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ABSTRACT

Influenza virus uses a unique cap-snatching mech-
anism characterized by hijacking and cleavage of
host capped pre-mRNAs, resulting in short capped
RNAs, which are used as primers for viral mRNA
synthesis. The PA subunit of influenza polymerase
carries the endonuclease activity that catalyzes the
host mRNA cleavage reaction. Here, we show that
PA is a sequence selective endonuclease with
distinct preference to cleave at the 3’ end of a
guanine (G) base in RNA. The G specificity is ex-
hibited by the native influenza polymerase complex
associated with viral ribonucleoprotein particles
and is conferred by an intrinsic G specificity of the
isolated PA endonuclease domain PA-Nter. In
addition, RNA cleavage site choice by the full poly-
merase is also guided by cap binding to the PB2
subunit, from which RNA cleavage preferentially
occurs at the 12th nt downstream of the cap.
However, if a G residue is present in the region of
10-13 nucleotides from the cap, cleavage preferen-
tially occurs at G. This is the first biochemical
evidence of influenza polymerase PA showing intrin-
sic sequence selective endonuclease activity.

INTRODUCTION

Influenza continues to impose a substantial annual burden
of morbidity and mortality. Current antiviral drugs
approved for the treatment of influenza virus infections
are limited to two viral targets, neuraminidase and M2
ion-channel protein. The viral RNA (vRNA)-dependent

RNA polymerase (RdRP) that is central to the virus
lifecycle is a promising target for the development of
novel influenza antiviral compounds.

The influenza virus contains a segmented RNA genome
with eight negative-sense segments (1). The viral polymer-
ase is a heterotrimer of subunits PA, PB1 and PB2 with a
combined mass of ~250kDa. The RdRP trimer exists as
part of a viral ribonucleoprotein complex (VRNP) and
carries out the two distinct processes of transcription (syn-
thesis of capped, polyadenylated mRNA) and replication
(synthesis of full-length genomic RNA). Transcription
involves (i) binding of the 5 cap (m’GTP) of a host
pre-mRNA to the PB2 subunit, (ii) cleaving of a phospho-
diester bond 10-13 nt downstream of the cap by the endo-
nuclease activity in the PA subunit and (iii) initiating
synthesis of viral mRNAs at the cleaved 3’ end of the
capped segment by the PB1 subunit that harbors the poly-
merase active site [reviewed in (2,3)]. The polymerase
complex also replicates the VRNAs in a distinctly different
process that involves unprimed initiation of RNA synthe-
sis (4). It is unclear how these different processes are
coordinated between the polymerase subunits and the dif-
ficulty in obtaining active trimeric influenza polymerase
has hampered the characterization of this important
multifunctional enzyme. Recent breakthroughs in the elu-
cidation of the structure of cap binding (5) and PA-N
terminal (PA-Nter) endonuclease (6,7) domains of the
polymerase have begun to reveal some architecture and
specific roles of the individual subunits and also allow
structure-based anti-influenza drug development (8,9).

In this study, we have used enzymatic and spectroscopic
approaches to understand the RNA cleavage characteris-
tics of the PA-Nter domain on capped and uncapped
RNA. The cleavage of host pre-mRNA by PA-Nter is
essential for the transcription of viral mRNAs and is
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likely involved in the modulation and shut-down of host
protein expression; however, the detailed mechanism
underlying RNA selection, RNA binding and cleavage
are not well understood. The structure of PA-Nter
domain corresponding to the first 209 N-terminal amino
acid residues shows that it contains a divalent metal ion-
dependent endonuclease active-site consistent with the
previously determined metal ion catalyzed cleavage
reaction using native influenza polymerase (10). The
metal-binding residues His41, GIu80, Aspl08 and
Glull9 and the catalytic lysine K134 are conserved
amongst all influenza A and B strains (9,11). However
structural information showing the mode of RNA
binding to PA-Nter is currently lacking. Here, we show
biochemically that the PA-Nter displays a remarkable
RNA sequence selectivity of RNA cleavage. A compara-
tive study with native influenza vVRNP obtained from
purified virus revealed a similar selectivity and suggests
that host pre-mRNA sequence selectivity exhibited by in-
fluenza virus polymerase is conferred by the architecture
of the minimal PA endonuclease domain.

MATERIALS AND METHODS
RNA and protein

Unlabeled and 2-aminopurine (2-AP)-labeled uncapped
RNA oligonucleotides were purchased from Thermo
Fisher Scientific. The 5'-triphosphorylated RNAs were
purchased from Fidelity Systems (Gaithersburg, MD).
Fifty-mer RNA was generated by T7 RNA polymerase
mediated transcription of template DNA. Capping reac-
tions were performed using the ScriptCap™ m’G
Capping System purchased from CellScript (Madison,
WI). RNA sequences and nomenclature are shown in
Tables 1 and 2. Oligonucleotide concentrations were
determined by ultraviolet (UV) spectroscopy, using extinc-
tion coefficients furnished by the manufacturer.

