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Introduction

The human mitochondrial carrier homolog 2 (MTCH2) 
protein is closely related to the mitochondrial carrier (MC) 
protein family [1, 2]. The members of the MC protein fam-
ily are mostly located in the inner mitochondrial membrane; 
they play a role in many important metabolic pathways 
such as oxidative phosphorylation, fatty acid oxidation, the 
citric acid cycle, gluconeogenesis, lipogenesis, and ketone 
body production and utilization [3]. The MTCH2, structur-
ally similar to MC proteins, is functionally not character-
ized very well. In some studies, the MTCH2 protein has 
been associated with programmed cell death (apoptosis) [4, 
5]. It has been suggested that MTCH2 acts as a receptor 
for BID in mitochondria and plays a critical role in Fas-
mediated apoptosis [6]. On the other hand, it is associated 
with Alzheimer’s, obesity, and diabetes due to its effects on 
mitochondrial metabolism [7, 8]. The reports showing the 
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Abstract
Background The mitochondrial carrier homolog 2 (MTCH2) is a mitochondrial outer membrane protein regulating mito-
chondrial metabolism and functions in lipid homeostasis and apoptosis. Experimental data on the interaction of MTCH2 
with viral proteins in virus-infected cells are very limited. Here, the interaction of MTCH2 with PA subunit of influenza A 
virus RdRp and its effects on viral replication was investigated.
Methods The human MTCH2 protein was identified as the influenza A virus PA-related cellular factor with the Y2H assay. 
The interaction between GST.MTCH2 and PA protein co-expressed in transfected HEK293 cells was evaluated by GST-pull 
down. The effect of MTCH2 on virus replication was determined by quantification of viral transcript and/or viral proteins 
in the cells transfected with MTCH2-encoding plasmid or MTCH2-siRNA. An interaction model of MTCH2 and PA was 
predicted with protein modeling/docking algorithms.
Results It was observed that PA and GST.MTCH2 proteins expressed in HEK293 cells were co-precipitated by glutathione-
agarose beads. The influenza A virus replication was stimulated in HeLa cells whose MTCH2 expression was suppressed 
with specific siRNA, whereas the increase of MTCH2 in transiently transfected HEK293 cells inhibited viral RdRp activity. 
The results of a Y2H assay and protein-protein docking analysis suggested that the amino terminal part of the viral PA (nPA) 
can bind to the cytoplasmic domain comprising amino acid residues 253 to 282 of the MTCH2.
Conclusion It is suggested that the host mitochondrial MTCH2 protein is probably involved in the interaction with the viral 
polymerase protein PA to cause negative regulatory effect on influenza A virus replication in infected cells.
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interaction of the MTCH2 protein with viral proteins are 
limited [9]. However, the relationship of the MTCH2 pro-
tein with apoptosis may be important in terms of its direct 
or indirect effect on the virus replication. Many viruses have 
positive or negative controls on apoptosis pathways in order 
to replicate effectively in the host cell [10, 11]. It is known 
that influenza A viruses affect cellular processes such as host 
cell proliferation, protein synthesis, autophagy, and apopto-
sis through various proteins encoded from their genome [12, 
13]. In this study, the interaction of the PA protein, which 
is a subunit of the influenza A virus RNA polymerase, with 
human MTCH2 was demonstrated by a yeast two-hybrid 
(Y2H) assay.

Influenza A viruses belong to the Orthomyxoviridae 
family and have a negative polarity single-stranded RNA 
genome consisting of eight segments [14]. Replication 
and transcription of the viral RNAs in infected cells are 
catalyzed by the RNA-dependent RNA polymerase (RdRp) 
composed of polymerase basic protein 2 (PB2), polymerase 
basic protein 1 (PB1), and polymerase acidic protein (PA). 
These proteins are carried as bound on the helical hairpin 
of viral RNAs resulting from base pairing between the con-
served semi-complementary 5′- and 3′-ends [14, 15].

The RdRp synthesizes viral RNA through the cRNA inter-
mediate without a primer, while performing the viral mRNA 
transcription in a primer-dependent manner. A short-capped 
oligomer derived from host nascent pre-mRNA is utilized 
to prime transcription of viral mRNAs [16, 17]. Both PB2 
and PA subunits are involved in this process; PB2 binds to 
a 5′-cap of nascent host mRNA, and PA cleaves the 10–15 
nucleotide with endonuclease activity [18]. In many studies, 
it has been reported that the influenza PA protein affects the 
viral replication process by interfering with some cellular 
events in addition to the basic functions in viral replication/
transcription. It has been suggested that the PA protein plays 
a role in the inhibition of the host type interferon I signaling 
pathway [12]. Some point mutations in this protein affect 
the virulence of the virus [19] and have immunomodulatory 
effects [20]. In this respect, the PA protein can be considered 
as a multifunctional protein.

In this study, it was revealed that the carboxyl-terminal 
region of the MTCH2 protein interacts with the viral PA 
protein, and the influenza A virus replication is up-regulated 
in MTCH2 gene knockdown cells, whereas the increase 
of MTCH2 expression in the cell inhibits the viral RdRp 
enzyme activity. Considering the Y2H assay data and viral 
RdRP complex structure, possible PA and MTCH2 inter-
action models were predicted using bioinformatics data-
base, and protein modeling/protein-protein docking tools. 
Although the inhibition mechanism resulting from the inter-
action of MTCH2 and PA proteins on viral replication is not 

fully understood, it is believed that these two proteins cause 
this effect through an apoptotic pathway.

Materials and methods

Yeast cells

A Y2H screening assay was performed with the Saccha-
romyces cerevisiae strain PJ69-4 A (MATa trp1-901 leu2-
3,112 ura3-52 his3-200 gal4(deletion) gal80(deletion) 
LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ) [21]. 
This strain contains the TRP and LEU2 transformation 
markers and the ADE2, HIS3 reporter genes, as well as the 
lacZ from Escherichia coli encoding β-galactosidase con-
trolled by GAL4 response elements. The yeast was grown in 
a YPD (1% - w/v yeast extract, 2%- w/v peptone, 2%- w/v 
dextrose) and/or YPAD (YPD + 100 mg/L of adenine sul-
fate) medium at 30 °C, 180 rpm constant shaking. For agar 
plates, 2% - w/v agar was added to the media.

Mammalian cells

The HEK293 (human embryonic kidney cells) and HeLa 
(cervical cancer cells) cell lines were used in transient 
protein expression and/or viral infection. The cells were 
grown in low glucose (1 g/L) Dulbecco’s Modified Eagle’s 
Medium (DMEM) (Gibco #31600083) supplemented with 
10% fetal bovine serum (Gibco #10270106), 2 mM gluta-
mine, penicillin (100 U/mL), and streptomycin (100 µg/mL) 
and incubated in an incubator at 37 °C under 5% CO2 and 
95% air humidity.

