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ABSTRACT

The RNA-dependent RNA polymerase (RdRp) of influenza A virus is a heterotrimeric complex composed of the PB1, PB2, and
PA subunits. The interplay between host factors and the three subunits of the RdRp is critical to enable viral RNA synthesis to
occur in the nuclei of infected cells. In this study, we newly identified host factor DnaJA1, a member of the type I DnaJ/Hsp40
family, acting as a positive regulator for influenza virus replication. We found that DnaJA1 associates with the bPB2 and PA sub-
units and enhances viral RNA synthesis both in vivo and in vitro. Moreover, DnaJA1 could be translocated from cytoplasm into
the nucleus upon influenza virus infection. The translocation of DnaJAl is specifically accompanied by PB1-PA nuclear import.
Interestingly, we observed that the effect of DnaJA1 on viral RNA synthesis is mainly dependent on its C-terminal substrate-
binding domain and not on its typical ] domain, while the ] domain normally mediates the Hsp70-Dna] interaction required for
regulating Hsp70 ATPase activity. Therefore, we propose that DnaJAl is co-opted by the influenza A virus to enter the nucleus
and to enhance its RNA polymerase activity in an Hsp70 cochaperone-independent manner.

IMPORTANCE

The interplay between host factors and influenza virus RNA polymerase plays a critical role in determining virus pathogenicity
and host adaptation. In this study, we newly identified a host protein, DnaJA1/Hsp40, that is co-opted by influenza A virus RNA
polymerase to enhance its viral RNA synthesis in the nuclei of infected cells. We found that DnaJA1 associates with both PB2 and
PA subunits and translocates into the nucleus along with the nuclear import of the PB1-PA dimer during influenza virus replica-
tion. Interestingly, the effect of DnaJAl is mainly dependent on its C-terminal substrate-binding domain and not on its typical J
domain, which is required for its Hsp70 cochaperone function. To our knowledge, this is the first report on a member of the
Hsp40s that is specifically involved in regulating influenza virus RNA polymerase. Targeting the interactions between polymer-

ase subunits and DnaJA1 may provide a novel strategy to develop antiviral drugs.

nfluenza A virus belongs to the Orthomyxoviridae family of

RNA viruses. The segmented, negative-sense genome and the
utilization of the cell nucleus as the viral RNA synthesis site are
key features for the family (1). The viral ribonucleoprotein com-
plex (VRNP) of influenza A virus is the minimal functional unit
for viral RNA transcription (VRNA—mRNA) and replication
(VRNA—cRNA—vVRNA) to occur in the nuclei of infected cells.
The vRNP consists of an RNA-dependent RNA polymerase com-
plex (RdRp), a viral RNA, and multiple copies of nucleoprotein
(NP). The RNA polymerase is responsible for the synthesis of the
three viral RNAs species (VRNA, mRNA, and cRNA), which play
critical roles in determining virus pathogenicity and host adapta-
tion (2, 3). The RdRp is a heterotrimeric complex composed of
polymerase basic protein 1 (PB1), polymerase basic protein 2
(PB2), and polymerase acidic protein (PA) (1, 4). PB1 subunit
contains the conserved motif characteristics of RNA-dependent
RNA polymerases (5). PB2 is responsible for cap binding (6, 7),
while PA contains an endonuclease domain that cleaves the
capped primer from host pre-mRNAs to initiate viral mRNA syn-
thesis (8, 9). During influenza virus replication, the three subunits
are synthesized in the cytoplasm of infected cells individually.
They must be transported into the nucleus and assembled into a
trimeric complex before further assembly with NP and viral RNAs
into VRNP complexes (10). An assembly model has proposed that
PB1 and PA associate in the cytoplasm and are transported into
the nucleus as a dimer, while PB2 enters the nucleus on its own
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and assembles with PB1-PA dimer in the nucleus to form the 3P
complexes (11, 12).

Since the RNA polymerase is one of the pathogenicity and host
range determinants of influenza A viruses and is an attractive tar-
get for antiviral development, great efforts have been made to
specifically identify host factors that could interact with the poly-
merase subunits and regulate viral RNA synthesis. Over 120 host
factors have been identified to be potential interacting partners of
the viral RNA polymerase (13-15), and a number of them have
been studied in detail for how they are involved in modulating
viral RNA synthesis (reviewed in references 16 and 17).

Among those host factors, heat shock proteins (Hsps, e.g.,
Hsp90 and Hsp70) have been identified to be major host factors
involved in regulating the viral RNA synthesis. Hsps normally act
as molecular chaperones to facilitate protein folding, trafficking,
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prevention of aggregation, and degradation by proteolysis in cells
(18-21). It has been reported that during influenza virus replica-
tion, Hsp90 is able to stimulate viral RNA polymerase activity and
is involved in the trimeric polymerase complex assembly and nu-
clear import of the virus polymerase subunits by binding with PB2
monomers or PB2/PB1 heterodimers (22, 23). Hsp90 inhibitors,
such as geldanamycin or its derivative 17-AAG, have been shown
to be able to inhibit viral growth by affecting viral RNA polymer-
ase assembly (24). In contrast, the roles of Hsp70 in regulating
viral RNP polymerase activity are diverse. It has been shown that
Hsp70 is related to thermal inhibition of the nuclear export of the
RNP complex (25). On the other hand, it could disrupt the bind-
ing of viral polymerase with viral RNA by interacting with PB1 and
PB2 of RNP (26). More recently, it has been demonstrated that
Hsp70 could modulate viral RNA polymerase differentially at dif-
ferent phases of heat shock response, which appears to be a con-
sequence of directional movement of Hsp70 between cytoplasmic
and nuclear compartments (27).

