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Histone acetylation plays crucial roles in transcriptional reg-
ulation and chromatin organization. Viral RNA of the influenza
virus interacts with its nucleoprotein (NP), whose function cor-
responds to that of eukaryotic histones. NP regulates viral rep-
lication and has been shown to undergo acetylation by the
cAMP-response element (CRE)-binding protein (CBP) from
the host. However, whether NP is the target of other host acetyl-
transferases is unknown. Here, we show that influenza virus NP
undergoes acetylation by the two host acetyltransferases GCN5
and P300/CBP-associated factor (PCAF) and that this modifica-
tion affects viral polymerase activities. Western blot analysis
with anti—acetyl-lysine antibody on cultured A549 human lung
adenocarcinoma epithelial cells infected with different influ-
enza virus strains indicated acetylation of the viral NP. A series
of biochemical analyses disclosed that the host lysine acetyl-
transferases GCN5 and PCAF acetylate NP in vitro. MS experi-
ments identified three lysine residues as acetylation targets in
the host cells and suggested that Lys-31 and Lys-90 are acety-
lated by PCAF and GCNS5, respectively. RNAi-mediated silenc-
ing of GCN5 and PCAF did not change acetylation levels of
NP. However, interestingly, viral polymerase activities were
increased by the PCAF silencing and were decreased by the
GCNS5 silencing, suggesting that acetylation of the Lys-31 and
Lys-90 residues has opposing effects on viral replication. Our
findings suggest that epigenetic control of NP via acetylation by
host acetyltransferases contributes to regulation of polymerase
activity in the influenza A virus.

In eukaryotic cells, gene expression is epigenetically regu-
lated by several kinds of histone modifications (1, 2). Acetyla-
tion is one of the most important modifications for the epige-
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netic control of heterochromatin assembly and transcriptional
activity (3). Acetylation levels in host histones were manipu-
lated by infection with several viral species (4—7). Previous
studies showed that several kinds of viral proteins were also
reported to be targets of acetylation such as the Tat protein of
HIV (8), the latency-associated nuclear antigen of Kaposi’s sar-
coma-associated herpesvirus (9) and the E2 protein of human
papillomavirus (10). These proteins function as nonstructural
proteins and their acetylation was important for their tran-
scriptional activation. Therefore, they function as transactiva-
tors of transcription, not as structural proteins like nucleopro-
tein (NP)? in the influenza A virus.

NP of the influenza A virus interacts with the viral RNA
genome (VRNA), whose function corresponds to that of eukary-
otic histones that interact with genomic DNA. NP receives
multiple posttranslational modifications, which play crucial
roles in regulating NP functions. Phosphorylation of NP inhib-
its its oligomerization and, consequently, ribonucleoprotein
(RNP) activity and viral growth (11, 12). NP participates in
modulating intracellular localization of RNP and itself by inter-
acting with importin-« (13, 14), and SUMOylation and phos-
phorylation of NP control its trafficking between the nucleus
and cytoplasm (15, 16). Furthermore, ubiquitination and deu-
biquitination of NP probably regulate the viral genome replica-
tion (17, 18). In addition to modifications on NP of influenza A
virus mentioned above, acetylation on this viral protein was
recently reported (19). They showed that eight lysine residues
of NP were acetylated in HEK293 T cells whose acetyltrans-
ferase cAMP-response element (CRE)-binding protein (CBP)
was co-expressed, and suggested that NP acetylation on three
lysine residues effected the viral replication.

In this study, we succeeded in finding two acetyltransferases
in host cells, GCN5 and PCAF, other than CBP, which acety-
lated NP at target lysine residues and consequently affected
viral transcriptional activities. Mass spectrometry identified

3 The abbreviations used are: NP, nucleoprotein; VRNA, viral RNA; RNP, ribo-
nucleoprotein; CBP, cAMP-response element (CRE)-binding protein; HAT,
histone acetyltransferase; m.o.i,, multiplicity of infection; CBB, Coomassie
Brilliant Blue.
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different candidate lysine residues that may have undergone
acetylation by the two enzymes. Interestingly, viral transcrip-
tional activities were increased by the RNAi against PCAF but
were decreased by that against GCN5, suggesting that the dif-
ferent lysine residues targeted for acetylation caused these
opposing results. Our findings provide insights to understand
the epigenetic molecular mechanisms that regulate viral
growth through posttranslational modifications.

