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Introduction

Mitochondrial biogenesis and mitophagy are processes that 
determine mitochondrial turnover, along with fusion and fis-
sion.1 Mitophagy is the targeting and elimination of mitochon-
dria by autophagy. Mitochondrial biogenesis, which balances 
mitophagy, requires mitochondrial DNA replication, expan-
sion of inner and outer membranes, and coordinated synthesis, 
import, and assembly of nuclear- and mitochondrial-encoded 
proteins, followed by subsequent rounds of fusion and fission.2 
Mitochondria undergo successive rounds of fission and fusion 
with a dynamic exchange of components to segregate func-
tional and damaged elements.3 Impaired mitochondrial qual-
ity control has been implicated in neurodegenerative diseases 
such as Alzheimer, Parkinson, and Huntington diseases, and 
in the generation of excessive reactive oxygen species.4,5 Aging 
cells also exhibit impaired mitochondrial quality control, in 
which mitochondrial fission is defective, and results in the 

accumulation of large, senescent mitochondria.6 In addition, 
mitochondrial turnover plays a pivotal role in the heart, where 
mitophagy is essential for the cardioprotection achieved with 
ischemic preconditioning.7 Thus, monitoring mitochondrial 
turnover is of great importance given the essential role it plays 
in health and disease.

Mitochondrial turnover was first measured in the 1950s by 
monitoring 35S-methionine incorporation into newly synthesized 
proteins and their subsequent degradation, following a chase 
with unlabeled methionine. Measurements of mitochondrial 
protein turnover in rat heart and liver were used to establish a 
half-life for mitochondria of ~17 d.8 Bicarbonate labeling stud-
ies revealed coordinated turnover of matrix and inner membrane 
components with kinetics that were considerably slower than 
those of the outer mitochondrial membrane.9 More recently, 
Ping and colleagues established a novel technique employing 
deuterium labeling and mass spectrometry to monitor the turn-
over of hundreds of individual mitochondrial proteins.10 This 
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Fluorescent Timer, or DsRed1-e5, is a mutant of the red fluorescent protein, dsRed, in which fluorescence shifts over 
time from green to red as the protein matures. This molecular clock gives temporal and spatial information on pro-
tein turnover. To visualize mitochondrial turnover, we targeted Timer to the mitochondrial matrix with a mitochondrial-
targeting sequence (coined “MitoTimer”) and cloned it into a tetracycline-inducible promoter construct to regulate its 
expression. here we report characterization of this novel fluorescent reporter for mitochondrial dynamics. Tet-On heK 
293 cells were transfected with pTRe-tight-MitoTimer and production was induced with doxycycline (Dox). Mitochondrial 
distribution was demonstrated by fluorescence microscopy and verified by subcellular fractionation and western blot 
analysis. Dox addition for as little as 1 h was sufficient to induce MitoTimer expression within 4 h, with persistence in the 
mitochondrial fraction for up to 6 d. The color-specific conformation of MitoTimer was stable after fixation with 4% para-
formaldehyde. Ratiometric analysis of MitoTimer revealed a time-dependent transition from green to red over 48 h and 
was amenable to analysis by fluorescence microscopy and flow cytometry of whole cells or isolated mitochondria. A sec-
ond Dox administration 48 h after the initial induction resulted in a second round of expression of green MitoTimer. The 
extent of new protein incorporation during a second pulse was increased by administration of a mitochondrial uncoupler 
or simvastatin, both of which trigger mitophagy and biogenesis. MitoTimer is a novel fluorescent reporter protein that 
can reveal new insights into mitochondrial dynamics within cells. coupled with organelle flow cytometry, it offers new 
opportunities to investigate mitochondrial subpopulations by biochemical or proteomic methods.
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technical tour de force revealed the surprising finding that these 
proteins had distinctive rates of turnover that varied quite widely. 
However, the electron transfer proteins of the inner membrane 
had relatively long half-lives, consistent with the relatively slow 
rate of diffusion of inner membrane constituents demonstrated 
in studies employing inner membrane-targeted fluorescent pro-
teins.11 One limitation of the radiolabeling and deuterium label-
ing approaches is that they do not allow imaging of the process 
or detection of heterogeneity between cells in a population or 
among mitochondria within a cell.

