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Abstract
Mitochondria play an essential role in intracellular energy metabolism. This study described the involvement of Bombyx 
mori nucleopolyhedrovirus (BmNPV) GP37 (BmGP37) in host mitochondria. Herein, the proteins associated with host 
mitochondria isolated from BmNPV-infected or mock-infected cells by two-dimensional gel electrophoresis were compared. 
One mitochondria-associated protein in virus-infected cells was identified as BmGP37 by liquid chromatography-mass 
spectrometry analysis. Furthermore, the BmGP37 antibodies were generated, which could react specifically with BmGP37 
in the BmNPV-infected BmN cells. Western blot experiments showed that BmGP37 was expressed at 18 h post-infection 
and was verified as a mitochondria-associated protein. Immunofluorescence analysis demonstrated that BmGP37 localized 
to the host mitochondria during BmNPV infection. Furthermore, western blot analysis revealed that BmGP37 is a novel 
component protein of the occlusion-derived virus (ODV) of BmNPV. The present results indicated that BmGP37 is one of 
the ODV-associated proteins and may have important roles in host mitochondria during BmNPV infection.
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Introduction

Baculoviridae is a diverse family of large DNA viruses that 
infect insects. Baculoviruses are divided into four genera; 
Alphabaculovirus, Betabaculovirus, Gammabaculovirus, 
and Deltabaculovirus, which are lepidopteran-specific 
nucleopolyhedroviruses (NPVs), lepidopteran-specific gran-
uloviruses (GVs), hymenopteran-specific NPVs, and dip-
teran-specific NPVs, respectively [1]. Based on the phylo-
genetic studies, Alphabaculovirus can be further subdivided 

into group I and II NPVs [2]. During their life cycle, NPVs 
produce two morphological forms: the occlusion-derived 
virus (ODV) and budded virus (BV). ODVs are occluded 
in a protein matrix that forms polyhedra called occlusion 
bodies (OBs), which transmit viruses from insect to insect 
via per os infection. In contrast, BVs spread viruses from 
cell to cell [3].

It is well known that NPVs regulate and rearrange host 
cells in different ways during their infection cycles. For 
example, in a typical host antiviral response, apoptosis is 
inhibited by NPV-encoded p35 and inhibitor of apoptosis 
(IAP) genes [4]. The host cell cycle is arrested at the S or 
G2/M phase by NPV infection [5]. Also, the transcription 
of many host genes is up- or down-regulated at the RNA 
level during NPV replication [6–8]. As a result of host cell 
control, a large amount of viral genomic DNA is replicated 
in the NPV-infected cells, abundant polyhedrin protein is 
expressed for 30%–50% of the total host protein, and numer-
ous OBs are formed in the host nucleus [9].

Living organisms utilize intracellular adenosine 
5´-triphosphate (ATP), derived from cytosolic glycolysis 
and mitochondrial oxidative phosphorylation, as a pri-
mary energy source for most cellular processes. On the 
other hand, viruses rely entirely on their host for an energy 
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source. Several reports on the relationship between NPV and 
host cell energy metabolism exist. In NPV-infected cells, 
an increase in ADP/ATP ratio indicated ATP consumption, 
activation of the tricarboxylic acid (TCA) cycle involved in 
ATP production, and increased transcription of host genes 
involved in glycolysis was observed [6, 10, 11]. However, no 
correlation between the host mitochondria and NPV-derived 
proteins has been reported. In this study, the mitochondria 
of Bombyx mori nucleopolyhedrovirus (BmNPV)-infected 
cells were isolated. The proteins associated with the mito-
chondria were analyzed by two-dimensional polyacrylamide 
gel electrophoresis (2D-PAGE) and liquid chromatography/
mass spectrometry (LC/MS). It was confirmed that BmNPV 
GP37 (BmGP37) is a host mitochondria-associated protein. 
We further demonstrated that BmGP37 is associated with 
the occlusion-derived virus (ODV) particles of BmNPV.

Materials and methods

Cells, viruses, and plaque assay

The BmN cells were cultured in TC-100 medium supple-
mented with 10% fetal bovine serum, as described previ-
ously [12]. The BmNPV T3 [13] isolate was propagated 
in the BmN cells. The cells were infected with BmNPV at 
a multiplicity of infection of 10. As determined with the 
plaque assay, the virus titers are expressed as plaque-forming 
units, as described previously [14].