Bacterial strains

The Escherichia coli DH5α, Mach1, and Top10 strains 
were used during the cloning of genes and amplification of 
plasmids. The bacteria were cultured in Luria-Bertani (LB) 
broth (1% - w/v Tryptone, 0.5% - w/v Yeast Extract, NaCl 
1% - w/v). For solid LB medium (LBA), 1.5% - w/v agar 
was added.

Viruses

Human influenza A/WSN/33-H1N1 (WSN) and avian influ-
enza A/duck/Pennsylvania-H5N2 (DkPen) viruses were 
used in infection experiments to detect the effects of host 
proteins on viral replication and their interactions with the 
viral PA protein. The viruses were obtained from the Depart-
ment of Infection Biology, Faculty of Medicine, Tsukuba 
University (Japan).
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Plasmids and construction of expression vectors

The plasmids pGBD-C1 [21] and pCHA [22] were used to 
construct vectors expressing bait protein in yeast and human 
MTCH2 in mammalian cells, respectively. Influenza A 
virus minireplicon plasmids were constructed as previously 
described [23, 24].

In the Y2H screening assays, a bait protein (nPA-GBD) 
consisting of the amino-terminal half of the influenza A 
DkPen PA (nPA: 1-359. amino acids) bound to the amino-
terminal end of the yeast GAL4 transcription factor bind-
ing domain was used. The plasmid vector encoding this 
bait protein was obtained by cloning the viral PA cDNA 
into the pGBD-C1 plasmid. The pGBD-C1 plasmid DNA 
was linearized just before the start codon of the GAL4-BD 
coding sequence by inverse PCR using the GAL4-For and 
GBDvec-Rev primers (Table 1). The PCR was performed 
using the high fidelity KOD DNA polymerase enzyme 
(Toyobo #KOD-201) in the following cycling conditions: 
initial denaturation for 3 min at 97 °C, 32 cycles of 15 s at 
97 °C, 20 s at 54 °C, 5 min at 68 °C, and a final extension 

for 15 min at 68 °C. The PCR product was purified with an 
agarose gel extraction kit (Invitrogen #K210012). The viral 
nPA cDNA was amplified with KOD DNA polymerase using 
phosphorylated PA/DkPen-For and nPA/DkPen-GGSG-Rev 
primers and pCAGGS-PA(D) [23] plasmid DNA as a tem-
plate. The primers were phosphorylated with T4 polynucle-
otide kinase (NEB #M0201). The PCR cycling condition 
was an initial denaturation at 97 °C for 3 min, 32 cycles 
of 15 s at 97 °C, 15 s at 53 °C, 45 s at 68 °C, and a final 
extension at 68 °C for 10 min. The PCR product was puri-
fied with an agarose gel extraction kit. Linearized pGBD-
C1 plasmid DNA and viral nPA cDNA was ligated with T4 
DNA ligase (TaKaRa #2011), and the resultant plasmid was 
named pGBD-nPA.GAL4.

In order to increase the MTCH2 protein level in tran-
siently transfected cells, the MTCH2 gene was cloned in a 
pCHA plasmid under the control of a chicken β actin pro-
moter. MTCH2 v.3 (NCBI: NP_001304162.1) cDNA was 
amplified by PCR using MTCH2-specific phosphorylated 
MTCH2-For/MTCH2-Rev primers (Table 1) and the HeLa 
cDNA library as a template and purified with an agarose gel 
extraction kit. pCHA plasmid DNA was digested with the 
EcoRV (NEB #R0195) enzyme and then dephosphorylated 
with Shrimp Alkaline Phosphatase (SAP) (ThermoFisher 
#78390). Digested pCHA plasmid DNA and MTCH2 cDNA 
were ligated with T4 DNA ligase, and the resulting plasmid 
was named pCHA-MTCH2.

For the GST pull down assay, MTCH2 v.3 cDNA was 
cloned downstream of the GST ORF in the pCAGGS-GSTnls 
plasmid vector [25]. The linearized pCAGGS-GSTnls 
DNA was created with inverse PCR using pCA-Vec-For 
and GST(GGSG)-Rev primers (Table 1). The MTCH2 v.3 
ORF prepared as mentioned above was ligated with linear 
pCGAAS-GSTnls. The resulting plasmid vector was named 
pCAGGS-GST-MTCH2. The plasmid vector encoding the 
PA protein with a C-terminal double Flag epitope (PA.FF) 
was derived from the pCAGGS-PA(W) plasmid [23]. The 
3′-terminal part of the PA gene was amplified using KOD 
DNA polymerase and the pCAGGS-PA(W) template with 
the PA(W)-1485-For and PA(W)-FF-Rev primers (Table 1). 
The PCR product was digested with AflII (NEB #R0520) 
and BglII (NEB #R0144) enzymes and purified with an 
agarose gel extraction kit. The pCAGGS-PA(W) plasmid 
DNA was cut with AflII and BglII, dephosphorylated with 
SAP, and the large plasmid fragment was purified. The PCR 
product carrying the FF sequence was ligated with the plas-
mid DNA and resulting plasmid was named pCAGGS-PA.F. 
pCAGGS-Myc.PA, which encodes PA with the Myc epit-
ope at the N-terminus, was kindly provided by Dr. Fumitaka 
Momose (Kitasato University, Japan).

The small scale plasmid DNAs were prepared with 
the alkaline-lysis method [26], and gene sequences were 

Table 1 Oligonucleotide primers used in different stages of the study
Name Sequence
GAL4-For 5´- A T G A A G C T A C T G T C T T C T A T C 

G-3´
GBDvec-Rev 5´- C T T T C A G G A G G C T T G C T T C A 

A G-3´
PA/DkPen-For 5´- A T G G A A G A C T T T G T G C G A C A 

A T G C-3´
nPA/DkPen-GGSG-Rev 5´-tccagatcctccGTTCTTT-

GTCTTTGGGATCTTC-3´
MTCH2-For 5´- A T C A T G G T A C A G T T C A T T G G C 

A G-3´
MTCH2-Rev 5´- A T T C A A A T T A A C A T T T T C A G G 

T C A C-3´
GAD424-For 5´- A A T A C C A C T A C A A T G G A T G A T 

G T-3´
GAD424-Rev 5´- C C A A G A T T G A A A C T T A G A G G 

A G T-3´
GAD424sq-For 5´- C G A T G A T G A A G A T A C C C C A C-3´
ACTB-QF 5´- C C A C A C C T T C T A C A A T G A G C-3´
ACTB-QR 5´- T C A T G A G G T A G T C A G T C A G G-3´
Seg8/WSN-QF 5´- T G A T G C C C C A T T C C T T G A-3´
Seg8/WSN-QR 5´- T A C A G A G G C C A T G G T C A T T T-3´
Seg8/DkPen-QF 5´- T C A T C G G T G G A C T T G A A T G G-3´
Seg8/DkPen-QR 5´- T C T G A C T C A A C T C T T C T C G C-3´
pCA-Vec-For 5´-  A G A T C T T T T T C C C T C T G C C A A A 