In this study, we newly identified a heat shock protein, DnaJA1l
(also designated Hdj2), a member of the type I DnaJ/Hsp40 fam-
ily, as a positive regulator for influenza A virus replication. The
proteins within type I DnaJ family are very diverse at the primary
sequence level, but they all contain four typical domains: a highly
conserved N-terminal ] domain (28), followed by a Gly/Phe-rich
region (G/F-rich domain), four repeats of the CxxCxGxG type
zinc finger, and a less well-conserved C-terminal substrate-bind-
ing domain (SBD) (28, 29). DnaJ/Hsp40 and its homologous pro-
teins normally act as Hsp70 cochaperones through their typical J
domain to recruit specific substrates to Hsp70 and regulate Hsp70
ATPase activity (30). DnaJ/Hsp40s have been reported to be in-
volved in regulating a wide range of viral infections by various
mechanisms (reviewed in reference 31). DnaJA1l was identified as
an interacting partner of NS5 (the largest viral protein exhibiting
RNA-dependent RNA polymerase activity) of Japanese encepha-
litis virus (JEV) to facilitate viral replication (32). In addition,
through a high-throughput approach based on random inactiva-
tion of cellular genes, DnaJA1 was also identified to be involved in
regulating human immunodeficiency virus type 1 (HIV-1) repli-
cation (33). However, the mechanisms by which DnaJA1 regulates
the replication of these viruses are still unknown.

In this study, we found that DnaJAl interacted with both the
PB2 and PA subunits of influenza A virus RNA polymerase and
enhanced the viral RNA polymerase activity both in vivo and in
vitro. We also observed that DnaJA1l was translocated into the
nucleus along with the nuclear import of PA-PB1 dimer. Interest-
ingly, we found that the stimulatory effects of DnaJAl on viral
RNA polymerase activities were mainly dependent on its C-termi-
nal substrate-binding domain and independent of its highly con-
served ] domain. Therefore, we propose that DnaJA1 is specifically
used by influenza virus to enhance its RNA polymerase activity in
an Hsp70 cochaperone-independent manner.

MATERIALS AND METHODS

Viruses and cells. Human lung carcinoma cell line A549, human embry-
onic kidney cell line 293T, human cervical cancer cell line HeLa, and the
Madin-Darby canine kidney (MDCK) cell line were purchased from the
American Type Culture Collection (ATCC; Manassas, VA). These cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Carlsbad, CA) supplemented with penicillin (100 U/ml), strepto-
mycin (10 mg/ml), and 10% fetal bovine serum (FBS; Gibco, Carlsbad,
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CA) at 37°C in a humidified incubator with 5% CO, in air. Influenza
A/WSN/33 virus was propagated in MDCK cells with 0.5% FBS-DMEM
with 0.5 pg/ml of tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-trypsin (Invitrogen, Carlsbad, CA). Vesicular stomatitis virus
(VSV) was generously provided by Zhuo Zhou (Institute of Pathogen
Biology, Chinese Academy of Medical Sciences & Peking Union Medical
College).

Plasmids and antibodies. The full-length DnaJAl coding sequence
was amplified from a cDNA library of HeLa cells by PCR and cloned into
pCMVe6-entry vector at Nhel/Xhol sites and into pcDNA3.1 vector at
Xhol/BamHI sites for expressing DnaJA1-Flag and DnaJA1-myc/His, re-
spectively. The DnaJAl truncation mutants were generated by amplifying
DnaJAl fragments from DnaJA1-Flag-expressing plasmid and then clon-
ing them into the pPCMV6-entry vector at Nhel/Xhol sites. The RNP re-
constitution system of influenza virus A/HongKong/1/1968 (H3N2) was
described before (34). The tandem affinity purification (TAP)-tagged or
nontagged pcDNA plasmids encoding PB1, PB2, PA, and NP and the two
viral RNA-expressing plasmids pPOLI-NA-RT and pPOLI-HA-RT were
derived from influenza A/WSN/33 virus (34). The mouse anti-DnaJA1l
antibody and the mouse anti-M1 antibody were purchased from Thermo
Fisher (San Jose, CA), the mouse anti-influenza NP antibody (MAB8251)
was from Millipore (Temecula, CA), the rabbit antiactin antibody was
from Cell Signaling Technology (Danvers, MA), the rabbit anti-TAP (sc-
25768) antibody was from Santa Cruz Biotechnology (Santa Cruz, CA),
the mouse anti-Flag antibody was from Sigma-Aldrich (St. Louis, MO),
and the rabbit anti-PB1 antibody and the rabbit anti-PB2 antibody were
from Abmart Inc. (Shanghai, China). The rabbit anti-PA antibody was
kindly provided by Ervin Fodor (Oxford University, United Kingdom).