Results

Identification of acetylated proteins in cells infected with
influenza virus

To identify acetylated proteins during viral growth in host
cells, we performed a Western blot analysis using anti—acetyl-
lysine antibody. Cultured A549 human lung adenocarcinoma
epithelial cells were infected with two different strains of influ-
enza A virus (A/Puerto Rico/8/34 (HIN1) or A/Uruguay/716/
2007 (H3N2)) and prepared for SDS-PAGE at 0, 4, 8, 12, 24, 36,
and 48 h after infection. In cells infected by the HIN1 strain, a
strong signal was detected as single bands of around 50 kDa in
mass using the anti—acetyl-lysine antibody without any extra
bands (Fig. 1A4). By infecting cells with the H3N2 strain, two
positive sets of bands of different sizes were strongly detected at
around 50 kDa and 25 kDa, as well as proteins of host cells at
around 37 kDa and 45 kDa (Fig. 1F). The viral titer of this strain
was lower than that of the HIN1 strain. Therefore, it was sug-
gested that the signal intensity of the acetylated NP of the H3N2
was not strong enough to eliminate the extra signals of host
proteins. The two bands exhibiting strong signals at 50 kDa and
25 kDa were concluded to be viral proteins because they were
both detected 8 h after infection (Fig. 1, A and F). To determine
which viral proteins were acetylated, a Western blot analysis
using antibodies for several viral proteins was performed.
Strong signals were detected at around 50 kDa by anti-NP anti-
body in both strains of influenza virus (Fig. 1, B and G). In
addition, bands were observed above the 25 kDa marker bands
by anti-NS1 antibody (Fig. 1, C and H). Both expression and
acetylation of NP and NS1 started 8 h after infection (Fig. 1,
A-C and F-H). Acetylation of NS1 was limited to the H3N2
strain as reported previously (20), because positive signals on
NS1 were observed only in the H3N2 strain, not the HIN1
strain (Fig. 1, C and H). We reported previously that PB2 inter-
acted with acetyl-CoA (21), but acetylation of PB2 at around 75
kDa was not detected (Fig. 1, A, D, F, and I). Western blot anal-
ysis with anti-actin antibody showed that there was no differ-
ence in the amount of loaded samples among the lanes (Fig. 1, E
and /). We used the other virus of the H3N2 strain (A/Hiroshi-
ma/52/2005) and obtained the same results of Western blot
analysis with those of A/Uruguay/716/2007 (data not shown).
These results suggested that NP of both strains was acetylated
in cultured A549 cells.

NP as an acetylated protein in host cells

Although Western blot analysis with anti—acetyl-lysine anti-
body suggested that there was acetylation of NP in host cells,
this technique was not enough to specify which proteins were
acetylated. To determine that this acetylated protein was
indeed NP, a combination of immunoprecipitation using
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anti-NP antibody and Western blot analysis with anti—acetyl-
lysine antibody was performed. Substitution of anti-NP anti-
body with random IgG or distilled water as negative controls
failed to immunoprecipitate NP, showing that NP precipitation
was specific (Fig. 1K). Western blot analysis with anti—acetyl-
lysine antibody showed that NP was precisely acetylated in host
cells (Fig. 1K). Overexpressed NP in cells was also acetylated
(lane 2 in Fig. 1L). Cotransfection of other viral proteins and
vRNA with NP did not have any effect on its acetylation. These
results showed that NP was acetylated in host cells without any
interference from other viral proteins or from vRNA.

Identification of acetyltransferases that acetylate NP

To identify the enzymes in the host cells that acetylate NP, we
performed an in vitro acetylation assay. The nuclear extract and
recombinant proteins of three different acetyltransferases were
incubated with the recombinant protein of NP (recombinant
NP). The nuclear extract, which mainly contains P300/CBP
with intrinsic histone acetyltransferase (HAT), and the recom-
binant protein of P300/CBP both did not acetylate NP (lanes 1
and 6 in Fig. 24). Histone H1 as a positive control was heavily
acetylated, showing that the enzymatic activities of the nuclear
extract and P300/CBP were conserved (lanes 2and 7in Fig. 24).
On the other hand, the recombinant proteins of PCAF and
GCNG5 acetylated the NP (lanes 11 and 16 in Fig. 2A4). PCAF and
GCN5 are grouped in the superfamily of GCN5-related
N-acetyltransferases (GNAT) and their secondary and tertiary
structures are highly similar to each other (22, 23). These
results suggested that the NP was specifically acetylated by
HATSs belonging to the GNAT superfamily. Autoacetylation of
PCAF (around 37 kDa) and GCN5 (around 100 kDa) was also
detected. Acetylation on the NP by PCAF and GCN5 in vitro
was also detected by Western blotting techniques using anti—
acetyl-lysine antibody, and the intensity of the signal strength-
ened depending on the incubation time (Fig. 2B). Next, to
investigate whether the NP that constructs part of the RNP was
acetylated by PCAF and GCNS5, these HATs were incubated
with RNP purified from virions of the HIN1 strain (A/Puerto
Rico/8/34). Acetylation of the NP within the RNP was clearly
observed (lanes 23 and 25 in Fig. 2C).