PA-Nter domain [residues 1-209, A/Victoria/3/
1975(H3N2)] was expressed and purified as previously
described, and the concentration of the protein was
determined by UV spectroscopy, using €59’ ”° = 8.79 (6).

RNP complexes were isolated from purified Influenza
virus A/PR/8/34 (HIN1) purchased from Charles River
Laboratories (Wilmington, MA), using an established
protocol, and RNP concentration was determined by
UV spectroscopy, using ODjg0um of 1.0 = 60 pg/ml RNP
as conversion factor (12).

Endonuclease assay

Endonuclease activity of the PA-Nter domain was
measured in buffer containing 20mM Hepes (pH 7.9),
100mM sodium acetate, 1 mM Mn(OAc), and 2mM
DTT. We note here, as also previously reported (6), that
the PA-Nter showed activity only in the presence of
divalent ion Mn*" (Supplementary Figure S2).

Unless mentioned otherwise, the RNP-based endo-
nuclease and primer extension assays were performed in
buffer containing 20 mM Hepes (pH 7.9), 100 mM sodium
acetate, 1 mM Mg(OAc),, 0.1mM Mn(OAc),, 10%
glycerol and 2mM DTT. The protein and RNA

Table 1. Nomenclature and sequence for RNAs used in this study:
all substrate RNAs and the endonuclease products of G20 RNA

Nomenclature RNA sequence

uc-GC-1 5'p-AAU CUA UAA UAA UUA GCA CC-3
¢-GC-1 5'm’G-ppp-AAU CUA UAA UAA UUA GCA
cc-3
uc-GC-2 5'p-AAU CUA UAA UAA GCA UAU CC-3
uc-GC-3 5'p-AAU CUA UAA GCA UUA UAU CC-3¥
uc-GC-4 5'p-AAU CUA GCA UAA UUA UAU CC-3/
uc-GC-5 5'p-AAA GCA UAA UAA UUA UAU CC-3
uc-G20 5'p-GAA UAC UCA AGC UAU GCA UC-3
uc-CG20 5'p-AAU CUA UAA CGA UUA UAU CC-3/
uc-AU20 5'p-UAA UAA AUA AUA AAU AAA UU-3
uc-G20-2AP 5'p-GAA UAC UCA AGC XAU GCA UC-3

uc-G20-2AP-P1
uc-G20-2AP-P2(3')
uc-G20-P1
uc-G20-P2

5p-GAA UAC UCA AGC XAU G-3
5p-CXA UGC AUC-3'

5p-GAA UAC UCA AGC UAU G -3
5p-GAA UAC UCA AG-3'

For c-RNA, the 5-cap is the same for all and is shown for the first
sequence only. The GC motif is underlined for each sequence. The
position of 2-AP substitution is denoted as X.

Table 2. Nomenclature and sequence for all uncapped and capped
RNA markers used in this study

Nomenclature RNA sequence

uc-G20-16mer(M)
uc-G20-11mer(M)

5'p-GAA UAC UCA AGC UAU G-¥
5'p-GAA UAC UCA AG-3

uc-G20-4mer(M) 5'p-GAA U-¥
uc-G20-3mer(M) 5'p-GAA-3
uc-G20-2mer(M) S'p-GA-3

uc-GC3-11mer(M)
uc-GC3-10mer(M)
¢c-G20-16mer(M)
¢-G20-11mer(M)
¢c-GCl-16mer(M)
¢c-GC2-13mer(M)
¢c-GC3-11mer(M)
¢c-GC3-10mer(M)

5'p-AAU CUA UAA GC-3

5'p-AAU CUA UAA G-3/

5'm’G-ppp-GAA UAC UCA AGC UAU G-3
5'm’G-ppp-GAA UAC UCA AG-3
5'm’G-ppp-AAU CUA UAA UAA UUA G-3
5'm’G-ppp-AAU CUA UAA UAA G-3'
5m’G-ppp-AAU CUA UAA GC-3'
5m’G-ppp-AAU CUA UAA G-3'

concentrations used in the assays are specified in the
figure legends. Reactions were performed at 25°C. To
generate radioactively labeled capped RNA, 5 tri-
phosphorylated RNA was capped at the 5 end with o-
P2-GTP using capping enzyme purchased from
CellScript. Uncag?ed RNA was labeled at the 5'-
terminus with y-P”*-ATP using T4 PNK purchased from
Invitrogen. Following the endonuclease reactions, RNA
products were separated in 20% polyacrylamide gels in
7M urea and then visualized and quantified using a
Molecular Dynamics Phosphorlmager with ImageQuant
software.

Fluorescence assay

Fluorescence spectra were measured with a Jasco model
815 spectrophotometer equipped with fluorescence capa-
bilities and temperature controller. The 2-AP modified
RNA oligonucleotides were excited at 315nm, and
emission was recorded at 370 nm, at 25°C.
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All the kinetic traces from both fluorescence and gel-
based assays were fit to the following single exponential
equation to obtain the apparent rate constant for the
endonuclease reaction,

At — A(ﬂ;e(—kobs*t) (1)

where A is the initial populations of substrate RNA, A, is
the population at time t, k. is the apparent rate constant,
and t is time.

