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The proton motive force (PMF) is bio-energetically important for various cellular reactions to occur. We
developed PMF-photogenerating mitochondria in cultured mammalian cells. An archaebacterial
rhodopsin, delta-rhodopsin, which is a light-driven proton pump derived from Haloterrigena turkmenica,
was expressed in the mitochondria of CHO-K1 cells. The constructed stable CHO-K1 cell lines showed
suppression of cell death induced by rotenone, a pesticide that inhibits mitochondrial complex I activity
involved in PMF generation through the electron transport chain. Delta-rhodopsin was also introduced into
the mitochondria of human neuroblastoma SH-SY5Y cells. The constructed stable SH-SY5Y cell lines
showed suppression of dopaminergic neuronal cell death induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), an inducer of Parkinson’s disease models, which acts through inhibition of
complex I activity. These results suggest that the light-activated proton pump functioned as a PMF
generator in the mitochondria of mammalian cells, and suppressed cell death induced by inhibition of
respiratory PMF generation.

T
he proton motive force (PMF) is an intracellular energy supply for various bio-reactions in all living
organisms. Nerve actions are carried out by the PMF, various cellular substrates are transported by the
PMF, bacterial flagella are driven by the PMF, and ATP is synthesized by the PMF across the cytoplasmic

membranes of prokaryotic cells and the inner mitochondrial membranes of eukaryotic cells. The PMF is also
generated from light energy by the thylakoid membranes of chloroplasts and the cytoplasmic membranes of
hyperhalophilic bacteria. Delta-rhodopsin (dR) has been known as a light-driven proton transporter expressed in
Haloterrigena turkmenica1–3. It can be functionally expressed in Escherichia coli under normal growth condi-
tions3, whereas bacteriorhodopsin (bR), which has been well studied, shows low proton transport activity even
when expressed in E. coli under optimal growth conditions4,5. Expression of dR produced a light-driven PMF
across the membranes of E. coli vesicles and, recently, we photogenerated ATP using vesicles co-expressing dR
and ATP synthetase6. It is well accepted among biologists that mitochondria originated from bacteria belonging
to the proteo-bacterium genus, which includes E. coli. In this study, we aimed to express dR in mammalian
mitochondria to produce a light-driven PMF photogenerating ability like that in chloroplasts. Using constructed
stable cell lines expressing dR in the mitochondrial membrane, protons were transported from the mitochondrial
matrix to the inner mitochondrial membrane space through the action of dR activated by light irradiation. As a
result, the PMF across the mitochondrial membrane was increased by light irradiation and prevented cell death
induced by inhibitors of respiratory PMF generation in the mitochondria of mammalian cells.

Results
Mitochondrial-specific expression of delta-rhodopsin in CHO-K1 cells. The gene encoding dR was cloned into
a targeting vector for expression in mitochondria, and the construct was transfected into CHO-K1 cells to make
stable CHO-K1 cell lines expressing dR in mitochondria. We confirmed the over-expression of dR protein in
these cells using western blot analysis. The expression of dR protein in transfected CHO-K1 cells presented as a
band of the calculated molecular weight (26 kDa); in contrast, this band was not present in lysates from mock cells
(Fig. 1a). To characterize the distribution of dR in mitochondria, we examined the subcellular localization of dR
using biochemical methods. Western blotting of subcellular fractions revealed that dR was present in the
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mitochondrial fraction, similar to the mitochondrial outer
membrane protein Tom20 (Fig. 1b). These results clearly showed
the specific expression of dR in the mitochondria in CHO-K1 cells.
We also examined subcellular localization of dR in the transfected
cells using immunofluorescence microscopy. As shown in Figure 1c,
exogenous dR was co-stained with mitochondrial marker,
MitoTracker Red CMXRos.

Function of mitochondrial dR in CHO-K1 cells. The function of
mitochondrial dR in stable CHO-K1 cell lines was evaluated. To
clarify the function of dR in the mitochondria of CHO cells, CHO
cells expressing dR in mitochondria were treated with rotenone, a
pesticide that inhibits mitochondrial complex I activity. As shown in
Figure 2, rotenone treatment of CHO cells resulted in increased LDH
release, which was correlated with the increase in cell death. When

CHO cells possessing the mitochondrial dR were light-irradiated,
LDH release was significantly decreased compared with that in
cells not subjected to light irradiation (p , 0.05) (Fig. 2a). As a
negative control, we performed the same experiments using
normal CHO-K1 cells. The LDH release of the light-irradiated
CHO-K1 cells showed no significant difference compared to no
light irradiation (Fig. 2b). These results indicate that light-activated
dR forms a PMF across the inner mitochondrial membrane to
partially compensate for the inhibition of complex I activities.