PCAF and GCN5 contain Val-Lys-Gly (VKG) and Val-Arg-
Gly (VRQG) sites, respectively, which are required for acetyl-
CoA interaction (21, 24). Results from a recent study on mol-
ecular docking simulations suggested that anacardic acid
competes with acetyl-CoA for the VKG site in PCAF (25). Ana-
logs of anacardic acid are also known to target the acetyl-CoA—
binding site of other HATSs, such as Tip60, and work as inhibi-
tors of acetyltransferase activity (25). In addition to anacardic
acid and its derivatives (26, 27), other types of natural chemicals
have been reported to block HATSs, such as embelin (28) and
garcinol (Fig. 34) (29). Therefore, we investigated whether
these chemicals inhibit the acetylation on the NP by PCAF and
GCN5. Anacardic acid exhibited the strongest effects among
these three chemicals, with the acetyltransferase activities of
PCAF and GCN5 being inhibited at concentrations of 25 um
(Fig. 3B). Embelin and garcinol were effective inhibitors at con-
centrations of 50 um (Fig. 3B).
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Figure 1. Biochemical analyses using anti-acetyl-lysine antibody showed the acetylation of NP in the HIN1 (A/Puerto Rico/8/34) and H3N2
(A/Uruguay/716/2007) strains of influenza A virus. A and F, a simple Western blot analysis of homogenized cultured cells using anti-acetyl-lysine
antibody showed positive bands of around 50 kDa 8 h after infection with the H1N1 strain. The same bands were observed in cells infected by the H3N2
strain, together with bands ataround 25 kDa. Band G, the positive bands at 50 kDa shown by anti-acetyl-lysine antibody in (A) and (F) were also detected
by anti-NP antibody, suggesting that the acetylated protein was NP. C and H, Western blotting using anti-NS1 antibody suggested that the positive
bands at 25 kDa shown by anti-acetyl-lysine antibody in (F) were NS1. This anti-NS1 antibody exhibited cross-reactions with NP. D and /, the molecular
weight of PB2 did not correspond to the protein positively detected by anti-acetyl-lysine antibody. E and J, Western blotting using anti-actin antibody
showed no differences in the loaded amount among samples. K, combined experiments of immunoprecipitation by anti-NP antibody and Western
blotting by anti-acetyl-lysine antibody showed that the acetylated protein was NP (arrowhead). L, NP and other viral proteins were overexpressed in
cultured cells. NP (arrowheads) individually overexpressed in cells (lane 2) was acetylated, suggesting that acetylation of NP occurred independently of

other viral proteins.
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Figure 2. Eukaryotic HATs acetylated NP in vitro. A, the recombinant protein of NP derived from E. coli was acetylated by PCAF and GCN5, but not by the
nuclear extract or by P300/CBP. Histone H1 was used as the positive control for acetylation. B, acetylation levels on the recombinant protein of the NP
depended on incubation duration with the enzymes. The extra bands, from contamination of E. coli proteins, are indicated by blank arrowheads. C, RNP purified
from virions of A/Puerto Rico/8/34 (PR8, HIN1) was incubated with PCAF and GCN5. NP constructing RNP was acetylated by PCAF and GCN5. Autoacetylation
on the partial recombinant proteins of PCAF and GCN5 was also detected around the mass of 20 kDa. Arrowheads show the bands of NP. Upper and lower
pictures of both panels show the results of Coomassie Brilliant Blue (CBB) staining and autoradiography, respectively.
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Figure 3. Inhibition of acetylation of NP by HAT blockers in vitro. A, chemical formulas of the HAT inhibitors anacardic acid, embelin, and garcinol. B, these
chemicals blocked acetylation of NP in a concentration-dependent manner. Concentrations of anacardic acid greater than 25 uminhibited acetylation. Embelin
and garcinol showed acetylation inhibition at concentrations greater than 50 um. Arrowheads show the bands of NP. CBB and ARG correspond to Coomassie
Brilliant Blue staining and autoradiography, respectively.
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Table 1

A summary of the detected acetyl-lysine residues in infected cells and
the recombinant protein of NP incubated with PCAF and GCN5 in vitro
and analyzed by LC-MS/MS

The peptide containing acetylated Lys-31 was detected as an isotopic peak, and
another modification might occur on this lysine residue. Ambiguous acetylation
because of low scores by MASCOT search of mass spectrometry was indicated by
asterisks, such as Lys-77 and Lys-103. Among the three lysine residues detected as
candidates of acetylation targets in host cells, acetylation of Lys-90 by PCAF and that
of Lys-31 by GCN5 were not detected.