RESULTS

RNA cleavage site preference of the Influenza A RNA
polymerase PA-Nter domain

Previous observations of endonuclease activity associated
with native influenza RNP had indicated different
cleavage efficiencies for different RNA substrates and in
particular high-efficiency cleavage of substrates that
carried GC motifs (10,13). To characterize the intrinsic
selection of RNA cleavage sites by the influenza endo-
nuclease, we first examined the ability of recombinant
PA-Nter to cleave a variety of single-stranded uncapped
RNAs (henceforth denoted as uc-RNA) that were radio-
actively labeled at the 5" end. We used a collection of dif-
ferent 20-mer uc-RNAs, named GC-1, GC-2, GC-3, GC-4
and GC-5, each carrying a single 5-AGCA-3’ motif
at various distances from the 5 end of the RNA
(Figure 1A, Table 1). After incubation of these RNAs
with PA-Nter (P) or native influenza RNP (R), the
products of the endonuclease digestion were visualized

A uc-GC-1: 5'p32—AAUCUAUAAUAAUUAQ%Acc—3' G at position 16
uc-GC-2: 5’pBQfAAUCUAUAAU@AéAUAUCCf3’ G at position 13
uc-GC-3: 5’p52—AAUCUAU AGCAUUAUAUCC-3’ G at position 10
uc-GC-4: 5’p32-AAUGUAGCAUAAUUAUAUCC-3’ G at position 7
uc-GC-5: 5’ p3’~AAAGCAUAAUAAUUAUAUCC-3’ G at position 4

B uc-GC-1 uc-GC-2 uc-GC-3 uc-GC-4 uc-GC-5
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Figure 1. PA-Nter endonuclease exhibits sequence specificity of
cleavage on uncapped RNA. (A) RNA sequences and their designa-
tions. (B) The cleavage pattern of the RNAs in the presence of PA-Nter
domain and RNP. The 3 uM and 300 nM concentrations of RNAs were
incubated with 1uM and 8nM PA-Nter domain and RNP, respect-
ively, at 25°C for 1h. Lanes were loaded with RNA alone (Lanes C),
RNA Ladder after alkaline digestion (Lanes L), RNA incubated with
PA-Nter (Lanes P) or incubated with influenza RNP (Lanes R). Total
amount of RNA loaded in Lanes P were 10-fold lower relative to the
amount loaded in Lanes R. The products of alkaline hydrolysis of the
RNAs are used as markers.
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after gel electrophoresis. The cleavage sites were
determined by aligning with alkaline hydrolysis products
(L) of the corresponding radioactively labeled substrate
RNAs and by co-migration with synthesized marker
RNA oligonucleotides of the same size and sequence
as that of the cleaved products (Table 2). As shown in
Figure 1B, PA-Nter (P) cleaved these RNA molecules
highly selectively at the 3’ end of the G in each of these
molecules. The position of the 5-AGCA-3’ motif was dif-
ferent in each of the RNA substrates, and the cleavage site
moved accordingly (Figure 1B).

To further characterize this unexpected cleavage site se-
lectivity of PA-Nter, we examined three additional 20-mer
uc-RNA sequences: (i) uc-G20, carrying two GC motifs
5-AGCU-3" and 5-UGCA-3, in a different sequence,
(i1) uc-CG20, a derivative of the GC-3 oligonucleotide,
in which the 5-GC-3 sequence was inverted to
5-CG-3’; and (iii)) uc-AU20 that lacks any G or C
within the sequence (Table 1). Figure 2 shows the
kinetics of the endonuclease reaction for these RNAs
that were radioactively labeled at the 5" end and visualized
by gel electrophoresis (Supplementary Figure S1).
PA-Nter generated three distinct products (uc-G20-Pl,
uc-G20-P2 and uc-G20-P3) from the uc-G20 substrate
RNA (Supplementary Figure S1). The uc-G20-P1 and
uc-G20-P2 corresponded to 16- and 11-mer, respectively,
indicating endonuclease cleavage at the 3’ end of G of the
two GC motifs. The shortest product, uc-G20-P3,
migrated faster than the 2-nt marker RNA denoted as
uc-G20-2mer(M) (Table 2, Supplementary Figure S1),
consistent with cleavage after the 5G (Supplementary
Figure S1, bottom right panel and Figure 3B). As shown
in Figure 2A, under comparable conditions, the rate of
disappearance of full-length uc-G20 is the fastest relative
to all the RNAs examined, consistent with the presence of
three efficient cleavage sites in the uc-G20 sequence. As
shown in Figure 2A, among the RNAs that contained a
single efficient cleavage site, the distance of the G nucleo-
tide from the 5 end of the RNA appeared to have an
effect on the rate of the reaction. Strikingly, the uc-
CG20 substrate was not cleaved efficiently by PA-Nter
(Figure 2B and Supplementary Figure S1). The cleavage
of this substrate was considerably slower relative to
uc-GC-3 (Figure 2B). The difference between these two
substrates was only a switch of the 5-GC-3’ motif to a
5-CG-3" motif at the same location in the RNA. This
result suggests recognition of a directional positioning of
GC for efficient cleavage by PA-Nter. Finally, we show
that uc-AU20 serves as a poor substrate for the PA-Nter
endonuclease as compared with RNAs containing GC
motifs (Figure 2C). The aforementioned results therefore
suggest that 5-GC-3’ serves as the preferred RNA recog-
nition motif for endonucleolytic cleavage by PA-Nter.