Application of photoenergetic mitochondria to neuronal cells. We
applied PMF-photogenerating mitochondria to human neuroblas-
toma SH-SY5Y cells. The stable SH-SY5Y cell line expressing dR in
mitochondria was screened and specific dR expression in mitochon-
dria was confirmed by biochemical fractionation (Supplementary
Fig. a, and Fig. b). The cell line was treated with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), an inducer of cell
death that has been used to induce models of Parkinson’s disease
(PD), and which acts through inhibition of complex I of the electron
transport chain. PD is characterized by progressive dopaminergic
neuronal cell death in the substantial nigra7. SH-SY5Y cells are
dopaminergic neuroblastoma cells and are frequently used as cellu-
lar models for PD, because MPTP is taken up by dopaminergic SH-
SY5Y cells through the dopamine transporter after conversion to
MPP1 and inhibits mitochondrial complex I activity. As shown in
Figure 3a, cell death induced by MPTP was significantly suppressed
upon light irradiation of SH-SY5Y cells expressing dR in

Figure 1 | Mitochondrial-specific expression of dR in CHO-K1 cells.
(a) The expression of dR was confirmed using Western blotting. The

26-kDa band was observed in dR transfectants. (b) Western blot analysis

after subcellular fractionations of dR expressed CHO-K1 cells. The dR

protein was fractionated to mitochondria fraction, same as outer

mitochondrial membrane protein, Tom20. (c) Delta-rhodopsin-pCMV/

myc/mito vector was transfected into CHO-K1 cells. Z-stack confocal

analysis of these cells for MitoTracker Red CMXRos and myc tag

immunofluorescence were performed and merged images were indicated.

Z-stacks were taken in steps of micrometer. The top to middle sections of

the Z-stacks are shown. Scale bar, 20 mm. Exogenous delta-rhodopsin was

co-stained with MitoTracker Red CMXRos in CHO-K1 cells.

Figure 2 | The function of mitochondrial dR in CHO-K1 cells.
(a) Rotenone-induced LDH release from stable CHO-K1 cell lines

expressing dR in mitochondria. LDH release from light-irradiated

CHO-K1 cells expressing dR in mitochondria was significantly decreased

compared with that in cells with no light irradiation (p , 0.05).

(b) Rotenone-induced LDH release from CHO-K1 cells. LDH release from

the light-irradiated CHO-K1 cells represented no significant difference

compared to that of no light irradiated CHO-K1 cells.
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mitochondria compared with non-irradiated cells (p , 0.05). As a
negative control, we performed the same experiments using normal
SH-SY5Y cells. The MPTP-induced cell death was no significant
difference upon light irradiation in these cells compared to non-
irradiated cells (Fig. 3b). This result suggests that the activation of
PMF-photogenerating mitochondria introduced into neuronal SH-
SY5Y cells suppressed dopaminergic neuronal cell death in an MPTP
model of PD.

Discussion
We constructed a new PMF-photogenerating system by targeting an
archaebacterial light-driven proton pump in mammalian mitochon-
dria. In this study, we showed that this system works in neuronal
cells. It is presumed that this system has the potential to be a tool for
understanding the molecular mechanisms underlying PD, one of the
most common progressive neurodegenerative disorders. Recently,
mitochondrial dysfunction has been revealed as pathological feature
associated with PD7. Inhibitors of mitochondrial complex activity
such as rotenone and MPTP used in this study produce features of
a Parkinsonian syndrome when administered to animals. Complex I
deficiency has been observed in PD patients8,9. However, it is unclear
whether mitochondrial dysfunction is associated with the onset of
PD, and if it promotes neuronal dysfunction and degeneration. dR
activity in mitochondria could enable control of the mitochondrial
PMF via changes in light intensity. On–off switching control of PMF
could thus be available by scheduling of light irradiation. Further-
more, the immediate effect of light would have advantages for real-
time imaging. If PMF-photogenerating mitochondria are effective in
delaying the onset of a Parkinson’s disease model in vivo, that would

indicate that reduced mitochondrial PMF is associated with the early
stage of PD.

Although targeting of light-driven proton pumps derived from
microorganisms to mitochondria has not been carried out prev-
iously, the optogenetic approach, defined as the combination of gen-
etic and optical methods to control the function of well-defined
events in specific cells of living tissue10 has been broadly applied in
research11–14. For example, in the neuroscience field, light–gated pro-
teins from microorganisms, such as channel rhodopsin, bacteriorho-
dopsin and halorhodopsin have been expressed in the cytoplasmic
membranes of neuronal cells and optically controlled. Optogenetic
studies also had been applied to control the motion of individual
mammals by activation of excitatory neurons using optical fibers15,16.
Using these optical techniques, the photoenergetic mitochondria
developed in this study could offer the possibility of a new treatment
for PD.

Bioprocesses that consume ATP regenerated by microbes as an
energy source for industrial chemical productions have already been
carried out. In our recent study using E. coli inside-out membranes
expressing dR and FoF1-ATP synthase, ATP was photosynthesized
and supplied to hexokinase as a model of ATP-consuming biopro-
duction6. The photoenergetic mitochondria developed in this study
must have potential to be applied to light-driven bio-production
using eukaryotic host strains (e.g. mammalian, plant, insect and
fungi).

From a wider perspective, light-driven PMF formation by mito-
chondria could have an impact on our understanding of the func-
tional integration of mitochondria and chloroplast. This new
technology is expected to be used in a broad range of scientific fields.