A A T T A T G -3´
GST(GGSG)-Rev 5´- tccagatcctccCAGATCCGATTTTG-

GAGGATGGTC -3´
PA(W)-1485-For 5´-  G T A G A A C T A A G G A G G G A A G 

G -3´
PA(W)-FF-Rev 5´- tttAGATCTTCATTTATCAT-

CATCTTTATAATCTTTATCA
 T C A T C T T T A T A A T C T C T C A A T G C A T 
G T G T G A G G A A G-3´
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Transformation of yeast cells and selection of 
positive colonies

Y2H screening was carried out with S. cerevisiae strain 
PJ69-4 A. The yeast cells were transformed in two steps. In 
the first step, the cells were transformed with the plasmid 
DNA (pnPA-GBD) encoding nPA-GAL4.BD bait. Trans-
formation was performed by the lithium acetate/SS carrier 
DNA/polyethylene glycol (LiAc/SS-DNA/PEG) method 
[27]. The single transformant colony encoding the bait pro-
tein was selected on a synthetic drop-out (SD) plate (with-
out TRP). A culture was prepared from the yeast colonies 
harboring the bait plasmid, and the cells were transformed 
with the Y2H-cDNA library using the LiAc/SS-DNA/PEG 
method. The positive transformants were selected by grow-
ing on SD plates (without trp/leu/his/ade) supplemented 
with 2 mM 1,2,4 triazole (3-AT) for 3–4 days at 30 °C. After 
the first step selection, the reporter β-galactosidase activities 
of the yeast colonies were determined. The yeast colonies 
were grown in 5 ml SD (without trp/leu/his/ade) at 30 C 
with shaking at 200 rpm for 16–20 h, 250 µl of saturated 
yeast cultures were centrifuged at 3500 rpm for 5 min, and 
cell precipitates were suspended in 300 µl of Buffer Z (100 
mM sodium phosphate buffer, 10 mM KCl, 1 mM MgSO4). 
The cell suspensions were subjected to freeze-thaw cycles 
(5 times) in liquid nitrogen and in a water bath (at 37 °C). 
Then, 1 µl of 2-mercaptoethanol and 60 µl of ONPG (4 mg/
ml) substrate solution were added into each sample and 
incubated for 1–2 h at 30 °C. The reaction was stopped by 
adding 300 µl of 0.5 M Na2CO3 on the samples. The cellular 
derbies were removed by centrifugation at 15,000 rpm for 
5 min, and the absorbance of the supernatants at 420 nm was 
measured. Relative β-galactosidase activities of the samples 
compared to the control cells (harboring the bait plasmid) 
were determined.

Identification of the candidate gene

Plasmid DNA was isolated from the yeast colonies grown 
on SD plates (without trp/leu/his/ade) having high rela-
tive β-galactosidase activity by using a yeast plasmid DNA 
isolation kit (Bio Basic #BS459). The candidate cDNAs 
were amplified with PCR using the GAD424-F/GAD424-
R primer (Table 1) pairs bound to their borders and the 
plasmids as template and then purified. The sequences of 
the purified cDNAs were identified by Sanger sequencing 
with GAD424sq-For primer (Table 1) followed by BLAST 
analysis. In this study, we focused on the MTCH2 protein, 
which is one of the candidate interactor proteins of viral PA, 
because of triggering of apoptosis in host cells under viral 
infection conditions.

confirmed by Sanger sequencing. Then, midi-scale plasmid 
DNA isolations and purifications were performed using a 
Plasmid Midi Kit (Qiagen #12145).

DNA library construction and amplification for Y2H 
screening

The cDNA library for Y2H screening was obtained by clon-
ing the cDNAs prepared from HeLa cells into the pGAD424 
plasmid vector. A cDNA synthesis kit (TaKaRa #6120) was 
used for the preparation of the cDNA by following the kit 
manufacturer’s guidance. The cDNA was cloned into the 
EcoRI site in the pGAD424 plasmid. After first step ampli-
fication in competent E. coli DH5α with high transforma-
tion efficiency (competent cell kit: Toyobo #DNA-903), the 
cDNA library was transformed into electrocompetent E. coli 
Top10 cells (Invitrogen #C404052) by the electroporation 
method. For this, 2 µl (250 ng) cDNA library (cloned in 
pGAD424) was added to 50 µl of electrocompetent cell sus-
pension. A single pulse (2000 V-5 mSec) for a 100 µl elec-
troporation cuvette (Eppendorf AG #94) was applied with 
an electroporation apparatus (Electroporator 2510, Eppen-
dorf, Germany), and 750 µl of LB broth was immediately 
added to the cells. The cell suspension was diluted to 10 ml 
with LB broth and spread on 150 cm LB agar plates (+ amp) 
(400 µl/plate) and incubated at 35 °C for 48 h. The bacte-
rial colonies on each LB plate were collected in 10 ml LB 
broth with a glass baguette (approximately 200 ml). Plas-
mid DNA was isolated from the cells by the alkaline-lysis 
method [26]. 10 µl of RNase A (10 mg/ml) was added to a 
one ml DNA sample in TE buffer and incubated for 15 min 
at room temperature. Then, the sample was mixed with 4 
volumes of PEG (20% - w/v)/NaCl (1.25 M) solution, incu-
bated on ice for 60 min, and centrifuged at 15,000 rpm at 
4 °C for 25 min. The DNA precipitate was washed with 
cold 70% - v/v EtOH, dried, dissolved in TE, and checked 
with agarose gel electrophoresis. To check for the different 
insert cDNA content of the amplified cDNA library, a small 
amount of plasmid DNA was transformed into chemically 
competent E. coli Mach1 cells. Twenty randomly selected 
colonies grown on the LB plate (+ amp) were examined by 
colony-PCR for inserting DNA using primer pair GAD4-F 
and GAD4-R (Table 1) targeting the insert borders. Agarose 
gel electrophoresis showed that, on average, 80% of the col-
onies carried cDNA of varying sizes (data not shown). The 
quality-checked cDNA library was used for the transforma-
tion of yeast cells for Y2H screening.
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Western blot analysis

Expression of the viral and cellular proteins in the cells 
transfected and/or infected with influenza A viruses was 
detected with immunoblotting. The cells were lysed in SDS-
sample buffer, the proteins were separated by 10% SDS-
PAGE, and then transferred to a PVDF membrane. The 
membranes were blocked with 5% non-fat milk (in TBS-
T) and probed with primary antibodies diluted in blocking 
solution. After washing with Tris-Buffered Saline (TBS: 50 
mM Tris pH.8, 138 mM NaCl, 2.7 mM KCl), and TBS-T 
(TBS + 0.1% Triton X-100), the membranes were treated 
with goat anti-mouse IgG-HRP (Invitrogen #31420) or anti-
rabbit IgG-HRP (Invitrogen #31423) secondary antibodies. 
The proteins were visualized with ECL detection kit (GE 
Healthcare #RPN2235) using a gel imaging system (DNR 
Bio-Imaging system, Israel).