RNA interference (RNAi). DnaJAl small interfering RNA (siRNA)
(5"-GAUAUCAAGUGUGUACUAA-3") and control siRNA (5'-UCACU
GCGCUCGAUGCAGU-3") were synthesized by Genepharma (Shanghai,
China). The siRNA transfection reagent Hiperfect was purchased from
Qiagen (Hilden, Germany). A549 cells were transfected with 50 nM con-
centrations of the siRNAs indicated below for 48 h, followed by virus
infection or transfection. The knockdown efficiency was examined by
Western blotting.

Growth curve analysis. DnaJAl knockdown or control A549 cells
were infected with either wild-type influenza A/WSN/1933 (WSN) virus
or VSV at a multiplicity of infection (MOI) of 0.001. At 0, 12, 24, 36, 48,
60, and 72 h postinfection (h.p.i.), supernatants were collected. The virus
titers were determined by plaque assay on MDCK cells.

MUNANA fluorescence assay. 293T cells transfected with empty vec-
tor or DnaJAl-Flag, or its truncation mutant-expressing plasmids indi-
vidually, were infected with WSN virus (MOI = 0. 1) at 24 h posttrans-
fection (h.p.t.). Supernatants were then collected at 24 h.p.i. The virus
titers were determined by quantifying the neuraminidase activity (NA)
using a MUNANA (4-methylumbelliferyl-N-acetyl-neuraminicacid) as-
say. Briefly, 40 pl of cell supernatant was added into a 96-well black flat-
bottom plate and mixed with 60 pl of MUNANA stock solution (20 uM;
Sigma-Aldrich) at room temperature for 1 h. The amount of fluorescent
product released by MUNANA hydrolysis was measured in SpectraMax
M5 microplate reader (Molecular Devices, USA) with excitation and
emission wavelengths of 355 nm and 460 nm.

Western blotting. Cells were collected and lysed with CytoBuster
(Merck Biosciences, Bad Soden, Germany) for 25 min at room tempera-
ture, and then the debris were removed by centrifugation at 12,000 rpm
for 15 min. The lysates were separated by SDS-PAGE and transferred to
nitrocellulose membranes (NC) and immunoblotted with indicated anti-
bodies and IRDye secondary antibodies (LI-COR Biosciences, Lincoln,
NE). The protein expression levels were determined with the Odyssey
infrared imaging system (LI-COR Biosciences). The relative protein ex-
pression level was analyzed using the integrated software of the Odyssey
system.

Sample preparation for mass spectrometry analysis. 293T cells
which were 70% confluent in 15-cm dishes were transfected with 15 g of
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pcDNA-PB2-TAP or pcDNA-TAP-NP with Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA) for 40 h, and cells were harvested and lysed with 900
wl of lysis buffer (25% glycerol, 50 mM Tris-HCI [pH 8.0], 0.5% NP-40,
200 mM NaCl, 1 mM B-mercaptoethanol, 1 mM phenylmethylsulfonyl
fluoride [PMSF], and 1% protease inhibitors). After centrifugation at
12,000 rpm for 15 min, the cell lysates were diluted in 5 ml of 150 mM
NaCl solution and incubated with 100 wl of IgG Sepharose for 2 h at 4°C.
The beads were then washed three times with 5 ml of binding buffer (50
mM Tris-HCI [pH 8.0], 1% glycerol, 0.2% NP-40, 150 mM NaCl, 1 mM
PMSEF). Finally, the bound proteins were released by cleavage with the
Tobacco etch virus (TEV) protease (Invitrogen, Carlsbad, CA) for 4 h at
16°C. The purified proteins were separated by 8% SDS-PAGE, and the
bands were visualized by silver staining.

LC-MS/MS analysis. Samples were digested with trypsin using the
filter-aided sample preparation (FASP) method (35). Peptides obtained
by FASP were desalted using an Oasis HLB-1cc cartridge (Waters, Mil-
ford, MA). All peptide fractions were concentrated with a SpeedVac cen-
trifuge (Savant, Farmingdale, NY) and solubilized in 0.1% formic acid.
The resulting peptides were analyzed on an LTQ-Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific, Germany) coupled with a nano-
flow liquid chromatography (LC) system (nanoACQUITY ultraperfor-
mance liquid chromatograph [UPLC]; Waters). The detailed experimen-
tal procedure for the peptide analysis is available on request. Tandem mass
spectrometry (MS/MS) spectra were searched with SEQUEST search al-
gorithm against a Swiss-Prot database (537505 sequence entries) using the
following settings. (i) Carbamidomethylation of cysteine was set as a fixed
modification, and oxidation of methionine was chosen as variable modi-
fication; (ii) a maximum of two missed cleavages was allowed; and (iii) MS
and MS/MS tolerances of 10 ppm and 0.6 Da, respectively, were used.
After the database search, the following filter criteria were applied to all
results: high confidence corresponding to a false-discovery rate (FDR) of
<1% and at least two unique peptide identifications per protein.