Methods
Antibodies. The following antibodies were used: mouse anti-Myc Tag, clone 4A6
(Millipore, Billerica, MA); Tom20 (F-10) antibody (Santa Cruz Biotechnology, Santa
Cruz, CA); a-tubulin (DM1A) antibody (Sigma-Aldrich, St. Louis, MO). Anti-rabbit
IgG, HRP-linked whole antibody, donkey (GE Healthcare, Waukesha, WI); anti-
mouse IgG, HRP-linked whole antibody, sheep (GE Healthcare, Waukesha, WI).

Construction of expression plasmids for transfection and screening dR stable
transfectants. The dR gene was amplified from genomic DNA of H. turkmenica
(JCM 9743, Riken BRC, Japan) using forward and reverse primers containing SalI and
XhoI sequences, respectively. The SalI/XhoI fragment containing dR was isolated and
ligated into the mitochondrial targeting vector pCMV/myc/mito (Life Technologies,
Carlsbad, CA) digested with the same endonucleases. The resultant recombinant
plasmid, pCMV/myc/mito–dR, was used for further studies. The entire nucleotide
sequence was confirmed by DNA sequencing. Vector containing the dR gene was
transfected into CHO-K1 cells using Polyfect Transfection reagent (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. Clones that survived in
0.6 mg/ml Geneticin (Life Technologies) were isolated and maintained in D-MEM
medium (Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS)
containing 0.6 mg/ml Geneticin at 37uC in 5% CO2. Vector containing the dR gene
was also transfected into SH-SY5Y cells using Lipofectoamine 2000 reagent
(Life Technologies), and clones were isolated and maintained in the same condition as
CHO-K1 cells.

Immunofluorescence microscopy. Cells were cultured on a glass-bottom dish and
incubated with MitoTracker Red CMXRos (Life Technologies) for 30 min. The cells
were fixed in 4% paraformaldehyde made using phosphate-buffered saline (PBS) for
15 min at room temperature. Cells were stained with mouse anti-Myc Tag antibody
and with the secondary antibody: mouse Alexa 488 (Life Technologies). Samples were
mounted with VECTASHIELD mounting media with DAPI (Vector Laboratories,
Burlingame, CA) for imaging. Images were acquired by confocal microscope
(FV1000; Olympus).

Subcellular fractionation. A classical method for subcellular fractionation was used
for cultured cells. In brief, cells were homogenized in ice-cold buffer (50 mM
Tris?HCl, pH 7.4/150 mM NaCl) plus protease inhibitor mix (Roche, Bazel,
Switzerland) by using a motor-driven Teflon homogenizer. Homogenates containing
equal amounts of protein were centrifuged at 1,000 3 g for 10 min at 4uC to obtain a
crude nuclear pellet and postnuclear supernatant. The postnuclear supernatant was
further centrifuged at 13,000 3 g for 30 min at 4uC to obtain the cytoplasmic fraction
(supernatant) and crude mitochondrial fraction (pellet). The supernatant is
considered to be cytoplasmic fraction with enriched in a-tubulin, and the final
mitochondrial fraction is considered to be a mitochondrial fraction with enriched in
the mitochondria outer membrane protein Tom20.

Figure 3 | MPTP-induced LDH release from stable SH-SY5Y cell lines
expressing dR in mitochondria. (a) MPTP-induced cell death was

significantly suppressed upon light irradiation in these cells compared with

non-irradiated cells (p , 0.05). (b) MPTP-induced cell death showed no

significant difference between light irradiation and non-irradiation.
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Western blotting. A standard protocol17,18 was used with minor modifications.
Proteins were separated using SuperSep Tris-Glycine gels (Wako) and transferred
onto a polyvinylidene difluoride membranes (Millipore). The same amounts of
protein based on the protein concentration of each sample were loaded into lanes. For
Western blotting, nonspecific binding was blocked with 5% skim milk (Wako) in PBS
containing 0.1% Tween 20 (BioRad, Hercules, CA). The blots were then incubated
with primary antibodies overnight at 4uC. For detection of both monoclonal and
polyclonal antibodies, appropriate peroxidase-conjugated secondary antibodies were
used in conjunction with Novex ECL (Life Technologies) to obtain images using an
LAS-3000 imager (Fujifilm, Tokyo, Japan).

Rotenone treatment of CHO cells and LDH assay. The dR stable transfectant CHO-
K1 cells were treated with 1 mM of Rotenone (Sigma-Aldrich, St. Louis, MO). After
24h, the cells were irradiated with white light beam (0.438 mW/cm2) in growth
chamber (NK System, Biomulti incubator LH 30 8CT) at 37uC for 2 h and then kept it
for 30min in normal culture condition. LDH activity was determined with LDH assay
kits, CytoTox 96, obtained from Promega Co. (Madison, WI, USA) according to the
manufacturers’ instructions.

MPTP treatment of SH-SY5Y cells and LDH assay. dR stable transfectant SH-SY5Y
cells were treated with 750 mM MPTP (Sigma-Aldrich, St. Louis, MO). After 24 h, the
cells were light irradiated under the same condition as described in rotenone
treatment. LDH activity was determined with the LDH assay kits.
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