We also examined the effect of the presence of the
m’GTP cap moiety (cap) at the 5 end of the RNA
(denoted as c-RNA) on cleavage by PA-Nter. Figure 3B
and C show the cleavage products generated from c-G20
RNA. As, expected, this modified RNA substrate migrates
slower compared with uc-RNA, owing to the presence of
the cap. Like uc-RNA, PA-Nter domain generated three
dominant products, denoted as ¢-G20-P1, ¢-G20-P2 and
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A uc-GC-1: 57 p32-ARUCUAUAAUAAUUAGCACC-3'
uc-GC-2: 5’ p32-AAUCUAUAAUAAGCAUAUCC-3’
uc-GC-3: 5’ p3>?~-AAUCUAUAAGCAUUAUAUCC-3'
uc-GC-4: 5’ p>2~-AAUCUAGCAUAAUUAUAUCC-3’
uc-GC-5: 5’ p32-AAAGCAUAAUAAUUAUAUCC-3’

= uc-GC-1
] -+ uc-GC-2
% -= uc-GC-3
S - uc-GC-4
< -+ uc-GC-5
=z
o -e- uc-G20
® D
0 . . RNA Kops (Min~1)
(] 50 100
Time (min) uc-GC-1 | 0.008 (+2e79)
- - +1e-3
B ucGC-3: 57p32-AAUCUAUAAGCAUUAUAUCC-3' uc-GC-2 | 0017 (£ 1e)
uc-CG20: 5’ p32-ARUCUAUAA CGAUUAUAUCC-3’ uc-GC-3 | 0.012 (+3e™4)
100 - uc-GC-4 | 0.018 (+ 1e73
00 - uc-GC-3 ( )
o 801 o uc-CG20 uc-GC-5 | 0.011 (x 1e73)
2 -3
S 604 uc-G20 | 0.026 (+2e7°)
2 uc-CG20 | n.d.
Z 401
< uc-AU20 | 0.002 (+ 1e~4)
o 201 a
o

L) L)
0 50 100
Time (min)

C ucG20: 5’P3?-GAAUACUCAAGCUAUGCAUC-3’
uc-AU20 : 5’ P32~ UAAUAAAUAAUAAAUAAAUU-3 ’

100
-------- ® - uc-G20
3 801 /‘/ -+ Uc-AU20
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204
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Figure 2. Kinetics of cleavage of various uncapped RNA sequences by PA-Nter domain. The sequences of RNAs are shown above the kinetic traces.
Endonuclease reaction kinetics for (A) uc-GCl, uc-GC-2, uc-GC-3, uc-GC-4, uc-GC-5 and uc-G20; (B) uc-GC-3 and uc-CG20; (C) uc-G20 and uc-
AU20 RNAs. The 3uM RNA was incubated with 1M concentration of PA-Nter domain at 25°C. (D) The apparent rate constants (k) for the
reactions are listed in the table.

c-G20-P3, the sizes of ¢-G20-P1 and c¢-G20-P2 are panels A-E). In contrast, low activity and no sequence

(16 nt+cap) and (11 nt+cap), respectively, indicating
cleavage at 3’ end of G of the GC motifs in the sequence
(Figure 3C). The overall cleavage efficiency with PA-Nter
was similar for capped and uncapped RNA. The exact size
of ¢-G20-P3 could not be determined with certainty, but
its small size suggests cleavage within 5nt from the 5" end
of the capped substrate (Figure 3). Figure 4 shows the
endonuclease cleavage reactions presented in the form of
radioactive intensity traces of the polyacrylamide gels. The
left panel of Figure 4 shows results from endonuclease
reactions for a collection of related capped RNA mol-
ecules after incubation with PA-Nter. PA-Nter exhibited
strong sequence preference and cleavage at the 3’ end of G
for all 5'-GC-3'-containing RNAs examined (Figure 4 left

preference for cleavage was observed for RNA molecules
that did not contain a 5'-GC-3" motif (Figure 4, left panels
F and G). Therefore, PA-Nter showed sequence selectivity
for cleavage after a G residue in a 5-GC-3’ motif in RNA
with similar activity for capped and uncapped RNAs, con-
sistent with the absence of a cap binding site on PA-Nter.