Infected Recombinant NP Recombinant NP
cells incubated with pCAF incubated with GCN5
Lys-31 Lys-31
Lys-77*
Lys-87 Lys-87
Lys-90 Lys-90
Lys-91 Lys-91
Lys-103* Lys-103* Lys-103*
Lys-184 Lys-184 Lys-184
Lys-236 Lys-236
Lys-273 Lys-273

Determination of acetylated lysine residues in NP

To identify the acetylated lysine residues in host cells, NPs
collected from infected cells by immunoprecipitation were ana-
lyzed by MS. The corresponding band was excised from SDS-
PAGE gels and digested with trypsin. The digested peptide
fragments were then analyzed using LC-MS/MS. All peptide
sequence data matched the amino acid sequence of NP
(A/Puerto Rico/8HY/1934(H1N1); GenBank™ accession no.
AKU37741). This technique identified three lysine residues
that were candidates of acetylation targets within NP in
infected cells (Table 1): Lys-31, Lys-90, and Lys-184. The pep-
tide ASVGKMIGGIGR with the precursor m/z 0of 402.22 (z = 3)
that matched NP residues 27-38 contained acetylated Lys-31
(Fig. 4A). However, this peptide was detected as an isotopic
peak, suggesting that another modification might be present on
this lysine residue (Table 1). The next peptide YLEEHPSAGK-
DPKK with the precursor m/z of 828.42 (z = 2), matching NP
residues 78 =91, harbored acetylated Lys-90 (Fig. 4B). Finally, in
SGAAGAAVKGVGTMVMELVR with the precursor m/z of
655.01 (z = 3), matching NP residues 176 -195, Lys-184 was
acetylated (Fig. 4C). Ambiguous acetylation because of low
scores by MASCOT search of MS was observed at Lys-103
(Table 1).

To determine the target lysine residues that were acetylated
by different acetyltransferases, we performed the same experi-
ments using recombinant proteins of NP incubated with PCAF
or GCNG5 in vitro. Among the three lysine residues detected as
candidates of acetylation targets in host cells (Fig. 4), acetyla-
tion of Lys-90 by PCAF and that of Lys-31 by GCN5 were not
detected (Fig. 5, A and C and Table 1). The precursor m/z of
each peptide and the corresponding amino acid sequences were
602.32 (ASVGKMIGGIGR with Lys-31 acetylated by PCAF)
(Fig. 5A4), 547.61 (YLEEHPSAGKDPKK containing Lys-90
acetylated by GCN5) (Fig. 5C), and 974.01 and 649.50 (SGAA-
GAAVKGVGTMVMELVR with Lys-184 acetylated by PCAF
and GCNB5, respectively) (Fig. 5, B and D). In vitro incubation of
the recombinant proteins of NP and two kinds of HATs showed
that other lysine residues, such as Lys-77, Lys-87, Lys-91, Lys-
103, Lys-236, and Lys-273, together with three residues
detected in the samples prepared from infected cells (Table 1).
Acetylation on Lys-184, Lys-236, and Lys-273 was detected by
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incubation of both enzymes, suggesting that these residues
were complementally acetylated.

These analyses showed that the precursor m/z of the peptide
containing Lys-90 purified from infected cells (828.42 m/z in
Fig. 4B) was different from that of the recombinant protein
(547.61 m/z in Fig. 5C). In the peptides purified from the
infected cells, the methylation on Lys-91 was detected together
with acetylation on Lys-90 (Fig. 4B), and the molecular mass of
this peptide was larger than that of the peptide from the recom-
binant protein in the mass of methyl group. Variable modifica-
tions, such as ubiquitination and methylation, on lysine resi-
dues in NP were also detected in infected cells (data not shown).
Acetylation on Lys-77 and Lys-103 in the recombinant proteins
was ambiguous because of low MASCOT scores (Table 1).

Especially focusing on the three lysine residues acetylated in
cells, their positions in tertiary structure of NP were visualized
by a molecular simulating system (PDB ID: 4IRY) (Fig. 6, A—C)
(30). This result showed that all three residues were not local-
ized in the interface for dimerization of the NP but exposed on
the surface (Fig. 6A). All three lysine residues—Lys-31, Lys-90,
and Lys-184 —were localized in the RNA-binding groove (Fig.
6, A—C), suggesting that acetylation of these three lysine resi-
dues is involved in regulation of the interaction with VRNA,
mRNA, and/or cRNA. Although Lys-184 was localized in an
RNA-binding groove (Fig. 6B) (18), our molecular calculation
using the Molecular Operating Environment (MOE) software
showed that the side chain of Lys-184 (atoms indicated in green
in Fig. 6, Band C) was exposed to the surface of the groove. This
lysine residue was a target of ubiquitination, as reported previ-
ously (17, 18). Ubiquitination of Lys-184 in NP collected from
infected cells was also notably detected in our experiments by
MS (data not shown). Recently, the ubiquitination of Lys-184
was reported to be regulated by the E3 ubiquitin ligase, CNOT4
(18). CNOT4, with a molecular mass of 71 kDa, constructs huge
Ccr4-Not complexes (31).