Co-expression of MTCH2 and PA proteins in the cells, 
and GST pull-down assay

HEK293 cells were seeded in 10 cm petri dishes (3 × 106 
cells/petri) and incubated overnight under standard cul-
ture conditions. The cells were transfected with a mixture 
of pCAGGS-GST-MTCH2 (4.5 µg) and either pCAGGS-
PA.FF or pCAGGS-Myc.PA (3 µg) using PEI as described 
previously [13]. To monitor transfection efficiency, pEGFP-
N1 reporter plasmid DNA (Clontech) (0.1 µg) was added 
to the DNA mixture. Forty-eight hours after transfection, 
the media were removed and the monolayers were washed 
with PBS, and then incubated with 2 mM dithiobis (succin-
imidylpropionate) (DSP) at 4 °C for 1 h. After that, glycine 
was added to the samples to achieve a final concentration 
of 100 mM, and the DSP-glycine solution was removed. 
The cells were collected in 0.75 ml buffer A (50 mM Tris, 
pH.8, 150 mM NaCl, 1 mM EDTA, 0.1% NP40) using a 
scraper, lysed by freeze and thaw cycles (liquid nitrogen : 
37 °C) followed by passing through 27G needle. The lysates 
were centrifuged at 14,000 rpm for 10 min at 4 °C, and the 
supernatant was used for analysis of protein expression and 
GST pull-down. A 100 µl of a 50% slurry of glutathione-
agarose beads (Thermo Scientific #16100) equilibrated with 
wash buffer (50 mM Tris, pH.8, 150 mM NaCl) was added 
to the 500 µl of supernatant and mixed for 4 h at 4–6°C. 
The samples were centrifuged at 2500 rpm for 2 min and 
the supernatant was removed. The beads were washed twice 
with wash buffer by mixing for 5 min. The precipitates were 
suspended in 100 µl x2 SDS-PAGE sample buffer and the 
proteins were denatured at 95–100 °C for 5 min. The pro-
teins underwent analysis through SDS-PAGE/Western blot, 
as described in Sect. Western blot analysis using rabbit 
polyclonal anti-GST antibody (Abcam #ab9085) (for GST.

Plasmid DNA transfection

HEK293 or HeLa cells were seeded in 12-well (1-2 × 105 
cells/well) or 24-well (5 × 104 cells/well) plates and incu-
bated at 37 °C for 24 h. The cells in each well were trans-
fected with 0.3–1 µg of plasmid DNA. For this, plasmid 
DNAs were diluted in OPTI-MEM (Gibco #31985047) at 
a concentration of 15 ng/µl. A transfection reagent (Gene-
Juise, Novagen #70967) was diluted 1/22 in OPTI-MEM 
and mixed with an equal volume of diluted DNA samples 
(average ratio: 3 µl reagent for 1 µg DNA). For complex for-
mation, the mixture was left for 5 minutes at room tempera-
ture and added to culture media. After 40–48 h of incubation 
under standard culture conditions, the cells were examined 
with Western blotting, immunofluorescence staining, or 
minireplicon assay.

siRNA transfection

The MTCH2 gene in HeLa cells was knocked down using 
MTCH2 gene-specific siRNA. 20–30 pMol of MTCH2-
siRNA (Life Technologies #1299001/HSS119218) was 
diluted in 125 µl of OPTI-MEM. Three µl of RNAi-max 
(Invitrogen #13778075) diluted in an equal volume of OPTI-
MEM was mixed with diluted siRNA and incubated at room 
temperature for 5 min. For the control, a negative control 
siRNA (Santa Cruz #sc-37007) was similarly prepared.

HeLa cells grown in DMEM were suspended with Tryp-
sin (0.1%) - EDTA (0.05%) solution and precipitated by 
centrifugation at 1000 rpm for 5 minutes. The cells were re-
suspended in OPTI-MEM, counted with a hemocytometer, 
and adjusted to 5 × 105 cells/ml cell density. siRNA/RNAi-
max samples were added to 0.5 ml cell suspension (2.5 × 105 
cells) in 1.5 ml tubes and mixed at moderate speed in a verti-
cal tube mixer at 37 ºC for 30 min. The samples were then 
transferred to 6-well plates containing 2 ml of DMEM and 
incubated for 48 h under standard culture conditions. After 
incubation, the cells were suspended with Trypsin-EDTA 
and counted with a hemocytometer. RNA extraction was 
performed for the quantitation of MTCH2 transcripts from 
a portion of cells. A portion of siRNA-transfected and non-
transfected cells (as a control) were seeded in 12-well plates 
(5 × 105 cells/well), and 24 h after incubation, the cells were 
infected with a MOI of 0.2 influenza A (WSN) or (DkPen) 
viruses. The RNA extraction was performed from some of 
the infected samples for quantitation of viral RNAs at the 
8th hour of infection. After reverse transcription, the viral 
RNA, viral cRNA/mRNA, and ACTB transcript levels were 
analyzed by quantitative PCR (qPCR). Some infected sam-
ples were harvested at 12 h post infection, and viral and cel-
lular β-Actin proteins were analyzed with Western blotting.
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denaturation for 5 s at 95 °C, annealing at 52–58 °C for 10 s, 
and elongation at 72 °C for 20 s followed by melting curve 
analysis. The relative quantity of target gene transcripts in 
comparison to ACTB reference gene were defined.

Minireplicon assay

The viral RNA polymerase activity in the cells transfected 
with the MTCH2 coding plasmid was investigated with an 
influenza A virus minireplicon assay [23, 24]. The HEK293 
cells were grown in 24-well plates (1 × 105 cells/well) under 
standard culture conditions for 20–24 h. The cells grown 
in each well were transfected with a set of minireplicon 
plasmids (pHH21-vNS-luc, pCAGGS-PB2, pCAGGS-PB1, 
pCAGGS-PA, and pCAGGS-NP), increasing amounts of 
pCHA-MTCH2 (30 ng, 100 ng, or 200 ng), and pSEAP for 
normalization. The total DNA quantity for each well was 
adjusted to 300 ng with the pCHA plasmid. At 24 h and 48 h 
post-transfection, secreted alkaline phosphatase (SEAP) 
(for normalization) that is expressed under the control of 
host RNA polymerase II (Pol II) and reporter firefly lucif-
erase activities were determined, respectively. SEAP and 
luciferase activities were detected using the commercial kits 
(Roche #31420 and Promega #E1501).