Primer extension analysis. The total RNAs from either infected or
transfected cells were extracted by TRIzol reagent (Invitrogen) according
to the manufacturer’s protocols. Levels of neuraminidase (NA) segment-
specific mRNA, cRNA, and vVRNA were determined by primer extension
assay as described previously (36, 37). The primers used in this study were
5'-TGGACTAGTGGGAGCATCAT-3’ (to detect VRNA) and 5'-TCCAG
TATGGTTTTGATTTCCG-3' (to detect mRNA and cRNA). The **P-
labeled primers were incubated with RNA sample and reverse transcrip-
tase (Super Reverse Transcriptase III; Invitrogen) for 1.5 h at 50°C. The
reaction was terminated by incubation for 5 min at 95°C. The transcrip-
tion products were resolved on 6% PAGE gels containing 7 M urea and
visualized by autoradiography. Quantification of the RNA bands was per-
formed by phosphor image analysis with Typhoon Trio Plus (GE Health-
care, Waukesha, WI) and ImageQuant TL software (GE Healthcare).

Indirect immunofluorescence assay. HeLa or A549 cells were in-
fected with WSN viruses, fixed with 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100 in 0.5 ml of phosphate-buffered saline (PBS) for
20 min, and blocked with bovine serum albumin—0.5% Tween 20—-PBS
(BSA-PBS-T) for 2 h at room temperature. Cells were then incubated with
the primary antibodies (either anti-DnaJAl antibody and anti-PA anti-
body or anti-DnaJA1 antibody and anti-PB2 antibody, respectively) for 2
h and further incubated with secondary antibodies Alexa Fluor 594 goat
anti-mouse IgG and Alexa Fluor 488 goat anti-rabbit IgG (Zhongshanjin-
qiao Biotech Co., Beijing, China) for 1 h at room temperature, and cell
nuclei were labeled with 4',6-diamidino-2-phenylindole (DAPI) reagent
(Sigma-Aldrich). After 3 washes with 0.5 ml of PBS-T, cells were exam-
ined with a Leica TCS SP5 laser scanning confocal microscope (Leica,
Cambridge, United Kingdom).

Coimmunoprecipitation assay. 293T cells in 3.5-cm dishes were
transfected with DnaJA1-Flag and influenza viral polymerase subunits
and NP expression plasmids. After 40 h of transfection, cells were har-
vested and lysed in 200 pl of RIPA buffer (50 mM Tris-HCI [pH 8.0], 1%
NP-40, 150 mM NaCl, 0.25% sodium deoxycholate, and 1 mM EDTA).
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The lysates were either incubated for 2 h at 4°C with anti-Flag antibody
and protein A/G agarose (Santa Cruz) for detecting Flag-tagged proteins
or incubated with IgG Sepharose (GE Healthcare) for detecting TAP-
tagged proteins. The beads were washed with 1 ml of washing buffer 6
times, followed by Western blotting. To detect endogenous DnaJA1 pro-
teins, 293T cells were left uninfected or infected with influenza virus
A/WSN/33 (MOI = 0.5). At 8 h postinfection, the cells were collected,
washed with PBS, and lysed in 0.5 ml of RIPA buffer. The lysates were
incubated with anti-PB2 or anti-PA antibody and protein A/G agarose
beads for 4 h at 4°C. Beads were washed 6 times with 1 ml of washing
buffer, and the samples were analyzed by Western blotting.

GST pulldown assay. Glutathione S-transferase (GST)-fused DnaJA1l
or GST proteins expressed from Escherichia coli cells were bound onto
glutathione-Sepharose beads (GE Healthcare) and then incubated with
lysates from 293T cells transfected with pcDNA-PB1, pcDNA-PB2, and
pcDNA-PA at 4°C for 16 h. The beads were washed 3 times with PBS, and
the samples were analyzed by Western blotting.

Recombinant protein preparations for in vitro transcription assay.
293T cells were transfected with pcDNA-PA-His, pcDNA-PBI, and
pcDNA-PB2 for generating recombinant viral RNA polymerase and with
pcDNA-DnaJA1-His for generating DnaJA1 protein. In addition, the re-
combinant RNA polymerase was also prepared in parallel in either
DnaJA1l knockdown or control knockdown 293T cells. At 40 h posttrans-
fection, cells were collected and lysed in lysis buffer (50 mM Tris-HCl [pH
8.0], 25% glycerol, 0.5% NP-40, 200 mM NaCl). The lysates were then
incubated with a Ni-nitrilotriacetic acid column for 2 h and eluted with an
elution buffer (50 mM Tris-HCI [pH 8.0], 5% glycerol, 200 mM NacCl, 100
mM imidazole). The purified recombinant protein samples were stored in
40% glycerol at —20°C.

In vitro ApG-primed transcription assay. In vitro ApG-primed tran-
scription was carried out at 30°C for 1 h in a total reaction volume of 3 pl
containing 1 pl of purified recombinant proteins (see above), 5 mM
MgCl,, 1 mM dithiothreitol (DTT), 1 mM ApG, 1 mM ATP, 0.5 mM CTP,
0.05 mM [a->*P]GTP (3,000 Ci/mmol; Amersham), 2 U/ul of RNase
inhibitor, 0.5 wuM 3’-end vRNA (5'-GGCCUGCUUUUGCU-3"), and 0.5
pM 5'-end vVRNA (5'-AGUAGAAACAAGGCC-3") (Dharmacon). The
RNA transcription products were analyzed on 18% PAGE gels containing
7 M urea and visualized by autoradiography. The quantification was per-
formed with Typhoon Trio Plus (GE Healthcare).

Statistical analysis. A two-tailed Student ¢ test was used to determine
statistical significance. A P value of <0.05 was considered to be significant.