Isolation and two‑dimensional‑polyacrylamide 
gel electrophoresis (2D‑PAGE) 
of mitochondria‑associated proteins

The BmN cells (1 ×  108) infected with BmNPV were col-
lected at 72 h post-infection (hpi). The mitochondria were 
isolated from the mock- or virus-infected cells using a 
mitochondria isolation kit for cultured cells (Thermo Fisher 
Scientific, Waltham, MA). The mitochondria-associated 
proteins were separated by isoelectric focusing (IEF) using 
agarGEL pH5-10 A-C510 (ATTO, Tokyo, Japan) at 300 V 
for 210 min, followed by sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE). The excised 
SDS-PAGE gel fragment corresponding to the protein spot 
of virus-infected cells-derived mitochondria was subjected 
to in-gel digestion with trypsin, as described previously 
[15]. The digested peptides were separated using an Inert-
SustainSwift C18 column (20 × 150 mm, 3 μm pore size; 
GL Sciences, Tokyo, Japan) and subjected to LC/MS analy-
sis performed with a Triple TOF 5600 mass spectrometer 
(AB Sciex, Framingham, MA). The MS/MS Ions Search 
was performed using the Mascot search engine (http:// www. 
matri xscie nce. com/ search_ form_ select. html) against the 

Swiss-Prot and NCBI non-redundant protein databases, as 
described previously [16].

Antibody production

The genomic DNA of BmNPV was extracted from the occlu-
sion-derived virus (ODV) using proteinase K digestion and 
phenol–chloroform extraction [13]. The fragment of the 
BmGP37 gene (amino acid residues 97–289) was amplified 
by PCR using the primers GP37_600_BamHI-F: 5´-ttcgg-
gatccagacgattttgacctaatcaaacaaaggg-3´ and GP37_600_SalI-
R: 5´-ttttgtcgactgcacgccaacaagatttttcgtc-3´ and inserted into 
the pET32b vector (Novagen, Madison, WI). After express-
ing His-tagged BmGP37 in E. coli strain BL21, a recom-
binant BmGP37 protein (rBmGP37) was purified using a 
TALON spin column (Clontech, Palo Alto, CA) under dena-
turing conditions. Purified rBmGP37 was used to generate 
polyclonal antibodies in rabbits (Eurofins Genomics, Tokyo, 
Japan).

Immunodetection of BmGP37

For western blotting, the proteins were electrophoresed, 
transferred onto nitrocellulose membrane (GVS, Emilia-
Romagna, Italy), and probed with antibodies of BmGP37, 
ATP5A (Santa Cruz Biotechnology, sc-136178, Dallas, TX), 
HSC70-4 [17], GP64 (Santa Cruz Biotechnology, sc-65499), 
and VP39 [18]. For immunofluorescence analysis, the virus- 
or mock-infected BmN cells were fixed, permeabilized, and 
rehydrated as described previously [17]. After antibody and 
Mito Tracker (Invitrogen, Carlsbad, CA) treatments, the 
cells were mounted with SlowFade Antifade Kit (Molecular 
Probes, Eugene, OR) and analyzed using the Olympus BX50 
Fluorescence Microscope (Tokyo, Japan).

Results

Identification of a mitochondria‑associated protein 
from the BmNPV‑infected cells

To identify BmNPV-derived proteins associated with host 
mitochondria, mock- and virus-infected BmN cells-derived 
mitochondria were isolated and compared using 2D-PAGE. 
As shown in Fig. 1A, the protein spots were commonly 
observed in mock- and virus-infected cells. In contrast, a 
spot (indicated by an arrowhead) was detected in the 72 hpi 
mitochondrial fraction. This spot was excised and subjected 
to in-gel digestion and LC/MS analysis, resulting in the iden-
tification of five peptide sequences. As shown in Fig. 1B, 
these peptide sequences corresponded to BmGP37.

http://www.matrixscience.com/search_form_select.html
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BmGP37 expression in the BmNPV‑infected cells