Fluorescent Timer, or DsRed1-E5, is a mutant of the red fluo-
rescent protein, dsRed, developed by Terskikh et al.12 Its fluores-
cence shifts over time from green (excitation and emission maxima 
= 483 nm and 500 nm) to red (excitation and emission maxima = 
558 nm and 583 nm) as the protein matures. This 28-kDa fluo-
rescent timer contains two amino acid substitutions, V105A and 
S197T, responsible for enhanced fluorescence intensity and shift 
in color over time.13 The maturation from green to red fluores-
cence is unaffected by pH, ionic strength, or protein concentra-
tion, but is affected by temperature, oxygen, and light exposure.12 
This tetrameric mutant protein, referred to as Timer, can be used 
to derive temporal and spatial information on protein turnover.

The present work describes the development of a fluorescent 
tool that allows real-time visualization of mitochondrial turn-
over in living cells.

Results

Inducible expression and mitochondrial localization of 
MitoTimer

To determine localization of MitoTimer, Tet-On HEK 293 
cells were transfected with 500 ng of pTRE-tight-MitoTimer 
and treated with Dox (2 μg/ml) continuously for 48 h fol-
lowing transfection. Cells were homogenized and subjected 
to subcellular fractionation to isolate mitochondria and cyto-
sol. MitoTimer was detected in the mitochondrial fraction 
but absent in the cytosolic fraction, demonstrating specificity 
of mitochondrial targeting. In the absence of Dox, MitoTimer 
was not detected in pTRE-tight-MitoTimer-transfected Tet-On 
HEK 293 cells, indicating that MitoTimer protein expression 
was subject to tetracycline regulation (Fig. 1A). Fluorescence 
microscopy of transfected and Dox-exposed cells revealed a 
pattern consistent with mitochondrial targeting of MitoTimer 
(Fig. 1B).

Figure  1. MitoTimer localizes to mitochondria. (A) heK 293 cells were transfected with pTRe-MitoTimer (MT), exposed to Dox (+) or vehicle (−) for  
24 h, then subjected to subcellular fractionation to obtain mitochondria (lanes 1–3) and cytosol (lanes 5–7). As a positive control for the DsRed antibody, 
which recognizes DsRed as well as MitoTimer, a dish of cells were transfected with mitochondrial-targeted DsRed (DsR, lanes 3 and 7). Blots were probed 
with antibody to cOX iV (mito marker) and RhO (cytosol marker). (B) Deconvolved fluorescence image (merged red and green channels) of a transfected 
and Dox-induced cell showing subcellular localization of MitoTimer. scale bar: 10 μm. (C) cells were transfected with MitoTimer and induced with Dox 
for 24 h, then disrupted to obtain whole cell lysate (WcL), cytosol (cyto), and mitochondria, which were further disrupted to obtain intermembrane 
space (iMs), matrix (Mtx), inner membrane (iM), and outer membrane (OM). MitoTimer distribution was detected with antibody to DsRed. RhO was used 
as a cytosol marker, AcO2 as a matrix marker, and cOX iV as an inner membrane marker.
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To determine specific mitochondrial localization of 
MitoTimer, Tet-On HEK 293 cells were transfected with 500 
ng of pTRE-tight-MitoTimer and treated with Dox for 48 h. 
Cells were homogenized to recover mitochondria, which were 
then fractionated to recover proteins from mitochondrial outer 
membrane, intermembrane space, inner membrane, and matrix 
compartments. MitoTimer was detected specifically in the mito-
chondrial matrix fraction (Fig. 1C).

Time-dependent expression of MitoTimer
To assess MitoTimer protein expression over time, Tet-On 

HEK 293 cells were transfected with 500 ng of pTRE-tight-
MitoTimer, exposed to Dox for various times as indicated in 
Figure 2A and expression of MitoTimer was assessed by west-
ern blot of cytosol and mitochondrial fractions. Results indicate 
MitoTimer expression was detected as early as 4 h and persisted 
(in the presence of continuous Dox) for at least 72 h.