Docking analysis

The 3D models of MTCH2ΔN, MTCH2 v3, MTCH2:253–
282, viral nPA and nP:280–359 proteins were predicted 
on the I-TASSER online platform (https://zhanggroup.
org/I-TASSER/) using the I-TASSER algorithm [28]. The 
3D model of the MTCH2 v1 protein (https://alphafold.ebi.
ac.uk/entry/Q9Y6C9) predicted by Alphafold [29, 30] was 
taken as a reference model. Interaction patterns of predicted 
MTCH2:253–282 peptide with nP:280–359 were gener-
ated on the ClusPro server (https://cluspro.bu.edu) with 
the ClusPro algorithm [31]. The carboxy-terminal region 
of MTCH2 consisting of 82 amino acid residues, which 
interacts with nPA in yeast cells, was highlighted in pro-
tein-protein docking analysis. Since the influenza A virus 
RdRp enzyme has a heterotrimeric structure, the interac-
tions of the PA protein with PB2 and PB1 were taken into 
account in the docking analysis. Based on the influenza A/
duck/Fujian/01/2002(H5N1) virus polymerase structure 
[32] provided in the RCSB Protein Data Bank (www.rcsb.
org/structure/6QPF), the interaction points of PA-PB1 and 
PA-PB2 proteins were determined with the PDBsum [33] 
algorithm (http://www.ebi.ac.uk/thornton-srv/databases/
pdbsum/) and a masking file of nPA was obtained for dock-
ing analysis. Using the interaction parameters determined 
for MTCH2:253–282 and nP:280–359 peptides, the pos-
sible protein-protein docking models were predicted with 

MTCH2), mouse monoclonal anti-flag (Abcam #ab125243) 
(for PA.FF) or mouse monoclonal anti-myc (Millipore #05-
724) (for Myc.PA) antibodies.

Immunofluorescence assay

HeLa cells were grown on coverslips in 12-well plates and 
transfected with the plasmid DNA as described. About 
44 to 48 h after transfection, the cells were washed with 
PBS and fixed with 3% (w/v) paraformaldehyde. The cells 
were washed again with PBS and treated with 0.1% (v/v) 
NP-40 (in PBS) for 15 min. Then, the cells were blocked 
for 30 min with 1% (w/v) non-fat milk powder (in PBS) 
and exposed to primary antibodies (mouse monoclonal anti 
HA, Santa Cruz #sc-7392, and/or anti-PA polyclonal rabbit 
antisera) diluted at 1:500 to 1:1000 for 1 h. The cells were 
washed twice with PBS and blocked a second time with 1% 
(w/v) non-fat milk. Following this, the cells were treated 
with goat anti-mouse IgG-Alexa-488 (Abcam #ab150117) 
and/or goat anti-rabbit IgG-Alexa-568 (Abcam #ab175471) 
secondary antibodies diluted at 1:300 for 60 min. The cell 
nuclei were visualized with DAPI. The coverslips with the 
cells were turned upside down on 2–3 µl mounting medium, 
and the labeled proteins were visualized with a conventional 
fluorescent microscope (Olympus BX50) or a laser confocal 
microscope (Carl Zeiss LSM 700).

RNA extraction, first-strand cDNA synthesis, and 
qPCR

For quantitative analysis of transcripts in the cells by qPCR, 
the total RNA extraction was performed with a commercial 
kit (Qiagen #74,104) following the manufacturers’ instruc-
tions. The integrity of the RNA samples was checked with 
denaturing agarose gel containing formaldehyde. First-
strand cDNA synthesis was carried out with a MMLV reverse 
transcriptase enzyme (Toyobo #TRT-101 or Biotechrabbit 
#BR040020) by using 0.25–0.5 µg total RNA and oligo-
dT primer (for ACTB and MTCH2) or the primers specific 
for viral RNAs given in Table 1 (for vRNA of WSN: Seg8/
WSN-QF/ for cRNA + mRNA of WSN: Seg8/WSN-QR/ for 
vRNA of DkPen: Seg8/DkPen-QF/ for cRNA + mRNA of 
DkPen: Seg8/DkPen-QR). The cDNA synthesis protocols 
were designed according to the enzyme manufacturers’ 
guidelines. The qPCR was performed with FastStart Uni-
versal SYBR Green Master Mix (Roche #4913850001) by 
using the gene specific primers given in Table 1 (ACTB: 
ACTB-QF and ACTB-QR/ MTCH2: MTCH2-For and 
MTCH2-QR/ WSN viral RNAs: Seg8/WSN-QF and Seg8/
WSN-QR/ DkPen RNAs: Seg8/DkPen-QF and Seg8/
DkPen-QR). The qPCR cycling conditions were as fol-
lows: initial denaturation at 95 °C for 10 min, 45 cycles of 

1 3

  642  Page 6 of 15

https://zhanggroup.org/I-TASSER/
https://zhanggroup.org/I-TASSER/
https://alphafold.ebi.ac.uk/entry/Q9Y6C9
https://alphafold.ebi.ac.uk/entry/Q9Y6C9
https://cluspro.bu.edu
http://www.rcsb.org/structure/6QPF
http://www.rcsb.org/structure/6QPF
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
http://www.ebi.ac.uk/thornton-srv/databases/pdbsum/


Molecular Biology Reports

level, Western blot analysis showed a low H.MTCH2 pro-
tein expression in the transiently transfected HEK293 cells. 
The intracellular localization of the H.MTCH2 protein 
transiently expressed in HeLa cells was detected by immu-
nofluorescence staining. Similar to the native MTCH2 pro-
teins localizing on the outer membrane of the mitochondria, 
transiently expressed H.MTCH2 proteins showed subcellu-
lar distribution pattern such as mitochondrial proteins in the 
cell cytoplasm (Fig. 2B).

GST-pull down

The interaction between MTCH2 and PA protein in mam-
malian cells was evaluated in HEK293 cells co-expressing 
GST.MTCH2 and flag or myc-tagged PA (W) proteins. In 
case of possible interference, pull-down was carried out 
with both N-terminal myc-tagged PA and C-terminal flag-
tagged PA proteins. Both the PA.FF (W) and Myc.PA (W) 
proteins co-precipitated with GST.MTCH2 protein, indi-
cating an interaction between PA and MTCH2 proteins in 
mammalian cells (Fig. 3). This result suggests that PA pro-
tein interacts directly with MTCH2. However, due to the 
DSP crosslinking process prior to pull-down, an indirect 
interaction of these two proteins co-expressed in the cells 
cannot be excluded. There was a decrease in the electropho-
retic mobility of myc/flag-tagged PA (Myc.PA / PA.FF) or 
GST-tagged PA proteins (GST-PA or PA-GST) subjected to 
pull-down compared to input (Figure S1). We believe that 
this is due to the interference of some components of the 
agarose beads with PA. Attempts with GST-tagged PA pro-
tein (GST.PA / H.MTCH2 or nPA.GST / H.MTCH2) did not 
yield any results (data not shown). It was thought that this 
may be related to the conformation of the fusion proteins 
and/or the protein expression levels. In particular, DkPen 
PA protein expression significantly inhibits the expres-
sion of the genes under the control of PolII promoter [13], 
which makes co-precipitation experiments difficult. The 
expression of reporter green fluorescent protein (EGFP) is 
significantly inhibited in HEK293 cells co-transfected with 
plasmids encoding the DkPen PA proteins (Figure S2).