Cleavage of capped and uncapped RNA by Influenza
A RNP complex

Next, we determined the cleavage pattern for substrate
RNAs by influenza A RNP complexes isolated from
purified viruses. RNP complexes comprise the hetero-
trimeric influenza polymerase (PA, PB1, PB2) bound to
the VRNA template that is coated with viral nucleoprotein
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Figure 3. Denaturing gels showing the endonuclease digestion products from capped and uncapped G20 RNA after incubation with PA-Nter
domain and RNP. (A) Sequence and nomenclature of the RNA substrates. The cleavage sites are marked with arrow. (B) Cleavage products
from 300nM capped or 3 uM uncapped G20 RNA after incubation with 1uM PA-Nter. (C) Gel showing co-migration of ¢-G20-P1 and c-G20-
P2 with respective synthesized marker RNA oligos ¢c-G20-16-mer(M) and ¢-G20-11-mer(M). c-G20-16-mer(M) and c-G20-11-mer(M) are of the same
size and sequence as that of ¢-G20-P1 and c-G20-P2, respectively (Table 2). (D) Endonuclease digestion of ¢-G20 RNA by PA-Nter, RNP and
RNase T1. For all the gels, lanes were loaded with RNA alone (Lanes C), RNA Ladder after alkaline digestion (Lanes L), RNA incubated with
PA-Nter (Lanes P) or incubated with influenza RNP (Lanes R), or with RNP and CTP (Lanes N) and RNA products from RNase T1 digestion
(Lane T1). Incubation with CTP extended the RNA product by 1 base. RNase T1 cleaves at the 3’-end of G residues, leaving a 3’-phosphate group,

while PA-Nter and RNP leave a 3-OH group after cleavage.

(2,3). RNP-mediated endonuclease activity has been
studied previously using labeled RNA substrates (12).
Figure 1 shows the RNP-mediated cleavage of uncapped
RNA molecules. Although cleavage efficiency was low for
uncapped RNA, specific cleavage products were observed
in these reactions. For uc-GC-1, uc-GC-2 and uc-GC-3
cleavage at the 3’ end of G generated the major reaction
product, similar to the cleavage specificity observed with
PA-Nter. Much lower activity was observed with uc-GC-4
and uc-GC-5 where the 5GC3’ motifs are within 5 and
8 nt, respectively, from the 5" end of the RNA.

Although the presence of cap did not affect the cleavage
efficiency or RNA sequence specificity of PA-Nter
(Figure 4, left panels), the endonuclease activity of influ-
enza RNP was strongly increased by the addition of a cap
structure and exhibited a distinctly different cleavage
pattern as compared with uncapped RNA, whereas a pref-
erence for cleavage after G residues was maintained.
Figure 4, right panels, show the RNP-mediated cleavage
products from capped RNA substrates. The peaks repre-
sent the intensities of the RNA species generated from the
endonuclease reactions and on visualization on sequen-
cing gels (Supplementary Figure S3). RNP showed a
cleavage preference for capped RNAs with a preferred
distance of cleavage from the cap structure at ~10-13 nt

downstream from the 5 cap, as reported previously (12).
A careful inspection of the cleavage patterns for the
various c-RNA sequences revealed that a dominating pref-
erence for guanine (G) was exhibited if present within the
10-13nt distance range from the cap (for sequences
c-G20, c-GC-3, c-CG20 RNAs). If that was not the case,
the c-RNAs were cleaved with high selectivity at the 12th
nt downstream from the cap (c-GC-1, ¢-GC-4, ¢-GC-5
and c-AU20 RNAs). Interestingly, unlike PA-Nter, RNP
exhibited strong cleavage also at the 3’ end of the G for
¢-CG20 RNA sequence (Supplementary Figure S3). These
results suggest that the influenza endonuclease cleavage
specificity of RNP is determined by a combination of
cap-binding-mediated distance measurement with an
optimum at 12nt from the 5 end of the RNA and an
intrinsic selectivity for cleavage after a G residue, which
is conferred by the PA-Nter active site. As shown in
Figure 3D, both RNP and PA-Nter generate the identical
cleavage products c-G20-P1 (16-mer+cap) and c-G20-P2
(11-mer+cap) from c-G20 RNA, further confirming
tha the observed sequence specificity of PA-Nter is also
reflected in RNP.

We note here that the divalent metal ion concentrations
were different for the endonuclease reactions performed
with PA-Nter (1mM Mn”") and RNP (1mM Mg*" and
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Figure 4. Cleavage pattern of PA-Nter and RNP on capped RNA substrates. The endonuclease reaction products were separated in a sequencing
gel, and the gel lanes were scanned to generate the representative traces (gels shown in Supplementary Figure S3). The peaks correspond to the
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0.1mM Mn>"). PA-Nter did not show measurable endo-
nuclease activity in the presence of 1mM Mg®" and
0.1mM Mn”" but required >1mM Mn?" concentration
for detection of activity (Supplementary Figure S2). To
test whether the presence of 1 mM Mn*" might impact
the cleavage pattern of capped RNA by RNP, RNP-
mediated endonuclease reactions were also performed in
1 mM Mn”". Figure 5A shows the endonuclease products
generated by RNP from ¢-G20 RNA substrate in buffers
containing either (ImM Mn*") or (ImM Mg>" and
0.1mM Mn>"). As shown, for capped RNA, similar
RNA products (c-G20-P1 and c-G20-P2) were generated
by RNP in cither buffer condition.