To overcome the asynchronous incorporation of continu-
ously synthesized new MitoTimer, it was necessary to induce 
MitoTimer expression with shorter Dox exposure times. Tet-On 
HEK 293 cells were transfected with 500 ng of pTRE-tight-
MitoTimer, pulsed with Dox for intervals of 1, 2, or 3 h, then 
washed with PBS and cultured for an additional 24 h. Western 
blot analysis of whole cell lysates harvested 24 h after Dox 
showed that Dox exposure for as little as 1 h was sufficient to 
induce MitoTimer expression that could be detected up to 24 
h later (Fig. 2B). To establish how long MitoTimer could be 
detected in the mitochondria following a 1 h Dox pulse, HEK 

293 Tet-On cells were transfected with pTRE-tight-MitoTimer 
plasmid, and 24 h later exposed to Dox for 1 h followed by PBS 
wash and fresh media without Dox. Cells were harvested 12, 24, 
48, or 72 h later. Results show that MitoTimer protein expres-
sion persisted in mitochondria for at least 72 h after the initial 1 
h Dox exposure (Fig. 2C).

Imaging of MitoTimer
To visualize MitoTimer fluorescence over time, Tet-On 

HEK 293 cells were transfected with 500 ng of pTRE-tight-
MitoTimer, exposed to Dox for 1 h, then imaged after 4 to 48 
h. Over time, the predominant color shifted from green to red 
(Fig. 3A). The ratio of the fluorescence signal intensity in the red 
and green channels was determined pixel-by-pixel and displayed 
in false color (Fig. 3A). The average ratio determined from 100 
cells was quantified at various times and revealed progressive 
maturation of MitoTimer (red conversion) (Fig. 3B); although 
some fluorescent protein could be detected as early as 4 h, maxi-
mal expression was apparent at 12 h, with color maturation out 
to 48 h (Fig. 3C). The kinetics of color maturation closely match 
the previously published kinetics using Timer expressed in the 
cytosol,12 suggesting that the mitochondrial matrix environment 
did not substantially alter the process.

During live-cell imaging, we noted that prolonged light expo-
sure accelerated the maturation (red photoconversion). We did 
not observe reversion to green fluorescence under any imaging 
conditions (data not shown). To establish whether fixation could 
prevent the time-dependent maturation of the fluorescence, 

Figure 2. MitoTimer expression. (A) cells stably expressing rtTA were transfected with pTRe-MitoTimer and 24 h later exposed to Dox for 4 to 72 
h. cell lysates were prepared at the indicated times and probed for MitoTimer expression with anti-DsRed antibody. As a positive control for the 
antibody, one dish of cells was transfected with Mito-targeted DsRed driven by the cMV promoter (DsR). Negative controls were untransfected cells 
(con), and transfected cells exposed to vehicle only for 24 h (Veh). (B) cells stably expressing rtTA were transfected with pTRe-MitoTimer and 24 h 
later exposed to Dox for 1–3 h, which was then washed out and replaced with fresh media (without Dox). After 24 h, cell lysates were prepared. As 
a positive control for the antibody, one dish of cells was transfected with Mito-targeted DsRed driven by the cMV promoter (DsR). (C) cells stably 
expressing rtTA were transfected with pTRe-MitoTimer and 24 h later exposed to Dox for 1 h, then harvested after culturing in Dox-free medium for 
the indicated times (12–72 h). Vehicle control cells were cultured for 72 h. As a positive control for the antibody, one dish of cells was transfected with 
Mito-targeted DsRed driven by the cMV promoter (DsR). cells were fractionated to obtain cytosol and the crude mitochondrial pellet, and probed 
for MitoTimer expression using the antibody to DsRed. Loading was confirmed by cOX iV antibody for the mitochondrial fraction and RhO for the 
cytosol.
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Tet-On HEK 293 cells were transfected with the pTRE-tight-
MitoTimer plasmid, induced with Dox for 24 h, then fixed in 
4% paraformaldehyde. Images of the same region taken 4, 24 
and 48 h after fixation revealed the same fluorescence charac-
teristics, indicating that fixation of MitoTimer stabilizes the 
green and red conformations and prevents post-fixation color 
maturation (data not shown). This allows image analysis of cells 

expressing MitoTimer to be performed at convenient times after 
fixation without concern that the fluorescence characteristics 
will change over time.