Effects of NP acetylation by PCAF and GCN5 on viral
transcriptional activity

In general, acetylation of histones causes alterations to the
chromatin structure and stimulates transcriptional activity (2,
32). To investigate the biological significance of NP acetylation,
transcriptional levels of viral RNAs were analyzed using cul-
tured cells where GCN5 and PCAF expressions were inhibited
by RNAI. Transfection of GCN5 and PCAF siRNAs were shown
to reduce the expression levels of these enzymes (Fig. 7A).
There were no changes in the amount and acetylation levels
of NP (Fig. 7, A and B). We performed a minigenome assay to
measure alterations to the polymerase activity after transfec-
tion of the siRNAs. Transfection of random siRNA increased
the relative polymerase activity significantly (p < 0.01).
However, interestingly, compared with the cells injected
with random siRNA, viral transcription increased with the
addition of PCAF-specific siRNA (p < 0.01), but decreased
by that of GCNS5 (p < 0.05) (Fig. 7C). These results suggested
that GCN5 and PCAF regulated viral transcriptional activity
in host cells.
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Figure 4. LC-MS/MS analysis of influenza NP isolated from infected cells by immunoprecipitation. A-C, base peak ion chromatogram derived from a
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b ions and fragment map are shown. Ac and Me mean an acetyl and a methyl group, respectively. K31, Lys-31; K90, Lys-90; K184, Lys-184.
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Figure 6. Acetylated lysine residues in the tertiary structure of NP. A-C,
tertiary structure of influenza NP dimer (PDB ID: 4IRY) showed that candidate
lysine residues for acetylation were concentrated on the surface of the RNA-
binding groove. Ribbon structures (A) and surface structures (B and C) show
the positions of target lysine residues using the MOE software. A, structures of
the helix and strand are shown in red and yellow, respectively. The atoms of
carbon and nitrogen in the side chains of the acetylated lysines are high-
lighted as green and blue spheres, respectively. B and C, the atoms of hydro-
gen, carbon, nitrogen, oxygen, and sulfur are shown in cyan, gray, blue, red,
and yellow, respectively. The carbon atoms in the side chains of the acetylated
lysines are shown in green. Panel Cis the 90 degree-rotated structure of panel
B.K31, Lys-31; K90, Lys-90; K184, Lys-184.

Discussion

In this work, a series of biochemical studies showed that the
NP of the influenza A virus was acetylated in infected cells. In
vitro experiments indicated that the host acetyltransferases,

GCNS5 and PCAF, were responsible for acetylating the NP of the
influenza A virus. We succeeded in determining the candidate
lysine residues for acetylation targets by MS. Treatment with
siRNAs specifically targeted against PCAF and GCN5 did not
alter the acetylation levels of NP in host cells. However, inhibi-
tion of PCAF and GCNS5 expression by RNAi increased and
decreased viral transcriptional activity, respectively, suggesting
that the activities of these acetyltransferases are important for
controlling viral growth. Generally, transcriptional activities in
eukaryotic cells are regulated by acetylation of histone-consti-
tuting nucleosomes. In this study, we showed that the tran-
scription of the influenza virus was regulated by acetylation of
NPs, which interact with the vRNA of the influenza virus as well
as with the histones that bind to genomic DNA. Here, we sug-
gested that this epigenetic control also influences the transcrip-
tional activity in the influenza virus.

Interestingly, the addition of siRNAs specific for PCAF and
GCNG5 had opposing effects on viral transcriptional activities
(Fig. 7C). We suggested that this was because of different lysine
residues being targeted for acetylation. Although mass spectro-
metric analyses using infected cells identified three lysine resi-
dues as candidates of acetylation targets (Fig. 4), the same
experiment using incubated recombinant proteins of NP and
eukaryotic acetyltransferases in vitro showed that Lys-31 and
Lys-90 were candidates of acetylation by PCAF and GCNS5,
respectively (Fig. 5). Lys-31, Lys-90, and Lys-184 are localized
on the surface of the RNA-binding groove. Acetylation of these
lysine residues by GCN5 and PCAF is hypothesized to eliminate
the positive charge and decrease the affinity of NP to VRNA
and/or cRNA, thereby triggering transcriptional activity. How-
ever, Lys-31 and Lys-90 residues are localized in the opposite
side of the RNA-binding groove (Fig. 6, B and C), suggesting
that the acetylation of Lys-90 by GCNS5 has a biological function
different from that of Lys-31 by PCAF, which is involved in the
defense responses of the host. Similar opposing effects of acety-
lation by PCAF and GCN5 were reported in tumor cells (33, 34).
Acetylation on different lysine residues in the tumor repressor
p53 caused a tumor-promoting role of GCN5 and a tumor-
repressing role of PCAF (33). GCNG5 is part of the coactivator
complex SAGA (Spt-Ada-Gen5-acetyltransferase) (35). GCN5
and TRRAP, other components of SAGA, interact with the
MYC oncoprotein in mammalian cells (36, 37), which is the
most important protein in cancers (38). In the case of influenza
A virus infection, the expression level of MYC increased in pri-
mary human respiratory cells (39), and the transcription factor
activity of the MYC-associated zinc finger (MAZ) protein was
significantly higher (40). The same molecular cascade from
GCN5 to MYC might be activated in tumor cells. On the other
hand, in the process of tumor suppression, PCAF acetylated
p53, increasing its DNA-binding ability (41). Previous reports
showed that NP induced p53 signaling and apoptosis in
infected cells (42). Moreover, p53 knockout mice were more
susceptible to influenza A virus infection (43). Taken together,