To examine whether the length of the RNA primer had
any significant effect on the endonuclease cleavage pattern,
we examined the cleavage characteristics on a longer 50-
mer capped RNA substrate. This RNA was generated by
T7 RNA polymerase-mediated transcription followed by
capping; the sequence of this RNA is shown in Figure 5B.
We note that the DNA template sequence for T7 transcrip-
tion was designed to ensure that the 5’ stretch of the 50-mer
RNA encoded by T7 RNA polymerase is identical to the
G20 RNA sequence with two additional 5’ guanines as T7
RNA polymerase exhibits a marked preference for GTP
as the initiating nucleotides (14). We observed that both
RNP and PA-Nter cleaved 50-mer RNA predominantly at
the 3’ end of the G situated at the 13th position down-
stream from the 5 cap. Also, the cleavage pattern of
the RNA by RNP was not affected by the presence of
RNase Inhibitor (RiboGuard from Epicentre, WI)
(Figure 5B, lane 4), indicating that the cleaved products
resulted from intrinsic endonuclease activity of the PA
endonuclease. The RNP-mediated cleavage product of
c-G20 (c-G20-P2) and the single nucleotide extension
product of c-G20-P2 in the presence of CTP (c-G20-
P2+ 1 nt) were used as markers (left lanes) in Figure 5B.

Kinetic analysis of RNA cleavage by PA-Nter using
fluorescence based assay

We developed a fluorescence-based real time assay to de-
termine kinetic parameters of the PA-Nter catalyzed endo-
nuclease reaction. We used uc-G20 RNA with a 2-AP
substitution as the model sequence, denoted as uc-G20-
2AP (Table 1). The 2-AP is an analog of adenine, which
exhibits characteristic fluorescence with excitation and
emission maxima at 315 and 370 nm, respectively. The
2-AP-containing RNA has previously been used as a sub-
strate in different polymerase and nuclease assays (15,16).
When inserted into RNA or DNA sequence, the fluores-
cence intensity of 2-AP is significantly quenched due to
stacking with adjacent bases, whereas the intensity is
enhanced when the bases are unstacked (17). RNA
cleavage near a 2-AP nucleotide is accompanied by a char-
acteristic increase in fluorescence efficiency, which can be
used as a marker for such a reaction. Here, we used this
spectroscopic characteristic of 2-AP to monitor the
kinetics of RNA cleavage by PA-Nter domain.

Figure 6A shows the kinetic traces of the endonuclease
reactions at various RNA concentrations. As expected,
2-AP fluorescence intensity increased on incubation with
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PA-Nter under conditions that allowed RNA cleavage.
To determine how the intensities of the cleaved products
affect the overall change in the fluorescence intensity,
we next measured the fluorescence of the RNA products
that would likely contribute to the fluorescence change on
cleavage. PA-Nter cleaved uc-G20-2AP substrate RNA
into three distinct products (uc-G20-2AP-P1, uc-G20-
2AP-P2 and uc-G20-2AP-P3) as observed for unmodified
uc-G20 RNA, confirming that the presence of 2-AP did
not affect cleavage site specificity of PA-Nter domain
(Figure 6C).

Of the products, uc-G20-2AP-P1 and the 3’ end fragment
of uc-G20-2AP-P2 [denoted here as uc-G20-2AP-P2 (3')]
are the most likely to contribute to the overall fluorescence
change. We therefore measured the changes in intensities
of these two RNAs in the absence and presence of PA-Nter
domain (Figure 6B). Figure 6B, lower panel, shows that
free uc-G20-2AP-P1 exhibited similar fluorescence as
observed for the uc-G20-2AP RNA substrate. Therefore,
this product did not contribute to the signal generated in
the endonuclease reaction. The fluorescence intensity of
the product RNA uc-G20-2AP-P2(3') was 1.3x higher as
compared withthe uc-G20-2AP RNA substrate. This
agrees with the notion that 2-AP will be significantly less
stacked in the P2 product as compared with the P1
product. The addition of PA-Nter to the uc-G20-2AP
RNA substrate resulted in a 1.3x change in the fluores-
cence intensity, consistent with the generation of the
uc-G20-2AP-P1 product. Similarly, when the reaction
intermediate uc-G20-2AP-P1 was incubated with PA-
Nter, there was a 1.3x change in fluorescence observed,
whereas no further change in intensity was observed when
uc-G20-2AP-P2(3") was incubated with PA-Nter. In the
absence of Mn?", none of the aforementioned 2-AP-con-
taining RNAs show change in fluorescence, indicating that
Mn?* is required for the cleavage activity of PA-Nter.
Taken together, these results indicate that uc-G20-2AP-
P2(3) is the major fluorescent product species contributing
to the observed change in fluorescence intensity during the
endonuclease reaction, and that this assay can be used to
monitor the rate of formation of this dominant species.