Flow cytometry for analysis of MitoTimer
The fluorescence properties of MitoTimer are compatible with 

analysis by flow cytometry using a 488-nm laser for excitation and 
detection in the FITC and PE channels. HEK 293 Tet-On cells 

Figure 3. imaging of MitoTimer. (A) cells stably expressing rtTA were transfected with pTRe-MitoTimer, exposed to Dox for 1 h, and then imaged 4, 12, 
24, or 48 h later. Merged images of the green and red channels are shown; smaller insets show the green and red channels. scale bar, 50 μm. The lower 
set of images show the red/green ratio plotted in false color, with a high red-to-green ratio as red (top of scale). (B) Red/green quantification of 100 cells 
per condition is shown. *P < 0.05 compared with the next time point. (C) The mean fluorescence intensity values of the individual channels are shown 
for each time point.
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were seeded, transfected with 500 ng of pTRE-tight-MitoTimer 
plasmid 24 h later, exposed to Dox for 1 h, harvested and fixed in 
4% paraformaldehyde at intervals from 4 to 144 h later. As early 
as 4 h after Dox, cells expressing MitoTimer were detected in the 
green channel. After gating out the nonfluorescent population, 
cells were analyzed with results plotted with green on the x-axis 
and red on the y-axis. Over time, the ratio of green to red shifted, 
with near-total absence of green signal by 48 h and persistence of 
the red fluorescence out to 144 h (Fig. 4A). The time-dependent 
change in the red:green ratio revealed a linear relationship that 
validates the utility of Timer as a molecular clock (Fig. 4B).

Flow cytometry is compatible with analysis of mitochon-
dria-sized particles. To assess the utility of MitoTimer in iso-
lated mitochondria, HEK293 Tet-On cells were seeded and 
transfected with pTRE-tight-MitoTimer. Cells were disrupted 
for mitochondrial isolation 6, 12, 24, and 48 h after 1 h Dox 
exposure. The mitochondria were then analyzed by flow cytom-
etry as shown in Figure 5. The mitochondrial population shows 

MitoTimer color maturation with kinetics similar to that seen in 
whole cells.

Use of MitoTimer to assess new mitochondrial protein 
import

Mitophagy and biogenesis are linked,14 and we have previ-
ously shown loss of mitochondrial mass in response to FCCP 
or statins.15 However, when mitophagy is balanced by concur-
rent biogenesis, mitochondrial mass may be minimally affected. 
We used MitoTimer to investigate mitochondrial protein import 
as an indication of mitochondrial biogenesis. To distinguish 
between previously expressed MitoTimer and new protein 
import, we used a protocol involving two pulses of Dox sepa-
rated by 48–72 h. We established a stably transfected cell line 
from C2C12 cells, expressing rtTA and pTRE-tight-MitoTimer. 
After sorting for cells that inducibly expressed MitoTimer, we 
treated cells with Dox for 1 h, and allowed the MitoTimer to 
mature for 72 h until all mitochondria exhibited only the red 
protein. These cells were then subjected to ethanol (vehicle 

Figure 4. Flow cytometry analysis of MitoTimer in cells. (A) Transfected cells were exposed to Dox for 1 h, then cultured for the indicated times (4–144 h), 
harvested, and analyzed by flow cytometry (y-axis, red channel; x-axis, green channel). (B) The red/green ratio is plotted as a function of time.



www.landesbioscience.com Autophagy 1857

control) or FCCP to trigger mitophagy. After 
24 h, FCCP was washed out and Dox was 
added for 1 h, then washed out and replaced 
with full media. Cells were harvested 20 h 
later for analysis by flow cytometry. During 
the recovery from FCCP, brisk mitochondrial 
biogenesis occurred as indicated by the robust 
incorporation of newly synthesized (green) 
MitoTimer protein (Fig. 6A); by compari-
son, there was much less MitoTimer protein 
import in the vehicle control cells. Biogenesis 
in response to FCCP was confirmed by 
qRT-PCR of nontransfected cells, showing 
increased expression of peroxisome prolifera-
tor-activated receptor gamma coactivator 1-α 
(PPARGC1A) mRNA and its downstream 
target NRF1, as well as protein expression of 
PPARGC1A (Fig. S1).

In the second series of experiments, HL-1 
cells were transiently transfected with rtTA 
and pTRE-tight-MitoTimer, pulsed with Dox 
for 1 h followed by 48 h in full media. They 
were then exposed to a second Dox pulse for 1 
h in the absence or presence of 1 μM simvas-
tatin, which stimulates mitochondrial biogen-
esis.16 After 24 h, cells were fixed and analyzed 
by flow cytometry (Fig. 6B). In cells exposed 
to simvastatin, mitochondrial import of newly 
synthesized (green) MitoTimer was increased 
relative to control cells (Fig. 6B). Thus, a pro-
tocol employing two pulses of Dox separated 
by at least 48 h can allow real-time detection 
of enhanced mitochondrial protein import, a 
correlate of mitochondrial biogenesis.