To investigate the expression and localization of BmGP37 during 
viral infection, the polyclonal antiserum raised against E. coli-
expressed recombinant BmGP37 (rBmGP37) was generated 
(Fig. 2A). Western blot analysis using this antiserum revealed 
the presence of one specific signal in BmNPV-infected cells. In 
contrast, no signal was detected using the corresponding pre-
immune serum (Fig. 2B). Furthermore, to assess the expression 
profile and glycosylation of BmGP37, western blot analyses were 
performed with this antiserum. As shown in Fig. 3A, BmGP37 
was detected from 18 hpi, and clear signals were observed from 
48–96 hpi. On the other hand, the signal of BmHSC70-4, a host 
molecular chaperone expressed at steady-state level, decreased 
at 72 and 96 hpi. Also, since tunicamycin treatment shifted the 
molecular size of BmGP37 in the BmN cells to a lower one, 
BmGP37 was considered modified by N-linked glycosylation.

Distribution of BmGP37 to host mitochondria

To determine whether virus-derived BmGP37 is associated 
with the host mitochondria of BmNPV-infected cells, mito-
chondrial and cytosolic fractions were isolated from mock- or 
virus-infected cells and subjected to western blot analysis. As 
shown in Fig. 4A, BmGP37 was detected in the mitochondrial 
fraction, similar to the signal of ATP5A, a marker protein in the 

mitochondrial fraction. On the other hand, BmHSC70-4, a well-
known molecular chaperone, was detected in both mitochondrial 
and cytosolic fractions. Furthermore, to identify the intracellular 
localization of BmGP37, the BmNPV-infected cells were sub-
jected to immunofluorescence analyses. As shown in Fig. 4B, 
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Fig. 1  BmGP37 is a host mitochondria-associated protein. A 
2D-PAGE of host mitochondria-associated proteins derived from 
BmNPV-infected cells. The BmN cells were infected with BmNPV 
at a multiplicity of infection of 10. At 72 hpi, host mitochondria were 
isolated and subjected to IEF followed by SDS-PAGE. B Identifica-
tion of BmGP37 by LC/MS analysis. The BmNPV-infected cell-
specific spot (arrowhead) was subjected to in-gel digestion followed 
by LC/MS analysis. Underlines indicate the identified amino acid 
sequences. Ten amino acid residues on the N-terminal side indicate 
a positively charged amphiphilicity score region, and an asterisk indi-
cates a predicted cleavage site by mitochondrial processing peptidase
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Fig. 2  Generation of anti- BmGP37 antibody. A Recombinant 
BmGP37 expressed by E. coli. The recombinant partial BmGP37 
was purified under denaturing conditions by TALON spin columns. 
M and P indicate lanes of molecular weight markers and purified 
recombinant BmGP37, respectively. B Evaluation of anti-BmGP37 
antibody. Mock- or BmNPV-infected BmN cells were subjected to 
SDS-PAGE followed by western blot analysis using pre-immune or 
anti-BmGP37, anti-BmHSC70-4 antiserum. M, 1 and 2 indicate lanes 
of molecular weight markers, mock-infected BmN cells and BmNPV-
infected cells at 72 hpi, respectively
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Fig. 3  BmGP37 is expressed in the late phase of infection and 
modified with N-linked glycans. A The expression of BmGP37 in 
BmNPV-infected cells. The BmN cells were inoculated with BmNPV 
at a multiplicity of infection of 10. At designated time points, the 
cells were collected and subjected to SDS-PAGE followed by west-
ern blotting using anti-BmGP37 or anti-BmHSC70-4 antiserum. M 
indicates mock infection. B Glycosyl modification of BmGP37. The 
BmN cells were inoculated with BmNPV after adding 10  μM tuni-
camycin or DMSO. The cells were collected at 72 hpi and subjected 
to SDS-PAGE followed by western blot analysis using anti-BmGP37 
antiserum. Anti-BmHSC70-4 antiserum was used as a negative con-
trol
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accurate localization of the mitochondrial marker Mito Tracker 
was observed in mitochondria in mock-infected cells. At 24 hpi, 
it was observed that the signals of BmGP37 and Mito Tracker 
coincide in the cytoplasm. In the nucleus, Mito Tracker staining 