RESULTS

Identification of DnaJAl to be a positive regulator for influenza
virus replication. In an attempt to search for more host factors
that could be involved in regulating viral RNA synthesis, we per-
formed pulldown experiments with the polymerase subunits and
NP as baits, followed by mass spectrometry analysis (14, 38) (see
Materials and Methods). In a comparison of pulldown proteins
between PB2-TAP or TAP-NP samples (Fig. 1A, top), 26 prelim-
inary proteins in total were identified as PB2-TAP sample-specific
proteins, and 10 of them have not been reported before. In con-
trast, 47 preliminary proteins in total were identified as TAP-NP
sample-specific proteins, and 39 of them have not been reported
before (Fig. 1A, bottom). In addition, there were 23 proteins to be
present in both PB2-TAP and TAP-NP samples. Either they might
interact with both PB2 and NP or they were pulled down by the
TAP tag nonspecifically. Surely, these preliminary proteins await
further systematic studies.

Among these host factors, we noticed that DnaJAl was also
previously identified in our recent cellular transcription profiling-
based RNA interference (RNAI) screen (34). We observed a sig-
nificant decrease in NP level in the cells treated with DnaJAl
siRNA in comparison with that in control cells. Therefore, we
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decided to examine this host factor further. To further confirm
whether DnaJA1 affects influenza virus replication, we examined
virus growth rate in A549 cells which were treated with DnaJA1l
siRNA or control siRNA, followed by infection of WSN virus at an
MOI of 0.001. We found that the virus titer decreased about 1 log
in the DnaJA1 knockdown cells at various time points postinfec-
tion compared to that in the control cells (Fig. 1B, top). In order to
examine whether the effect of the DnaJA1 is specific to influenza
viruses, we also infected the DnaJA1 knockdown and control A549
cells with vesicular stomatitis virus (VSV) and examined its
growth rate. The results showed that knockdown of DnaJA1 did
not affect VSV growth rate (Fig. 1B, bottom).

Furthermore, we examined the effects of DnaJA1 knockdown
on influenza virus protein expression in a single-cycle replication.
Western blot analyses of lysates from DnaJAl knockdown A549
cells infected with WSN virus at an MOI of 1 showed that the levels
of viral NP and M1 proteins were lower in DnaJAl knockdown
cells than in control cells from 4 h.p.i. onward (Fig. 1C and D). In
line with this, we observed that the levels of NP and M1 were
increased when 293T cells were overexpressed with DnaJAl pro-
tein at various time points postinfection (Fig. 1E and F). Taken
together, our findings confirmed that DnaJA1l is co-opted by the
influenza virus to act as a positive regulator for influenza virus
replication.

DnaJAl interacts with both the PB2 and PA subunits of the
viral RNA polymerase. As described above, DnaJA1 was identi-
fied as an interacting partner of PB2 in our pulldown assay. To
further confirm this interaction and to explore other potential
interactions that may occur between DnaJA1 and other RNP com-
ponents, we transfected DnaJAl-Flag-expressing plasmid into
293T cells, along with PB1-TAP-, PB2-TAP-, PA-TAP-, or TAP-
NP-expressing plasmid individually. Cell lysates were then puri-
fied with IgG Sepharose and analyzed with an anti-Flag antibody.
As shown in Fig. 2A, Flag-tagged DnaJAl could be specifically
associated with PB2 and PA but not with PB1 or NP. We also
detected cellular DnaJA1 that could be specifically pulled down by
PB2-TAP or PA-TAP (Fig. 2B). We further examined the associ-
ations between cellular DnaJA1 and PB2 or PA by coimmunopre-
cipitation assays with infected 293T cells. The results showed that
endogenous DnaJA1 could specifically associate with PB2 and PA
in WSN virus-infected cells (Fig. 2C). To further confirm the in-
teraction between DnaJAl and PB2 or PA, an in vitro GST pull-
down assay was carried out. We used partially purified GST-
DnaJAl or GST proteins from E. coli cells and recombinant 3P
complex from 293T cells for this assay. As shown in Fig. 2D, GST-
tagged DnaJA1 could specifically pull down PB2 and PA but not
PB1 of the 3P complex in vitro.

The C-terminal substrate-binding domain of DnaJAl is re-
sponsible for upregulating influenza virus replication. We next
mapped the domain(s) of DnaJAl that is responsible for the in-
teractions between DnaJA1 and PB2 or PA. The four domains of
DnaJAl, organized from the N terminus to the C terminus, are the
highly conserved signature ] domain, Gly/Phe-rich (G/F-rich) re-
gion, zinc finger domain (ZFD), and substrate-binding domain
(SBD) (Fig. 3A). We first generated two DnaJAl truncation mu-
tants: the N-terminal DnaJA1(1-200) mutant and the C-terminal
DnaJA1(201-397) mutant. Wefurthersplitthe N-terminal DnaJA1
(1-200) truncation mutant into the DnaJA1(1-133) and AG/P-
rich mutants (Fig. 3A). The associations of PB2 or PA with these
truncation mutants were then examined by coimmunoprecipita-
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tion. Figure 3B showed that PB2 could specifically associate with
the DnaJA1(201-397) mutant but not the DnaJA1(1-200) mu-
tant, while PA could interact with both the Gly/Phe-rich region
and the DnaJA1(201-397) mutant.