Discussion

Timer fluorescent protein functions as 
a molecular clock over a 48 h span. To use 
this to monitor mitochondrial turnover, we 
targeted it to mitochondria and confirmed 
its selective localization in the mitochondrial 
matrix and also confirmed that the rate of 
color maturation was consistent with previ-
ous reports, indicating that the matrix envi-
ronment did not affect the time constant of 
the clock. Timer protein is not affected by 
pH over the physiological range of 7.0–8.0, 
but is denatured with loss of fluorescence at 
pH 4.5;12 thus, its use for tracking delivery of 
mitochondria to lysosomes is limited to loss of 
signal intensity over time.

The studies demonstrated the utility of 
MitoTimer for imaging and flow cytometric 
analysis. The fluorescent protein persists in 
mitochondria for up to 6 d after a 1 h pulse of 

Figure  5. Flow cytometry analysis of isolated mitochondria. (A) cells were transfected, 
exposed to Dox for 1 h, cultured for the indicated time (6–48 h), and harvested. After cell 
disruption, mitochondria were isolated by differential centrifugation and analyzed by flow 
cytometry (y-axis, red channel; x-axis, green channel). (B) The red/green ratio is plotted as a 
function of time. (C) The mean fluorescence intensity values of the individual channels are 
shown for each time point.
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Dox. Fixation of cells arrested the color maturation, facilitating 
extended image acquisition and more convenient imaging proto-
cols. The photoconversion in live cells may represent a useful tool 
much like photo-activatable GFP, which is non-fluorescent until 
after irradiation, and which has been widely used to track fusion 
and fission events.11 Recently-expressed (green) MitoTimer con-
verts to red after photo-irradiation and would allow two-color 
imaging of fusion/fission events.

These studies utilize transient transfection of MitoTimer 
in cells expressing the rtTA (Tet-On) transactivator. Previous 
studies of bulk mitochondrial protein turnover have revealed a 
half-life of ~14 d. Loss of the MitoTimer red fluorescent signal 
intensity over time would reflect mitochondrial turnover, but is 
subject to limitations: (1) cell division would dilute the amount of 
MitoTimer remaining after a single Dox exposure; (2) one must 
assume that MitoTimer stability within mitochondria is com-
parable to native mitochondrial proteins; (3) fusion and fission 
events would result in homogeneous redistribution of MitoTimer 
among all mitochondria. For these reasons, MitoTimer will be 
most useful to monitor mitochondrial half-life in nondividing 
cells or in cells with limited mitochondrial dynamics.

Figure 6. Pulsed MitoTimer induction reveals 
enhanced protein import after stimulation. 
(A) stably transduced c2c12 cells were pulsed 
for 1 h with Dox, then 72 h later were exposed 
to FccP or vehicle control for 24 h, followed 
by washout, addition of Dox for 1 h, and 
replacement with fresh media. After another 
20 h, cells were harvested, fixed, and analyzed 
by flow cytometry. histograms of cell number 
vs. fluorescence intensity (FiTc channel) are 
shown with the percent of cells exceeding 
the threshold (arbitrarily set at 103) indicated. 
(B) Transiently transfected hL-1 cells were 
exposed to Dox for 2 h followed by 48 h in 
fresh media. Dox was added a second time in 
the presence or absence of simvastatin, then 
cells were cultured for the indicated time 
before fixation and flow cytometric analy-
sis. histogram plots of cell number vs. green 
fluorescence intensity are shown, with gating 
indicating the percentage of cells express-
ing green MitoTimer after the second pulse. 
The threshold was set based on cells that did 
not receive the second pulse of Dox. Lower 
panels show a dot-plot profile of MitoTimer-
expressing cells (y-axis, red channel; x-axis, 
green channel).

The use of a second pulse of Dox 
to initiate another round of (green) 
MitoTimer synthesis allows monitoring 
of mitochondrial biogenesis revealed by 
an increase in fluorescent protein import. 
Comparison of the red and green signals 
independently can indicate mitophagy 
(progressive loss of red) and biogenesis 
(increased incorporation of green after the 
second Dox pulse) in response to a stimu-
lus such as FCCP or simvastatin.