Figure 5. LC-MS/MS analysis of recombinant protein of influenza NP incubated with PCAF and GCNS5 in vitro. A-D, base peak, ion chromatogram for a
12-min separation of the digested NP peptides containing Lys-31 (A) and Lys-184 (B) acetylated by PCAF and that contained Lys-90 (C) and Lys-184 (D)
acetylated by GCN5. The elution time and representative m/z of the eluted peptides are indicated at the top of each peak. Formulas to calculate the molecular
weights of acetylated lysine residues were shown in each panel. The observed y and b ions and fragment map are shown. K317, Lys-31; K90, Lys-90; K184, Lys-184.
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Figure 7.Inhibition of expression of GCN5 and PCAF altered the polymer-
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of band intensities (AcK/NP) were calculated. There were no significant differ-
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siRNA-treated cells. Transfection of random siRNA increased the relative po-
lymerase activity significantly. Interestingly, compared with the cells injected
with random siRNA, viral transcription increased with addition of PCAF siRNA,
but decreased with GCN5 siRNA. The data are represented as mean = S.D. of
alltheindividual data points and are indicated by gray-colored circles, squares,
and triangles. Relative polymerase activity was analyzed by one-way analysis
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the molecular mechanisms of the opposite effects of GCN5 and
PCAF in tumor and infected cells might be similar.

Similar to the influenza A virus, the hepatitis D virus harbors
a negative-sense single-stranded RNA as its genetic material,
which encodes for viral nucleocapsid proteins termed hepatitis
D antigen (HDAg) (44), which have previously been reported to
undergo acetylation (45). Similar to influenza NP, HDAg pos-
sesses histone-like functions and binds to nucleic acid. How-
ever, the function of this modification is still unclear. What is
the biological significance of acetylation on influenza NP? Our
data showing the localization of lysine residues of acetylation
targets suggested that these lysine residues were involved in
interaction with other factors except for influenza NP, such as
bromodomain proteins which bind with acetyl-lysine residues
(Fig. 6). Here, we suggest that the ATPase subunits of the two
isoforms, SWI/SNF-related matrix-associated actin-dependent
regulator of chromatin A2 (protein name SMARCAZ2, BRM, or
SNF2L2) and A4 (protein name SMARCA4 or BRG1) are the
key factors to answering this question. Previously, interactome
screening was performed to identify targetable host factors,
which were subsequently analyzed using the HINT1 strain (46),
to discover that SMARCA?2 and SMARCA4 interacted with NP.
These proteins possess bromodomains for the interaction with
acetylated lysine residues (47) and function as a core compo-
nent of the mammalian SWI/SNF chromatin-remodeling com-
plex (48). This complex has a multitude of subunits and per-
forms fundamental roles in biological processes (49). The
interaction between NP and SMARCA?2/4 is suggested to be
mediated by NP acetylation.

Experimental procedures
Cells

A549 cells were cultured in high-glucose Dulbecco’s modi-
fied Eagle’s medium (Wako) supplemented with 10% fetal
bovine serum (Life Technologies), 50 units/ml penicillin and 50
pg/ml streptomycin (Life Technologies), and 4 mm L-gluta-
mine, at 37 °C in the presence of 5% CO,.

Western blot analysis to detect acetyl-lysine residues

A549 cells were seeded in a 24-well plate (2 X 10° cells/well),
and then infected with a multiplicity of infection (m.o.i.) of
three influenza A virus strains (A/Puerto Rico/8/34 (HIN1),
A/Uruguay/716/2007 (H3N2), and A/Hiroshima/52/2005
(H3N2)) at 37 °C under 5% CO.,,. After incubation for 0, 4, 8, 12,
24, 36, or 48 h, the cells were lysed in a buffer containing 125 mm
Tris-HCI, pH 6.8, 5% SDS, 25% glycerol, 0.1% bromophenol
blue, and 10% B-mercaptoethanol and boiled for 5 min. Sam-
ples of infected cells were separated by SDS-PAGE and trans-
ferred onto pieces of PVDF membranes (Immobilon-P; Merck
Millipore Ltd.). To detect acetyl-lysine NP, NS1, PB2, or B-actin
proteins, we used the mouse monoclonal anti—acetyl-lysine IgG
(Clone 7F8, 1:200, Cayman Chemical), the mouse monoclonal
anti-influenza A NP IgG (Clone FluA-NP 4F1, 1:500, Southern-
Biotech), the rabbit anti-PB2 anti-serum (1:1000, originally
produced in our lab), the goat polyclonal anti-influenza A NS1
IgG (vC-20, 1:200, Santa Cruz Biotechnology), and the rabbit
monoclonal anti-3-actin IgG (Clone 13E5, 1:1000, Cell Signal-
ing Technology) as the primary antibodies. The horseradish
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peroxidase— conjugated goat anti-mouse IgG (1:4000, Southern-
Biotech), donkey anti-goat IgG (1:4000, sc-2020, Santa Cruz
Biotechnology), and goat anti-rabbit IgG (1:5000, KPL) were
used as the secondary antibodies. The luminescent signals were
detected using Western Lightning ECL Pro (PerkinElmer Life
Sciences).