Influenza A virus replication in the MTCH2 gene 
knockdown cells

The effect of MTCH2 protein on the virus replication in 
mammalian cells were investigated in the HeLa cells. The 
MTCH2 gene in the cells was silenced with MTCH2-spe-
cific siRNA transfection. The efficiency of MTCH2 silenc-
ing was verified with qPCR. It was determined that the 
MTCH2 transcript level in the knockdown cells decreased 
by an average 96% compared to control cells (Fig. 4A). 
These cells were infected with human (WSN) and avian 

the ClusPro algorithm. The affinity of protein-protein com-
plexes was determined by calculating the Gibbs free energy 
change (ΔG) and the equilibrium dissociation constant (KD) 
values using the PRODIGY (PROtein binDIng enerGY pre-
diction) web server [34]. The visualization of the results was 
performed using PyMOL software. In terms of Cluster num-
bers, the two most likely interaction models were presented.

Results

Identification of the human MTCH2 protein as an 
interactor of the viral PA protein

The interaction of the influenza A virus PA protein with 
the cellular MTCH2 protein was detected with the Y2H 
assay. The viral PA gene was cloned in a pGBD-C1 plas-
mid fused with GAL4.BD in different sizes and different 
orientations, and the plasmids encoding the bait proteins 
were obtained. However, it was determined only that the 
hybrid protein resulting from the fusion of the amino-termi-
nal part of PA consisting of 359 amino acid residues (nPA) 
and the yeast GAL4.BD domain (148 amino acid residues) 
(Fig. 1A) interact with MTCH2 in the yeast cells. The yeast 
colony grown on the selective SD plate (without trp/leu/
his/ade) and harboring MTCH2 cDNA showed high rela-
tive β-galactosidase activity (Fig. 1B). Sanger sequencing 
and subsequent BLAST analysis revealed that one of the 
library plasmids selected with Y2H-screening carries the 
partial cDNA of the MTCH2 gene (Fig. 1C) which encodes 
the carboxy-terminal part of the MTCH2 consisting of 82 
amino acid residues fused with yeast GAL4.AD (Fig. 1D).

Expression and subcellular localization of the HA-
tagged MTCH2 protein in transiently transfected 
cells

It is estimated that there are at least seven transcript iso-
forms for the human MTCH2 gene encoding proteins, 
ranging in size from 155 to 303 amino acids (https://www.
uniprot.org/uniprotkb/Q9Y6C9/entry#sequences). In order 
to transiently express the MTCH2 protein in the mamma-
lian cells and the native host of the influenza A viruses and 
to investigate the interaction of this protein with the viral 
PA, a cDNA coding MTCH2 v.3 consisting of 155 amino 
acids (Fig. 1D) was cloned in the pCHA plasmid in-frame 
with the sequence of the HA-tag (YPYDVPDYA). The plas-
mid DNA coding the HA-tagged MTCH2 v.3 (H.MTCH2) 
protein was transfected into HEK293 cells, and the transient 
expression of the protein was determined by Western blot-
ting (Fig. 2A). Although the genes under the control of the 
chicken β actin promoter mostly have a high expression 
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Fig. 2 The expression and subcellular localization of H.MTCH2 
proteins in the cells transfected with pCHA-MTCH2 plasmid. 
A. Western blot analysis of H.MTCH2 proteins expressed 
in HEK293 cells. The H.MTCH2 and β-Actin proteins were 
labeled with mouse monoclonal anti-HA and mouse monoclonal 
anti-actin antibodies, respectively. NT. Non-transfected cells. 
B. Subcellular localization of the H.MTCH2 in HeLa cells. The 
H.MTCH2 proteins were immunostained with mouse monoclo-
nal anti-HA and goat anti-mouse IgG Alexa Fluor 488 conjugate 
antibodies and visualized via a laser confocal microscope (Carl 
Zeiss LSM 700)

 

Fig. 1 Identification of influenza A virus PA interactor with Y2H assay. 
A. Schematic representation of the bait protein structure (nPA-GAL4.
BD) used for Y2H screening. GGSG: A four-amino acid linker (Gly-
Gly-Ser-Gly) added between viral nPA and GAL4.BD to give the pro-
tein a modular structure. B. Relative β-galactosidase activity of yeast 
cells harboring bait and candidate cDNA plasmids. GAL4.AD: yeast 

GAL4 transcription factor activation domain. GAL4.BD: Yeast GAL4 
DNA binding domain. MTCHΔN: MTCH2 v.3 protein with 73 amino 
acid deletion at the amino terminal end. C. Sanger sequencing chro-
matogram of cDNA coding GAL4.AD-MTCH2ΔN. D. Schematic rep-
resentation of structure of the candidate GAL4.AD-MTCH2ΔN and 
MTCH2 v3 proteins
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on influenza A virus replication. The MTCH2 was found to 
be more effective on avian DkPen type viruses than that of 
WSN. At 12 h post-infection, the MTCH2 gene knockdown 
HeLa cells were harvested and analyzed for viral PA and 
endogenous β-Actin proteins with western blotting (Fig. 5). 
In correlation with the viral RNA quantities given in Fig. 4, 
a significant increase in the amount of the viral protein was 
detected in the knockdown cells.

