742,001 with the bound dinucleotide reveals
poor spatial overlap (Figure 4C).

DISCUSSION

Our four complex structures comprising uncleaved RNA
and DNA oligonucleotides bound to the catalytically
compromised E119D mutant, and cleaved DNA oligonu-
cleotides bound to the wild type enzyme reveal six binding
pockets that we refer to as P-2, P-1, P0, P1, P2 and P3. The
central three pockets, in which P0 contains the two-metal
center that engages the catalytically processed phosphate
group, are consistent in the four structures, and the periph-
eral P-2, P2 and P3 sites show some variability and associ-
ated weaker electron density. Although the catalytically pre-
ferred GC dinucleotide (37) is not bound appropriately in
the P-1 and P0 sites, other features of the complexes support
the validity of these structures. Thus, the amino acids that
create the six nucleotide binding pockets are conserved, the
correct products with the phosphate group in the P0 site and
the free 3′ OH in the P-1 site are present in the cleaved DNA

complexes, and the 5′-3′ orientation of the bound oligonu-
cleotides is consistent with the overall cap-snatching mech-
anism and the position of the PB2 cap-binding domain in
the RdRp complex (12,13).

Although the endonuclease is active with both RNA and
DNA substrates, comparison of the two complexes reveals
that the 2′ OH in the RNA complex is involved in ad-
ditional interactions compared to the DNA complex. Al-
though the RNA and the DNA occupy the same bind-
ing pockets, there are small but significant differences be-
tween their backbone conformations (Supplementary Fig-
ure S1A) that suggest that these 2′ OH interactions con-
tribute to the expected preference for the RNA substrate.
This is supported by the modeling studies where the 2′ OH
interactions are maintained. As regards the preferred GC
specificity of the endonuclease (37), the structure of our
RNA complex fails to explain this because the GC pair does
not occupy the P-1 and P0 pockets. However, the model-
ing study suggests that the GC pair serves to simultaneously
place the bridging phosphate at the two-metal active site for
optimal catalysis and maintain the base interactions with
Tyr24, Glu26 and Lys34 on the opposite side of the sub-
strate binding groove. In the PAN(E119D)–DNA complex,
where a smaller pyrimidine (T) occupies the P-1 pocket, the
P0 phosphate is forced to move away from the two-metal
site by ∼1.5 Å in order to maintain the interactions with
Tyr24 and Glu26. The model also suggests that G is pre-
ferred over A because of more favorable hydrogen bonding
interactions with Glu26.

There are a number of potential explanations for why the
GC dinucleotide is not bound at the P-1 and P0 sites in our
structures. First and foremost, it has been established that
the GC specificity derives not only from the endonuclease
itself but also from the spacing of the GC pair from the 5′
cap and its interaction with the cap-binding domain in the
PB2 subunit in the RdRp complex (37). We provide com-
pelling evidence that there is GC specificity built into the
endonuclease active site locale, in particular for G at the P-
1 site, but this is apparently insufficient in the absence of the
cap binding domain. Indeed, previous studies have strongly
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suggested that the spacing is the dominant specificity factor
(37). Second, although GC specificity is clear, it is not ab-
solute and the endonuclease can cleave other sequences al-
beit less efficiently (37). Our short oligonucleotides, the po-
sitions of the GC pair within the oligonucleotides and other
features of the sequence may prevent the preferred bind-
ing in the isolated endonuclease within the crystal. Third,
although the model structure supports the preferred bind-
ing of guanine at the P-1 site, the bases at other positions
have no obvious specific interactions with the binding pock-
ets and have variable conformations (Supplementary Figure
S1). This is consistent with the requirement that the cap-
snatching mechanism operates on multiple host mRNAs.
Finally, the use of the inactive E119D mutant to obtain
the uncleaved RNA complex and the presence of the non-
cleavable sulfate group between the G and the C are likely
to impact the binding of the GC pair to the two-metal ac-
tive site. Unfortunately, we currently do not have a complex
structure with an unmodified RNA oligonucleotide.

The successful deployment of baloxavir as an effective in-
fluenza therapeutic (31) has confirmed the early predictions
that the essential cap-snatching mechanism of the influenza
RdRp and the endonuclease component within the PAN
subunit would be excellent targets for drug discovery (19–
21). However, we have previously shown that resistance can
rapidly arise for inhibitors that target the two-metal active
site of the PAN endonuclease (35,42) and baloxavir resis-
tance has already emerged (43). An important goal of the
structural studies presented here is to facilitate the devel-
opment of novel PAN endonuclease inhibitors less prone
to resistance. It has been established that drug resistance
can be minimized when the drug occupies the same space
within the active site as the actual substrate because resis-
tance mutations are likely to also have a significant negative
impact on activity (46). Our finding that the P-1/P0 dinu-
cleotide represents the ‘core’ feature of the bound substrate
will now facilitate future drug discovery efforts that min-
imize resistance potential. The stacking interaction of the
P-1 base with Tyr24 and the P0 interaction of the ribose
with Ile38 are important stabilizing features in the substrate
complex. These interactions are maintained in the artifac-
tual single nucleotide complexes and would be predicted
to be key features of an effective drug. Indeed, Ile38 fea-
tures prominently in the baloxavir complex but in such a
manner that allows resistance mutations. The importance
of the Tyr24 interaction is confirmed in the ‘product’ struc-
ture (Figure 1D) where the side chain has rotated out of
position to presumably allow the release of the 5′ oligonu-
cleotide. The Influenza Research Database (47) lists 32820
PAN sequences from H1N1 and H3N2 human viruses, and
of these, 32798 contain tyrosine at position 24, 18 have histi-
dine, 2 have cysteine, and 2 have phenylalanine. Also, it has
been shown (48) that 10–25% of swine influenza viruses con-
tain the Y24H variant. Apart from cysteine, the aromatic
side chains of these residues are consistent with the impor-
tance of the stacking interaction with the P-1 base.
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