Immunoprecipitation and Western blotting

A549 cells seeded in a 6-well plate (1 X 10° cells/well) were
infected with m.o.i. of five A/Puerto Rico/8/34 at 37 °C under
5% CO.,. After postincubation for 24 h, the cells were lysed in a
buffer containing 50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 0.5%
Nonidet P-40, 1 mm EDTA, and the cOmplete ULTRA Tablets,
Mini, EDTA-free, Protease Inhibitor Cocktail (Roche). The cell
lysates were centrifuged at 15,000 rpm at 4 °C for 10 min and
the supernatant was collected. Protein G magnetic beads (20-
wl/sample, New England Biolabs) were incubated with mono-
clonal anti-NP antibody (1-ul/sample) at 4 °C for 30 min. The
cell lysate was incubated with the antibody—protein G bead
complex at 4 °C overnight. The beads were washed three times
with lysis buffer, added to 30 wl SDS sample buffer, boiled at
95 °C for 5 min then separated by SDS-PAGE. Western blotting
was performed using either the mouse monoclonal anti—acetyl-
lysine IgG (Cayman Chemical) or the mouse monoclonal anti-
influenza A NP IgG (SouthernBiotech), using the standard
Western blotting procedure.

Recombinant proteins of influenza NP, human PCAF and
GCN5

The recombinant proteins of full-length influenza NP and
HAT domains of human PCAF and GCN5 were synthesized in
Escherichia coli and purified as previously published (21). The
full-length cDNA for the NP of the influenza virus (A/Puerto
Rico/8/34) was amplified by RT-PCR. The DNA sequences
encoding the HAT domains of human PCAF (amino acid resi-
dues 493-653; GenBank accession no. NP_003875) (50) and
GCNS5 (amino acid residues 498 —663; GenBank accession no.
NP_066564) were partially amplified from ¢cDNA of HaCaT
cells. Nucleotide sequences of primers for cloning of NP were as
follows: forward primer, 5'-GCT AGC ATG GCG TCC CAA
GGC ACC AAA CGG-3' (containing restriction site for Nhel)
and the reverse primer, 5'-CTC GAG TTA ATT GTC GTA
CTC TGC ATT-3' (containing restriction site for Xhol).
Nucleotide sequences of primers for cloning of PCAF were as
follows: the forward primer, 5'-GCT AGC GTA ATT GAA
TTT CAC GTG GTT GGC-3' (containing restriction site for
Nhel) and the reverse primer, 5'-GGA TCC TCA CCG TGG
ATT TAG CTC ACA TCC-3' (containing restriction site for
BamHI). Nucleotide sequences of primers for cloning of GCN5
were as follows: forward primer, 5'-GCT AGCATC GAG TTC
CAT GTC ATC GGC-3' (containing restriction site for Nhel)
and the reverse primer, 5'-GGA TCC TTA CTC CGT GTA
GGG GAT GCG GGG-3' (containing restriction site for
BamHI). The underlined sequences are the restriction
enzymes’ recognition sites. Each PCR product was ligated into
the pET28a(+) vector (Novagen). The recombinant proteins of
full-length human GCN5 and the catalytic domain of human
PCAF (Cayman Chemical) were also purchased.

SASBMB

Acetylation assays using radioisotope-labeled acetyl-CoA

The procedures followed to perform this study were modi-
fied from a previous report (21). The recombinant proteins of
NP (1 pg) were incubated with 1 ug of the recombinant protein
of histone acetyltransferase (P300/CBP (Enzo Life Sciences),
GCN5 or PCAF) and 7.4 kBq of [**C]acetyl-CoA (Perkin Elmer)
at 30 °C for 2 h in buffer containing 50 mm Tris-HCI, pH 8.0,
10% glycerol, 1 mm DTT, and 10 mM sodium butyrate. To
detect [**C] radioactivity, reactions were separated in 10% SDS-
PAGE gels, after which an imaging plate was exposed to the gel
for several days. Signals were detected using a fluoroimage ana-
lyzer (FLA-2000, Fujifilm). Anacardic acid (Sigma), garcinol
(Enzo Life Sciences), and embelin (Sigma) prepared in DMSO
were incubated with NP and a HAT for 30 min at 30 °C. The
RNP was purified from virions of A/Puerto Rico/8/34 (PRS,
HI1N1) as described previously (51).