Subsequently, in order to test which domain of DnaJAl
plays a role in facilitating influenza virus replication, we trans-
fected 293T cells with the two DnaJAl truncation mutant-ex-
pressing plasmids individually, followed by WSN virus infec-
tion. We found that the DnaJA1(201-397) mutant, in addition
to full-length DnaJA1, could significantly increase the level of
NP upon virus infection, whereas the DnaJA1(1-200) mutant
could not (Fig. 3C and D). To examine whether the overexpres-
sion of DnaJA1(201-397) could increase virus titers, a standard
MUNANA assay based on quantifying NA activity was per-
formed. Figure 3E showed that full-length DnaJAl and
DnaJA1(201-397) increased NA activity significantly. Taken
together, these data indicated that the C-terminal substrate-
binding domain is mainly responsible for upregulating influ-
enza virus replication.

DnaJA1 enhances viral RNA synthesis in an RNP reconstitu-
tion system. Since DnaJAl was found to interact with both the
PB2 and PA subunits specifically, it can be deduced that DnaJAl
may play a role in viral RNA synthesis machinery. To confirm this,
we examined the effects of DnaJAl on viral RNA synthesis in an
RNP reconstitution system derived from influenza A/HongKong/
1/1968 (H3N2) (34).293T cells were transfected with the five RNP
reconstitution plasmids (pcDNA-PB1, pcDNA-PB2, pcDNA-PA,
pcDNA-NP, and pPOLI-NA-RT), together with increasing amounts
of the DnaJA1 expression plasmid. We found that the levels of all
three viral RNA species (VRNA, mRNA, and cRNA) were increased in
a DnaJA1 dose-dependent manner (Fig. 4A and B). In the RNP re-
constitution system, PB2 and PA are constantly produced by poly-
merase II (Pol II)-driven expression plasmids, while NA vRNA was
first generated from a Pol I-driven RNA expression plasmid which
was then amplified by the viral RNA polymerase. Since the NA vVRNA
level produced from the pPOLI plasmid was very low, the observed
NA vRNA levels mainly reflected the activities of the viral RNA poly-
merase. Due to the observations that DnaJA1 could affect the protein
expression levels of some cellular proteins (39-41), we asked whether
the expression levels PB2 and PA could be affected by DnaJA1 over-
expression. To test this, we performed a Western blot analysis to ex-
amine protein expression levels of the RNP reconstitution system, in
which we replaced the pPOLI-NA-RT plasmid with the pPOLI-
HA-RT for convenience of detection. Figure 4 shows that the levels of
both PB2 and PA were comparable in all samples but that the expres-
sion levels of HA were increased in a DnaJA1 dose-dependent man-
ner (Fig. 4Cand D). These results suggest that DnaJA1 could upregu-
late viral RNA synthesis but not affect PB2 and PA expression.

We next were interested in examining whether the C-terminal
domain of DnaJAl is able to stimulate viral RNA synthesis in the
RNP reconstitution system. To this end, we transfected the two
DnaJA1 truncation mutants individually, along with the RNP re-
constitution plasmids, and examined the HA protein expression
level with Western blot analysis. Interestingly, we found that the
DnaJA1(201-379) mutant, containing the C-terminal substrate-
binding domain alone, could stimulate HA protein expression to a
level comparable to that stimulated by full-length DnaJA1, while
the DnaJA1(1-200) mutant could not (Fig. 4E and F). These re-
sults strongly suggested that DnaJA1 stimulates viral RNA synthe-
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PB2, or NP expression plasmids were individually transfected into 293T cells along with Flag-tagged DnaJA1. At 40 h posttransfection, cells were harvested and
lysed, followed by IgG Sepharose purification and Western blot analyses. IP, immunoprecipitation. (B) Endogenous DnaJA1l interacts with PB2 and PA. The
control vector, TAP-tagged WSN PA, PB1, PB2, and NP expression constructs were individually transfected into 293T cells. At 40 h posttransfection, cells were
harvested and lysed, followed by IgG Sepharose purification and Western blot analyses with an anti-DnaJA1 antibody. (C) Endogenous DnaJA1 interacts with
PB2 and PA in virus-infected cells. 293T cells were infected with influenza WSN virus (MO1 = 0.5). Cells were lysed at 16 h.p.i. and subjected to immunopre-
cipitation with either normal IgG or anti-PB2/anti-PA antibodies, followed by Western blot analyses with an anti-DnaJA1 antibody. (D) Exogenous DnaJA1
interacts with PB2 and PA. 293T cells were transfected with the pcDNA-PB1, pcDNA-PB2. and pcDNA-PA for 40 h. Cells were lysed and subjected to GST
pulldown assay with the recombinant GST or GST-DnaJA1 prepared from E. coli cells. The pulldown samples were analyzed by Western blotting with anti-PB2

or anti-PA antibody. Coomassie brilliant blue (CBB) staining of purified protein is shown at the bottom.

sis mainly dependent on its C-terminal substrate-binding domain
and independent of its typical ] domain.