showed sharp, crystalline, and strong foci at 48 and 72 hpi. 
However, the comparison between Mito Tracker and bright field 
suggested that Mito Tracker reacted non-specifically with OBs 
that appeared from 48 hpi. On the other hand, in the cytoplasm, 
the localization of BmGP37 was observed to be consistent with 
Mito Tracker. Interestingly, while it was observed that BmGP37 
was co-localized with Mito Tracker in the cytoplasm at 72 hpi, 
weak BmGP37 protein signal was also observed in the nucleus 
where nucleocapsids and ODV particles are constructed. It was 
observed that an intranuclear BmGP37 was subtly accumulated, 
unlike the OB localization.

Confirmation of the association of BmGP37 and ODV 
particles

To clarify whether BmGP37 is associated with the viral par-
ticles, BV and ODV were purified and subjected to western 
blot analysis. As shown in Fig. 5, a clear signal of BmGP37 
was detected in ODV, but no signal was detected in BV. The 
signal of GP64, a marker of BV, was observed only in BV. The 
signals of BmHSC70-4 and VP39, the markers of ODV and 
BV, were detected in ODV and BV. These results indicated that 
BmGP37 is an associated protein of BmNPV ODV.

Discussion

Association of BmGP37 with host mitochondria

GP37 is a well-conserved glycoprotein encoded by most 
alphabaculoviruses and a few betabaculoviruses [3]. For 
the intracellular localization of GP37, it has been reported 
that Orgyia pseudotsugata multiple nucleopolyhedrovirus 
(OpMNPV) GP37 concentrated in the cytoplasmic inclusion 
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Fig. 4  BmGP37 is a mitochondria-associated protein. A Western blot 
analysis of mitochondrial fractions derived from BmNPV-infected 
BmN cells. The mock- or BmNPV-infected BmN cells were enucle-
ated and fractionated into the mitochondrial fraction (M) and the 
cytosolic fraction (C). Each fraction was subjected to SDS-PAGE 
followed by western blotting using anti-BmGP37, ATP5A, and 
BmHSC70-4 antibodies. B Immunofluorescence image of BmNPV-
infected cells. The BmN cells were inoculated with BmNPV at a 
multiplicity of infection of 10. The cells were fixed and subjected 
to immunofluorescence analysis at 24, 48, and 72 hpi. The localiza-
tions of the nucleus, mitochondria, and BmGP37 were identified 
by 4′,6-diamidino-2-phenylindole (DAPI), Mito Tracker, and anti-
BmGP37 antibody, respectively. The scale bar is 10 µm
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bodies [19], and Mamestra brassicae multiple nucleopoly-
hedrovirus (MbMNPV) GP37 is located in cytoplasmic foci 
presumed to be the endoplasmic reticulum (ER) [20]. Inter-
estingly, a part of the ER is known to contact the mitochon-
dria in the cytoplasm [21]. This interconnection functions 
in mitochondrial dynamics [22], inflammasome formation 
[23], activation of autophagy [24], and redox signaling con-
trol [25]. In this study, mitochondria were isolated from 
the virus-infected cells by centrifugation; a small amount 
of ER contacted the mitochondria and was not completely 
removed. It remains to be clarified whether BmGP37 is asso-
ciated not only with mitochondria but also with ER.

It is exciting how BmGP37 affects mitochondrial ATP 
production and mitochondrial activity. Cheng et al [26] 
deleted the gp37 gene from the genome of Autographa cali-
fornica multiple NPV (AcMNPV). They reported that the 
inactivation of gp37 had no effect on viral replication in 
cultured cells and virulence in larvae [26]. It is expected 
that gp37-deficient BmNPV and wild-type BmNPV will 
be used to compare the virus proliferation and infectivity. 
Recently, Zhang et al [27] identified twenty-four host pro-
teins interacting with BmNPV BV particles in the B. mori 
midgut [27]. In these proteins, sixteen mitochondrial pro-
teins were presumed to be involved in virus transportation, 
energy metabolism, apoptosis, and viral propagation [27]. 
However, in the infection cycle of NPV, ODV, not BV, enters 
the midgut cells first. Also, in this study, we identified that 
BmGP37 is an ODV-associated protein of BmNPV and that 
BmGP37 localizes to host mitochondria. Therefore, whether 
BmGP37 interacts with these host mitochondrial proteins 
in midgut cells should be clarified. In addition, it has been 
reported that the amount of RNAs of H+-ATPase and AK2, 
which are involved in energy metabolism, increases in virus-
permissive larvae and decreases in virus-nonpermissive lar-
vae after BmNPV inoculation [27]. Future studies need to 
investigate how the deletion or the overexpression of gp37 
affects the transcription of these genes.