Effect of the MTCH2 protein on influenza A virus 
RdRp enzyme

Since the viral PA protein is a component of the influenza 
virus RNA polymerase, the effect of the MTCH2 protein 
on the viral RdRp enzyme was investigated with the mini-
replicon assay [24]. The HEK293 cells grown in 24-well 
plates were co-transfected with minireplicon plasmids and 

type (DkPen) influenza A viruses. The quantities of the viral 
RNA (vRNA), viral complementary RNA + viral mRNA 
(cRNA + mRNA) and cellular ACTB mRNA were deter-
mined in the total RNA isolated from the cells in the early 
stages of infection (8 h post infection) with qPCR. The viral 
RNA quantities were normalized with the ACTB transcript 
level and compared with the control cells transfected with 
negative control siRNA. In MTCH2 gene knockdown cells, 
the vRNA quantity of DKPen type viruses increased by an 
average of 92% in the early stage of infection, while the 
vRNA of WSN type viruses increased by 69% compared 
to the control cells (Fig. 4B). Similarly, an increase in the 
viral complementary RNAs was also detected in the cells. 
An average 94% and 69% increase of DKPen and WSN 
type virus cRNA + mRNA quantities was observed, respec-
tively (Fig. 4C). These results revealed that the MTCH2 
protein is a cellular factor having a down-regulatory effect 

Fig. 4 Quantitative analysis of the viral and cellular RNAs in the HeLa 
cells transfected with siRNA and virus infected. (A) The MTCH2 gene 
transcript level in the cells transfected with MTCH2 gene specific 
siRNA. (B) The viral RNA quantities at eighth hour after infection 

in the MTCH2 gene knockdown cells. (C) The viral cRNA + mRNA 
quantities at eighth hour after infection in the MTCH2 gene knock-
down cells. The expression of the genes was normalized with the 
ACTB housekeeping gene (Gene/ACTB)

 

Fig. 3 Co-precipitation of the GST.MTCH2 and the viral PA proteins. 
The proteins were co-expressed in HEK293 cells with transfection of 
pCAGGS-GST-MTCH2/pCAGGS-PA.F or pCAGGS-GST-MTCH2/
pCAGGS-Myc.PA plasmids. The GST.MTCH2 in the cell lysates were 
precipitated with glutathione-agarose beads and the proteins were 
analyzed with Western blotting. The proteins were separated using 

SDS-PAGE, transferred to PVDF membrane, and blotted with rabbit 
polyclonal anti-GST (for GST.MTCH2), mouse monoclonal anti-flag 
(for PA.FF) and mouse monoclonal anti-myc (for Myc.PA) antibod-
ies. They were then visualized using goat anti-rabbit or anti-mouse 
secondary antibodies conjugated to HRP and a chemiluminescence 
detection system
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pCHA-MTCH2. Reporter luciferase activity in the cells was 
normalized with SEAP activity. The results showed that the 
increase of MTCH2 in transiently transfected HEK293 cells 
had a negative effect on both influenza A/WSN and DkPen 
virus RdRp (Fig. 6).

Intracellular localizations of co-expressed viral PA 
and H.MTCH2 proteins

Intracellular localization profiles of viral PA and MTCH2 
proteins co-expressed in transiently transfected HeLa cells 
were examined by immunostaining. The viral PA protein 
shows nuclear and nucleo-cytoplasmic localization depend-
ing on its expression level (Fig. 7A). The MTCH2 protein, 
which is expressed alone in cells, gives a typical organelle 
protein location pattern in the cytoplasm (Figs. 2B and 7B). 
This result revealed that the co-expressed H.MTCH2 and 
viral PA proteins gave similar localization patterns and had 
a tendency to co-localization into the cells (Fig. 7C).

Fig. 6 The influenza A virus RdRp activities in HEK293 cells trans-
fected with increasing amounts of pCHA-MTCH2 plasmid DNA 
encoding MTCH2 v3 protein. The viral RdRp activities were deter-
mined using the virus minireplicon assay. The HEK293 cells were co-
transfected with plasmids encoding the RdRp subunits and NP protein 
of influenza A/WSN (A) or DkPen viruses (B). The cells grown in 
24-well plate were co-transfected with constant amount of minirep-

licon plasmids (ng/wll: 20 ng/pHH21-vNS-luc; 3 ng/pCAGGS-PB1/
WSN or 10 ng/pCAGGS-PB1/DkPen; 3 ng/pCAGGS-PB2/WSN 
or 10 ng/pCAGGS-PB2/DkPen; 3 ng/pCAGGS-PA/WSN or 3 ng/
pCAGGS-PA/DkPen; 30 ng/pCAGGS-NP/WSN or 30 ng/pCAGGS-
NP/DkPen; 20 ng/pSEAP) and the pCHA-MTCH2 DNA in amounts 
shown in the figure. The reporter firefly luciferase activities were nor-
malized with SEAP

 

Fig. 5 Western blot analysis of the viral and cellular proteins in the 
siRNA transfected/virus-infected HeLa cells. The HeLa cells were 
infected with influenza A/WSN (A) or DkPen viruses (B). The proteins 
were separated on 10% polyacrylamide gel and transferred to PVDF 
membrane. Viral PA and cellular β-Actin proteins were labeled with 
polyclonal rabbit anti-PA and monoclonal mouse anti-actin antibodies, 
respectively. HRP-conjugated goat anti-rabbit IgG or anti-mouse IgG 
antibodies were used as secondary antibodies. The proteins were visu-
alized with ECL detection kit. NT. Non-transfected cells
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As a result of protein-protein docking analysis between 
viral nPA and the third cytoplasmic domain of MTCH2 
(MTCH2:253–282), it was found that the MTCH2:253–282 
peptide formed clusters on the region of viral nPA covering 
the 280-350th amino acid residues in most of the predicted 
models (data not shown). Therefore, the predicted models 
of nPA:280–359 and MTCH2:253–282 peptides were sub-
jected to protein docking analysis. The protein complex 
formation affinities of sixty models generated by ClusPro 
were determined using PRODIGY. Considering the ΔG and 
KD values, two models with the highest rank were given in 
Fig. 8C. Interacting amino acid residues were detected in 
Model-1 having the highest binding affinity with values of 
“ΔG: -8.4” and “KD:7.50E-07” (Fig. 8C, lower panel). In 
this model, 28 amino acid residues of nPA:280–359, which 
consists of 80 amino acids, are in close proximity to form 
a bond with the MTCH2:253–282 peptide. Considering the 
complex structure of the viral RdRp enzyme, it is thought 
that the Model-1 of the predicted models will have a higher 
probability of interaction with MTCH2.

In silico prediction and interaction of MTCH2 and PA 
proteins

The MTCH2 protein is a multi-pass membrane protein 
located on the outer membrane of the mitochondria [35]. 
Using the predicted data of the MTCH2 protein in the Uni-
Prot protein data bank, the possible functional domains of 
the Alphafold MTCH2 model (Q9Y6C9) and the I-TASSER 
models of MTCH2 v3, MTCH2:253–282, viral nPA and 
nPA:280–359 were visualized with PyMol software (Fig. 8). 
Three cytoplasmic domains were predicted for the MTCH2 
v1. The MTCH2ΔN peptide, interacting with the viral nPA 
protein in yeast cells, consists of 82 amino acid residues at 
the carboxy terminus of MTCH2 and carries a single cyto-
plasmic domain as alfa helix structure that is likely to inter-
act with PA under native conditions (Fig. 8A). The 3D model 
of the influenza A/DkPen virus PA previously identified as 
the RdRp complex [32] and the nPA model predicted by 
the I-TASSER algorithm are given in Fig. 8B. The interac-
tion of the viral PA protein with the MTCH2 was evaluated 
with ClusPro, ignoring the carboxy-terminal moiety and the 
regions involving in complex formation with PB2 and PB1. 