DnaJ Al translocates into nucleus upon influenza virus infec-
tion but does not affect viral RNP assembly. To study the mech-
anism(s) by which DnaJAl regulates influenza A virus RNA
synthesis, we first studied the localization of DnaJA1 upon in-
fluenza virus infection. A549 cells were infected with influenza
virus at a high multiplicity (MOI = 3), and the subcellular
localization of DnaJA1 was examined by indirect immunoflu-
orescence assay at various time points postinfection. At the
early stages of virus infection, DnaJAl was present predomi-
nately in cytoplasm. However, at later stages, when the viral
proteins were synthesized at a significant level as shown by the
level of PB2, we observed that DnaJA1 was distributed all over
the cells (Fig. 5A). This result supports the notion that DnaJA1l
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is specifically recruited into the nucleus during influenza virus
replication.

According to the RdRp assembly model, PB1 associates with
PA in the cytoplasm and is transported into the nucleus as a
PB1-PA dimer, and then it assembles with individually trans-
ported PB2 into a trimeric complex (11, 22). Together with our
observation in this study that DnaJA1 could interact with PB2 and
PA, we further examined DnaJA1 nuclear translocation in HeLa
cells expressingPB2 or PA alone or with both PB1 and PA. We
found that the localization of DnaJA1l did not change in the cells
when PB2 or PA was expressed alone. In contrast, when PB1 was
coexpressed with PA, translocation of DnaJAl into the nucleus
was apparent, suggesting that DnaJAl is recruited into the nucleus
along with the PBI-PA dimer upon influenza virus infection
(Fig. 5B).
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DnaJAl alone enhances influenza virus protein expression. 293T cells were transfected with either empty vector or plasmids expressing DnaJA1-Flag or its truncation
mutants individually, followed by infection with WSN virus (MOI = 0.1). At 16 h.p.i,, cell extracts were prepared and analyzed by Western blotting with anti-NP
antibody. (D) Quantitative analysis of viral protein expression levels in panel C. Values of NP were standardized to the actin level and normalized to levels of NP in cells
transfected with control vector. The results are presented as means = SEMs of results from three independent experiments. (E) DnaJAl promotes influenza virus
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WSN virus (MOI = 0.1). At 24 h.p.i,, the virus titers were determined by MUNANA assay. *, P < 0.05.

Since both Hsp90 and Hsp70 could affect vRNP assembly by
affecting nuclear transport of the polymerase subunits (11, 22), we
then tested whether DnaJA1 affected the 3P or RNP assembly (Fig.
5C and D). We found that neither the 3P nor the vRNP assembly
efficiency was associated with DnaJAl overexpression in 293T
cells. We concluded that DnaJAl enters the nucleus upon influ-
enza virus infection, but it does not affect the viral RNP complex
assembly.

DnaJA1 enhances viral RNA polymerase activity in vitro. It is
known that viral RNA synthesis efficiency is dependent on both
RNP assembly efficiencies and RdRp activities. We were interested
in examining whether DnaJA1 could affect viral RNA polymerase
activities. To test this, we used an in vitro ApG-primed transcrip-
tion assay that was developed to specifically examine the tran-

14084 jviasm.org

scriptional activity of influenza viral RNA polymerase in vitro
(42). We first performed the in vitro ApG-primed transcription
assay with purified recombinant viral RNA polymerase (3P com-
plex) and with increasing amounts of purified recombinant
DnaJAl protein. It can be seen that the recombinant DnaJAl
could stimulate transcriptional activity of the viral RNA polymer-
ase in vitro in a dose-dependent manner (Fig. 6A and B). To fur-
ther confirm this result, we also performed the in vitro ApG-
primed transcription assay with the 3P complexes purified from
DnaJA1 knockdown cells and from control cells. As shown in Fig.
6C, equal amounts of recombinant 3P complexes were purified,
but more DnaJA1 was copurified with the 3P complex in the con-
trol cells than that in the DnaJA1 knockdown cells. As expected,
we found that significantly higher levels of RNA transcripts were
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FIG 4 DnaJAl enhances viral RNA synthesis in vivo. (A) DnaJA1 overexpression enhances viral RNA synthesis in a dose-dependent manner in an influenza virus
RNP reconstitution system. 293T cells were transfected with influenza A/Hong Kong/1/1968 (H3N2) virus (HK68) RNP reconstitution plasmids (pcDNA-PBI1,
PcDNA-PB2, pcDNA-PA, pcDNA-NP, and pPOLI-NA-RT), along with increasing doses of the DnaJA1 expressing plasmid. Total RNAs were extracted and the
levels of three viral RNA species were analyzed by primer extension analysis. (B) Statistical analysis of viral RNAs in panel A. Values of viral RNAs were
standardized to the 5S rRNA level and normalized to levels of viral RNAs in cells transfected with control vector. Data represent the means = SEMs of results from
three independent experiments. (C) Overexpression of DnaJAl does not affect PB2 and PA expression in the RNP reconstitution system. 293T cells were
transfected as for panel A, except that the pPOLI-NA-RT plasmid was replaced with pPOLI-HA-RT plasmid. Cells were harvested after 24 h, and lysates were
analyzed by Western blotting. (D) Statistical analysis of HA levels in panel C. Values of HA were standardized to the actin level and normalized to levels of HA
in cells transfected with control vector (means * SEMs of results from three independent experiments). (E) The C-terminal substrate-binding domain of DnaJA1
stimulates viral protein expression in the RNP reconstitution system. 293T cells were transfected as for panel C, except that the full-length DnaJAl-expressing
plasmid was replaced with DnaJAl truncation mutant-expressing plasmids individually. Cell extracts were prepared and analyzed by Western blotting. (F)
Statistical analysis of HA levels in panel C. The data are presented as means = SEMs of results from three independent experiments. *, P < 0.05; **, P < 0.01.

synthesized in the ApG-primed transcription assay with the poly-
merase prepared from the control cells than in the DnaJA1 knock-
down cells (Fig. 6C and D). Therefore, our in vitro data suggested
that DnaJA1 is used by influenza virus to specifically enhance its
viral polymerase activity.