We next quantified and compared the rates of the endo-
nuclease reactions from both the fluorescence and gel-
based assays. The concentrations of RNA and PA-Nter
domain used for the gel-based assay were 10 and 1 pM,
respectively. All the kinetic traces from the fluorescence
assay were fit to a single exponential to obtain the
apparent rate constant for the endonuclease reaction
[Equation (1)]. For the gel-based assay, the disappearance
of the substrate RNA exhibited a single exponential
behavior, whereas the dynamics of formation of the
three products varied significantly (Figure 6D). The rate
of formation of uc-G20-2AP-P1 was the fastest, which was
converted to uc-G20-2AP-P2 and uc-G20-2AP-P3 over
time. The traces were fit to single exponential (for uc-
G20-2AP-P1 and uc-G20-2AP-P2, only the increasing
phase was used for the fitting).

At comparable protein and RNA concentrations, the
rate of formation of uc-G20-2AP-P2(3’) obtained from
fluorescence assay (0.061 min~') was similar to the rate
of formation of uc-G20-2AP-P2 observed in gel-based
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Figure 5. Endonuclease reaction products from capped G20 and 50-mer RNA by RNP and PA-Nter. (A) The effect of Mg>" and Mn>" on the
cleavage pattern and reaction rate of RNP on ¢-G20 RNA. The concentrations of divalent metals used are stated within the figure. (B) Endonuclease
products of 50-mer RNA in the presence of RNP and PA-Nter domain. ¢-G20-P2 and ¢-G20-P2+ [ nt from RNP-mediated reactions were used as
markers (left lanes). PA-Nter and RNP reactions were performed in buffers containing 1 mM Mn®>" and 1 mM Mg2++0.1 mM Mn”", respectively.
The stretch of the 50-mer RNA that is identical to G20 sequence is highlighted in bold.

measurements (0.054min""), and that these rates are in
the same order of magnitude as the rate of overall dis-
appearance of the substrate RNA was 0.081 min~' in the
gel-based assay (Figure 6D), showing that substrate dis-
appearance is most directly correlated with the formation
of P2. Taken together, these results demonstrate that the
2-AP-based assay can be used to obtain the kinetic

parameters associated with the endonuclease cleavage of
substrate uc-G20-2AP RNA.

The kyps values obtained from the fluorescence assay
were then plotted as a function of RNA concentration
(Figure 6E), and the data were fit to Michaelis—Menten
equation to obtain the apparent K, for RNA of 2.4 uM
for the reaction.
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Figure 6. Fluorescence-based detection of PA-Nter endonuclease reaction kinetics using 2-AP modified uncapped G20 RNA substrate. The sequence
and nomenclature of the RNAs used are shown above each trace. For (B-D), the RNA and protein concentrations were 10 and 1 uM, respectively.
(A) Kinetic traces for PA-Nter domain at RNA concentrations specified in the figure. The starting fluorescence was normalized to the same value for
all RNA concentrations for visual clarity. Concentration of PA-Nter was 1 pM. Each trace represents an average of two independent measurements.
(B) Upper panel: the kinetic traces of the 2-AP-containing product RNAs in the presence of PA-Nter domain. Lower panel: histogram depicting the
fluorescence of the substrate and product RNAs in the absence and presence of PA-Nter. The intensities were normalized relative to the intensity of
the substrate RNA. (C) Sequencing gel showing the endonuclease products generated from the uc-G20-2AP RNA. (D) Kinetic analysis of the
gel-based assay shown in C. (E) Michaelis—Menten fit of the ks values obtained from (A).

DISCUSSION

It has previously been described that influenza RNA poly-

merase in the

context of the viral RNP shows character-

istic non-random cleavage of host capped mRNA

substrates, which then serve as primers for initiation of
viral transcription, a process also known as ‘cap-
snatching’. The host mRNA cleavage appeared largely
to be determined by the physical separation and distance
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between the cap-binding site in PB2 subunit and the endo-
nuclease active site in PA subunit of viral RARP (12). In
this study, we show that influenza RdRP endonuclease
exhibits a preference to cleave after guanine (G) in the
mRNA leader sequence during cap snatching. Our study
further shows that for mRNAs lacking G between 10 and
13 nt from the 5" end of the cap, influenza RNP complex
cleaves the leader precisely at the 12th nt, whereas in the
presence of G in this region, G specificity of cleavage
dominated over the position specific incision. The bio-
chemical data presented here revealed that this sequence
selectivity of the influenza RNP is intrinsic to the PA
endonuclease active site of the RARP, which is independ-
ent of the presence of viral template RNA. Our results
show that isolated PA-Nter exhibits an intrinsic specificity
to cleave at the 3’ end of G and also required the presence
of an adjacent 3'-C. Taken together, this study provides
the first direct biochemical evidence that the PA-Nter
possesses G-specific mRNA cleavage activity, and that
this characteristic is also exhibited by the polymerase in
the RNP complex purified from influenza virus.