Fig. 7 The subcellular localization of transiently expressed viral PA 
and human H.MTCH2 proteins in the HeLa cells. The cells grown 
in 12-well plate were transfected with 0.5 µg of pCAGGS-PA and/
or pCHA-MTCH2 plasmids and the proteins were immuno-stained at 
48 h after transfection. The cells were analyzed with a conventional 

fluorescent microscope equipped with a peltier camera (Olympus 
DP72). A. The viral PA protein was expressed alone in the cells. B. 
The H.MTCH2 protein was expressed alone in the cells. C. The PA and 
H.MTCH2 proteins were co-expressed in the cells. Cell nuclei were 
stained with DAPI.
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Fig. 8 In silico prediction of the viral NP 
and human MTCH2 protein structures and 
protein-protein docking. A. The predicted 
3D models of MTCH2 v.1 (AlfaFold) 
(AF-Q9Y6C9-F1-model_v4), MTCH2 v3 
(I-TASSER) and MTCH2ΔN (I-TASSER) 
proteins and possible domains of the 
protein in positioning on the mitochondrial 
membrane. B. The predicted 3D models of 
influenza A virus DkPen PA and carboxyter-
minal deleted PA (nPA) proteins generated 
with I-TASSER algorithm. C. Interaction 
models of MTCH2:253–282 and nP:280–359 
with the highest rank of complex formation, 
and prominent interaction regions in Model 
1. The 17 amino acid residues on the nPA 
(DkPen) protein that differ from the WSN PA 
are marked on the figure. These differences 
are P28L, R57Q, I62V, S65L, M86I, V91I, 
V100A, E114K, R213K, N228K, C241Y, 
T263S, K312R, I322V, I323V, A337S, and 
K356R
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nPA was responsible for the negative effect especially on 
the expression of genes under the control of PolII promoter.

Many avian-type influenza A viruses encounter host 
resistance in replication in mammalian cells and undergo a 
longer adaptation period [40]. It is known that the interac-
tion of viral RNA polymerase subunits with some cellular 
protein factors also plays a role in this resistance arising [41, 
42]. In contrast to MTCH2 gene knock-down cells, inhibi-
tion of the viral RdRp enzyme activity was observed in the 
cells with increased MTCH2 protein by transient transfec-
tion (Fig. 6). This may be a result of the negative effect of 
MTCH2 on the formation of the RdRp complex consisting 
of three subunits. However, since the virus replication is 
carried out by viral RdRp in the nucleus, it is not sufficient 
to explain the stimulation of viral replication in MTCH2-
knock down cells only by the direct interaction of MTCH2 
and the PA subunit. Therefore, due to its role in the apopto-
sis pathway, the MTCH2 protein may act as a mediator for 
the influenza virus to modulate apoptosis during the viral 
infection process.

The channeling of host cells into apoptosis during influ-
enza A virus infection is thought to be a defense mechanism 
to inhibit viral replication. Almost all of the proteins encoded 
by influenza A viruses have a stimulating effect on the apopto-
sis pathway in host cells [12]. These proteins include the viral 
RdRp enzyme subunits as well as PB1-F2 and PA-X peptides 
synthesized by alternative processing of the genes encoding the 
subunits [43, 44]. In some studies, it has been suggested that 
the non-structural NS1 protein has a negative effect on apop-
tosis [43]. Therefore, it is suggested that influenza A viruses 
inhibit apoptosis in the early stages of infection to promote 
viral replication and activate apoptosis in later stages to accel-
erate the death of infected cells [45–47]. The upregulation of 
influenza A virus replication in MTCH2 gene knockdown cells 
may be due to two reasons. The MTCH2 protein can bind to 
the PA protein (or bind the PA to itself) and interfere with PA 
function or influence the apoptosis pathways to down-regulate 
virus replication under infection conditions.

In conclusion, it was discovered that the MTCH2 protein, 
which was found to interact with the influenza A virus PA by 
Y2H and GST pull-down assays, had a negative regulation 
effect on influenza A virus replication in mammalian cells. 
Although an indirect interaction cannot be completely ruled 
out, it was concluded that this effect was due to a direct interac-
tion between the two proteins.
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Discussion

In this paper, we described that the amino terminal half of 
the influenza virus PA (nPA) protein used as bait in the Y2H 
assay interacts with the MTCH2 protein, which has a simi-
larity to mitochondrial carrier (MC) protein family members 
[2, 36]. The sequencing results of the cDNA encoding the 
candidate host protein identified with Y2H assay revealed 
that the peptide interacting with the nPA consists of an aver-
age of 82 amino acid residues from the carboxy terminal 
of MTCH2. Protein-protein docking analysis, which takes 
into account the localization pattern of the MTCH2 protein 
in the mitochondrial outer membrane, strengthened the idea 
that the region interacting with viral PA might be cytoplas-
mic alpha helix structure comprising amino acid residues 
253 to 282.

It has been suggested that the human MTCH2 protein, 
located on the outer membrane of mitochondria, plays a crit-
ical role in embryonic development and is associated with 
apoptosis, which is programmed cell death [4, 5]. Although 
the biochemical function of MTCH2 in these events is not 
fully understood, it is obvious that it plays an important role 
in apoptosis process and mitochondria metabolic events. 
The apoptosis pathway, which is a natural process under 
certain conditions for multicellular organisms, is a situation 
that also affects the replication fate of viruses in many viral 
infections.

The results of many studies aimed at elucidating the 
cell–virus interaction clearly reveal that influenza A viruses 
interact with many cellular proteins during the replication 
process that take place from the attachment of the virus to 
the host cell to the release of progeny virus particles. While 
some of these proteins interacting with the virus have a neg-
ative effect on viral replication [37], some proteins facilitate 
the proliferation of the virus [38, 39]. It is of great impor-
tance to determine what these host proteins are, in which 
direction, and by what mechanisms they affect the viral 
replication in order to develop a new strategy to cope with 
viral infections. In this context, our studies conducted with 
a Y2H assay and mammalian cells showed that the influ-
enza A virus PA protein interacts with the human MTCH2 
protein (Figs. 1, 3 and 7). Significant increases in the viral 
RNAs and viral protein levels were detected in knockdown 
HeLa cells with MTCH2 gene-specific siRNAs (Figs. 4 and 
5). Moreover, the influenza A DkPen type virus was found 
to replicate much more efficiently in MTCH2 gene knock-
down cells than in the WSN type. The amino acid substitu-
tions in DkPen and WSN PA proteins may also contribute to 
this difference. There is a total of 31 amino acid substitution 
in the DkPen and WSN PA proteins encoded via plasmid 
vectors. Of these, 17 amino acid substitutions were marked 
on nPA (Fig. 8B). It was concluded that this difference on 
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