DISCUSSION

The RNA polymerase of influenza virus is the most complex poly-
merase among the RNA-dependent RNA polymerases of RNA
viruses because of its nature of being a heterotrimeric complex
and its utilization of the nucleus as the site for viral RNA synthesis.
As aresult, the interplay between influenza virus RNA polymerase
and host factors is much more complicated than those of other
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RNA viruses. In this study, we identified a host factor, DnaJAl/
Hsp40, as an interacting partner of PB2 and PA subunits of the
viral RNA polymerase through combined copurification and mass
spectrometry methods. We found that DnaJAl is specifically re-
cruited into nucleus along with the PB1-PA nuclear import to
enhance viral RNA polymerase activity. Previously, members of
the Hsp40 family have been reported to be involved in regulating
influenza virus replication through modulating protein kinase R
(PKR) activity. The type I1I Hsp40 p58'%, a cellular regulator of
PKR, has been reported to regulate influenza virus mRNA trans-
lation and infection through a PKR-mediated mechanism (43).
DnaJB1/Hsp40 was reported to be involved in activating the PKR
pathway through its interaction with the viral M2 protein (44). On
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the other hand, DnaJB11/Hsp40 was identified as an interacting
partner of NP and the DnaJB11-NP interaction was implicated in
inhibition of PKR activity upon virus infection (45). To our
knowledge, this is the first report that an Hsp40 protein, DnaJAl,
is specifically involved in association with the influenza viral RNA
polymerase subunits and is able to enhance viral RNA polymerase
activity.

DnaJAl is a typical member of type I Hsp40 proteins which
contain four domains. The ] domain is the most important do-
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main for the Hsp70 cochaperone function of Hsp40 (30, 31, 46).
Hsp40 proteins normally interact with their client proteins
through their substrate-binding region and deliver the client pro-
tein to Hsp70 proteins through its ] domain for subsequent pro-
tein folding (47, 48). In this study, we found that both the PB2 and
PA subunits of influenza virus RNA polymerase are able to asso-
ciate with the C-terminal substrate-binding domain of DnaJAl,
while PA also associates with the G/F-rich domain of DnaJAl. In
terms of the biological function of these associations, we found
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that the role of DnaJAl in stimulating influenza viral RNA poly-
merase activity is mainly dependent on its C-terminal substrate-
binding domain and completely independent of its ] domain. It
has been previously reported that the C-terminal substrate-bind-
ing fragments of other Hsp40 proteins, such as DnaJB6b and
DnaJB8 in Homo sapiens and Ydjl in yeast, could inhibit protein
aggregation and that the antiaggregation activities of these Hsp40
proteins are independent of their ] domains (49, 50). Considering
the fact that the influenza viral RNA polymerase might form oli-
gomers intracellularly (51, 52), together with our observation that
the presence of DnaJA1 could increase the transcriptional activity
of the RNA polymerase in vitro, we speculate that DnaJAl is likely
to play a role in preventing influenza virus RNA polymerase oli-
gomerization by binding to the polymerase through its C-termi-
nal substrate-binding domain. However, we should point out that
our evidence here could not exclude possibilities that DnaJA1 may
affect the structure and/or stability of the viral polymerase com-
plex. Further identification of the DnaJA1 interaction sites on PB2
and PA and examination of the role of the DnaJAl in polymerase
activity are important to elucidate the mechanism.

In addition to DnaJA1l identified here, there were other host
factors that have been reported to be able to stimulate influenza
virus RNA polymerase activities in vitro. Momose et al. reported
that the Hsp90 was able to stimulate in vitro virus RNA synthesis
by stabilizing the viral polymerase activity (23). Although they
found that Hsp90 interacted with the PB2 subunit through both
the N-terminal chaperone domain and the middle region, the vi-
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rus RNA synthesis stimulatory activity of Hsp90 was only depen-
dent on an acidic domain of the middle region (23). In addition, a
host factor, Ebp1, was reported to interact with the catalytic region
of PBI subunit and thus interfere with in vitro RNA synthesis
activity of influenza virus RNA polymerase (3P complex) (53).
Therefore, our findings in this study further extend our knowl-
edge on host factors that are specifically involved in stimulating
viral RNA polymerase activities.

In summary, we have newly identified a member of Hsp40
family, DnaJAl, that acts as a positive regulator for influenza virus
replication. Our detailed biochemical analysis revealed that
DnaJA1l could specifically associate with the influenza virus RNA
polymerase PB2 and PA subunits and enter the nucleus along with
the nuclear import of PB1-PA dimer to specifically enhance viral
RNA polymerase activities. These results not only increase our
knowledge on host factors involved in regulating influenza virus
RNA polymerase but also provide a novel basis for development of
drugs against influenza virus.
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