Localization of BmGP37 to host mitochondria

Mitochondrial proteins are divided into two groups: pro-
teins whose N-terminal targeting signal is cleaved and 
proteins that have a non-cleavable internal targeting sig-
nal [28]. The proteins containing an N-terminal target-
ing signal exhibit a high composition of arginine and a 
few negatively charged residues. Tom20 and Tom22 in 
the TOM protein complex, which translocates the target 
protein to the mitochondria, recognize a local amphi-
philic α-helical structure with hydrophobic residues on 
one face and positively charged residues on the opposite 
face [28–30]. The amino acid sequence of BmGP37 was 
analyzed using the MitoFates program [31] to search 

for mitochondrial target signals. As shown in Fig. 1B, 
although no TOM protein recognition sequence could be 
found in BmGP37, the N-terminal ten amino acid resi-
dues were identified as a positively charged amphiphilic-
ity score region. Also, it was predicted that the serine at 
position 19 would be cleaved by mitochondrial processing 
peptidase. However, no α-helical structure was found in 
this region. In the future, the mitochondrial localization 
mechanism of the BmGP37 protein may be clarified by 
deleting the N-terminus or mutating the serine at position 
19 of the BmGP37 protein.

Function of GP37 in ODV particles

The homolog of gp37 is entomopoxvirus (EPV)-encoded 
fusolin [19, 32]. Fusolin expressed in the host cell forms 
inclusion bodies and is orally internalized by the host larva 
and spheroid with the occlusion body. Fusolin has a chitin-
binding ability and by acting on the peritrophic membrane 
composed of chitin it assists spheroid-occluded viral parti-
cles in passing through the peritrophic barrier [33–35].

NPV-derived GP37 has a chitin-binding ability [36]. For 
oral infection of NPV, GP37, and enhancin, a metallopro-
teinase, contribute to efficient infection of ODV released 
from OBs into the midgut cells [37, 38]. Oral inoculation of 
GP37 derived from Cydia pomonella granulovirus and OBs 
of Spodoptera exigua multiple nucleopolyhedrovirus (SeM-
NPV) increases the infectivity of SeMNPV [39]. Therefore, 
GP37, like fusolin, is thought to facilitate the passage of 
ODV through the peritrophic membrane. Interestingly, GP37 
of OpMNPV and Choristoneura fumiferana nucleopolyhe-
drovirus form inclusion bodies in the same way as fusolin of 
EPV, but GP37 of Spodoptera littoralis multiple nucleopoly-
hedrovirus (SlMNPV) and AcMNPV do not form inclusion 
bodies. However, it is associated with viral particles and/
or occlusion bodies [19, 32, 36, 40]. GP37 of SlMNPV is 
associated with ODV and BV, and GP37 of AcMNPV is not 
only a component of BV but is also included in OBs [32, 
36]. In this study, GP37 of BmNPV was associated only with 
ODV (Fig. 5). Also, no signal was observed in BV that share 
a common nucleocapsid, suggesting that it is a component of 
the envelope fraction of ODV. Therefore, it is possible that 
ODV-associated BmGP37 promotes the passage of ODV 
released from OB through the peritrophic barrier to reach 
the midgut cells.

In summary, we identified BmGP37 for the first time 
as a baculovirus-derived protein that localizes to host 
mitochondria. BmGP37 was expressed at the late phase 
of viral infection and modified with N-linked glycans. 
Also, BmGP37 was found to be a protein associated with 
the ODV of BmNPV. Further analysis of the relationship 
between BmGP37 and the host’s energy metabolism and the 
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localization mechanism of BmGP37 to host mitochondria 
will help clarify the infection mechanism of BmNPV.
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