Consistent with our aforementioned observations, a
recent in vitro competition study in which 2, 4 or even
up to 11 capped leaders were offered indicated that 5'-
GC-3 is probably the preferred site of cleavage in the
leader mRNA by influenza polymerase (18), which contra-
dicted the previously reported observation that in infected
cells, cleavage of donor pre-mRNA preferentially
occurred after 5-CA-3" (19). Sequencing of influenza
mRNAs have suggested an almost exclusive presence of
a G residue corresponding to the conserved C residue at
the second position of the viral template VRINA, whereas
the nature of the nucleotide before the G could differ
(18,20-22). In a majority of cases, the nucleotide before
G was found to be an A, although other nucleotides were
also observed. This was interpreted to indicate that the
influenza endonuclease preferentially cleaved at the 3’end
of an A residue and that a GTP was used as an initiating
nucleoside triphosphate by the influenza polymerase.
However, all available data are also consistent with a pref-
erential endonuclease cleavage after a G residue and a
preferential initiation of transcription with CTP as the
initiating nucleoside triphosphate. It has been described
that influenza polymerase could initiate transcription
in vitro with GTP or CTP as a substrate (23). However,
initiation with GTP tended to induce primer slippage and
incorporation of more than one G residue, whereas initi-
ation with CTP tended to result in single-defined initiation
products. Also, capped alpha globin mRNA, which was
preferentially cleaved to form a capped RNA primer
ending in a GG dinucleotide, was not used for initiation
with GTP, but only with CTP. Taken together, all avail-
able data are consistent with preferential capped RNA
cleavage at the 3’-end of a G residue by the influenza
endonuclease and transcription initiation with CTP. This
striking preference for cleavage after a G residue is
contributed as an intrinsic feature by the architecture of
the PA subunit. It will be of high interest to determine the
structure of the PA protein in complex with RNA sub-
strate to determine the molecular nature of this base
recognition.

Recently high-resolution co-crystal structures of PA-
Nter with rUMP and dTMP (9) and rfUMP, rAMP and
TMP (24) have been reported, whereas attempts to co-
crystallize the protein with any of the other d/rNMPs
were unsuccessful. Although these studies provide useful
information on how the ribonucleobases might interact
within the active site, the extrapolation towards binding
of oligonucleotide is difficult from these structures. High-
resolution structures of the protein with substrate mRNA
of various RNA sequences will be required to investigate
the structural features of the PA active site that result in
the GC motif selectivity of cleavage.

Sequence analysis of the 5’ cap-proximal region of viral
mRNA from other negative strand RNA viruses had pre-
viously indicated nucleotide preference at the 3’ end of the
capped primer (25-28). Based on these observations, it
appears that the observed sequence preference results in
the use of a specific subset of host cell capped mRNAs to
generate primers for transcription of viral mRNA. Recent
observations from in vitro studies have suggested that the
polymerase selects host mRNA with base complementar-
ity to the 3’ nucleotides of the vVRNA template, which for
influenza A are 3-UCGUUUU...5 (18). The consensus
sequence that has been reported for a preferred capped
RNA leader is m’G-(N);.5-(A/U/G)-(A/U)-AGC-3' (18),
consistent with the preferred usage of GC terminated host
mRNA leader. Nonetheless, as we have shown here and
also previously reported (29), non-GC containing mRNA
can also serve as primers for cap snatching. It might also
be possible that the virus uses selected host mRNA se-
quences as primers in an attempt to inhibit the expression
of cellular genes that are associated with the host antiviral
response. More extensive studies involving deep
sequencing of viral mRNA from infected cells would be
required to establish the molecular significance of the
sequence specificity of influenza endonuclease.

Here, we have also described a spectroscopic assay to
elucidate the kinetics of RNA cleavage by PA-Nter of in-
fluenza endonuclease. Time-dependent changes in fluores-
cence intensity of 2-AP modified RNA oligos were
measured to estimate the endonuclease reaction rates.
We show that the kinetic parameters obtained from this
method are consistent with the data from gel-based assay,
confirming the validity of this assay. We further demon-
strate that the catalytic efficiency of PA-Nter is dependent
on the RNA sequence where GC containing RNA was
cleaved with maximal efficiency while the activity was
minimal for AU rich sequences.

Based on the aforementioned findings, we conclude that
influenza endonuclease exhibits strong sequence depend-
ence of RNA cleavage, which is an intrinsic property of
the PA endonuclease active site. Further in vitro and
in vivo studies will be required to fully understand the
biological significance of such mRNA leader sequence
preference in the lifecycle of the virus.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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