Analysis of posttranslational modifications by LC-MS/MS

LC-MS/MS was performed using the NP in infected A549
cells as well as the recombinant NP. The NP in infected cells
was collected by immunoprecipitation as mentioned above.
Recombinant NP of the A/Puerto Rico/8/34/Mount Sinai strain
(H1IN1) (Novus Biologicals) was incubated with PCAF or
GCNB5. The amount of recombinant NP, the concentration of
reaction solution, and the temperature and duration of incuba-
tion were the same as the acetylation assays, except for substi-
tution of [**C]-marked acetyl-CoA with nonradioactive acetyl-
CoA. Protein samples were separated in 10% SDS-PAGE gels.
After staining with Coomassie Brilliant Blue, the NP bands
were cut and extracted from the gels. Nano-LC tandem MS was
performed as described previously (52). Next, in-gel digestion
was performed with modified trypsin (sequencing grade, Pro-
mega) after the reduction and alkylation of each gel slice.
The digested peptide mixtures were then fractionated by
Cl8reverse-phase chromatography (Advance UHPLC, AMR
Inc.) and measured by a hybrid linear ion trap mass spec-
trometer (LTQ Orbitrap Velos Pro, Thermo Fisher Scien-
tific) with Advance CaptiveSpray SOURCE (AMR). The
molecular masses of the resulting peptides were searched
against the nucleoprotein amino acid sequence using the
MASCOT program. To identify nucleoprotein modifica-
tions, carbamidomethylation was set as the fixed modifica-
tion and acetylation (+42.011), mono-methylation (+14.016),
dimethylation (+28.031), and trimethylation (+42.047) were
set as the variable modifications.

Mapping of acetylated lysine residues in the tertiary structure
of NP

Acetylated lysine residues were mapped in the tertiary struc-
ture of the dimer of the NP (PDB ID: 4IRY) (30) using the MOE
software (Chemical Computing Group, Quebec, Canada). The
X-ray crystallographic structure of the cap-binding domain of
NP (PDB ID: 4IRY) was obtained from the Protein Data Bank.

Western blotting and immunostaining using siRNA-treated
cells

For Western blotting analyses (Fig. 6A4), A549 cells (5 X 10°
per dish) seeded in a 6-well plate were transfected with
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10 n™ Silencer™ Select Negative Control No. 2 siRNA (vali-
dated) (Ambion/Thermo Fisher Scientific) KAT2A: GCN5
(s5659, Ambion/Thermo Fisher Scientific), or KAT2B: PCAF
(s16894, Ambion/Thermo Fisher Scientific) using Lipo-
fectamine™ RNAiIMAX reagent (Thermo Fisher Scientific)
and incubated for 48 h. The siRNA-treated cells were incubated
at 37 °C with A/Puerto Rico/8/34 at m.o.i. 5 under 5% CO, for
24 h. The cells were lysed in a buffer containing 50 mm Tris-
HCI, pH 7.5, 150 mm NaCl, 0.5% Nonidet P-40, 1 mm EDTA,
and a cOmplete ULTRA Tablet, Mini, EDTA-free Protease
Inhibitor Cocktail (Roche). The cell lysates were centrifuged at
15,000 rpm at 4 °C for 10 min, and the supernatant was col-
lected. Western blotting analysis was performed as described
above. The intensity of the bands was measured using the soft-
ware for image processing and Java and Image].

Minigenome assay using siRNA-treated cells

Procedures of culturing and siRNA treatment of cells were
same as those of Western blotting analyses mentioned above.
Minigenome assay based on the dual-luciferase system was
performed as described previously (53-55). Briefly, the
siRNA-treated A549 cells were transfected with pCA-NP,
-PA, -PBI, and -PB2 or its mutants (0.2 ug each), pPoll/
NP(0)Fluc(0) (0.2 ng), which express reporter VRNA encod-
ing the firefly luciferase gene, and pRL-TK-RLuc (Promega,
0.2 ng), which express Renilla luciferase and are regulated by
thymidine kinase (TK) promoter as an internal control. The
NP ligated into the pCA plasmid was derived from the WSN
strain (H1N1), and all lysine residues for acetylation targets
were conserved. The luciferase activity was measured using
the Dual-Glo Luciferase Assay System (Promega) at 24 h post
transfection. Polymerase activity was calculated by normal-
izing the Firefly luciferase activity to the Renilla luciferase
activity. Polymerase activity of WT was set to 100%.
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