MitoTimer represents a novel tool to monitor mitochondrial 
turnover. It is of particular value where mitophagy is closely 
matched with biogenesis, as is the case in HL-1 cells exposed to 
simvastatin.15 It also has the potential to identify subpopulations 
on the basis of enhanced protein import, which may be a char-
acteristic of a distinctive mitochondrial subpopulation. Coupled 
with organelle flow cytometry, it may be possible to conduct bio-
chemical and proteomic analyses of import-active and import-
poor mitochondria. MitoTimer represents a new approach to 
monitor mitochondrial turnover in cells.

Materials and Methods

Construction of pTRE-tight-MitoTimer
MitoTimer was generated by subcloning Timer (Clontech, 

632402) in-frame into the Clontech mitochondria-targeting 
DsRed2 expression vector (pDsRed2-Mito, 632421) after excis-
ing DsRed2 using BamHI and NotI. The mitochondrial tar-
geting sequence in this construct is derived from cytochrome c 
oxidase subunit VIII and has been used to deliver fusion pro-
teins across the mitochondrial inner membrane.17 Subsequent 
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proteolytic processing of the targeted protein results in its accu-
mulation in the matrix compartment. MitoTimer was then 
subcloned into a tetracycline-inducible promoter construct 
(pTRE-tight) (Clontech, 631059) using the NheI and XbaI sites.

Cell culture and pTRE-tight-MitoTimer transfection
HEK 293 cells engineered with the Tet-On expression sys-

tem obtained from Clontech were used in the characterization of 
MitoTimer. HEK 293 Tet-On cells were maintained in DMEM 
1X + GlutaMax media (Gibco, 10569-010) containing 10% tet-
racycline-free fetal bovine serum (Clontech, 631106), 5% antibi-
otic-antimycotic (Gibco, 15240) and 5% D-glucose. HEK 293 
Tet-On cells were transfected with the pTRE-tight-MitoTimer 
plasmid using the Effectene Transfection Reagent (Qiagen, 
301427) according to the manufacturer’s instructions (500 ng 
DNA for 35- and 60-mm dishes and 1 μg for larger dishes). 
The day after transfection, media containing Dox (2 μg/ml) was 
added to cells for 1 h or as indicated, then replaced with fresh 
media. In some experiments, Dox was added a second time (48 
h later) to initiate a second round of MitoTimer expression, and 
cells were analyzed 12–32 h after the second Dox pulse.

The C2C12-mitoTimer cells were established utilizing self-
inactivating lentiviral and retroviral particles. The mitoTimer 
DNA was cloned into the pTRE-Tet-On lentiviral transfer vec-
tor.18 The lentiviral particles were produced by transfecting a 
10-cm2 plate of 293T cells with a combination of plasmids con-
taining 2 μg of packaging vector pCMV d8.2 containing the 
gag-pol proteins of HIV-1, 3 μg of the transfer vector18 pTRE 
mitoTimer, 3 μg of envelope glycoprotein of the vesicular stoma-
titis virus (pCI-VSVg), and 1.5 μg of pci-Vpr. The plasmids were 
combined with 125 μl of FCS-free DMEM and 30 μg of poly-
ethylenimine (linear, MW 25000; Polysciences, Inc., 23966-2), 
and added to the 293T cells. Media (DMEM with 10% fetal calf 
serum, Pen-Strep and L-glutamine) was replaced 24 h post-trans-
fection and viral supernatant was collected at 48 and 72 h. The 
media was then filtered through a 0.45-micron PTFE filter (Pall 
Corporation, 4422). In parallel, nonreplicative Moloney’s murine 
leukemia virus particles encoding reverse Tet transactivator (rtTA) 
were produced by transfecting a 10-cm2 plate of Phoenix-GP cells 
(Courtesy of Dr Garry Nolan) with 3 μg of the packaging vec-
tor (pBMN.rtTA.i.Zeo) and 3 μg of pCI-VSVg, and collected 
as per the lentiviral particle production protocol. Both superna-
tants were used to spin-infect naïve C2C12 cells in a 6-well plate 
format. Briefly, viral supernatants were mixed with polybrene 
(Sigma, 107689; 5 μg/mL final concentration), added to cells 
seeded at 1 × 105 per well, and spun at 1500× g, 32°C for 80 min 
in a hanging bucket rotors centrifuge (Becton Dickinson). The 
transduced cells were activated with Dox (2 μg/ml) and sorted by 
Flow Cytometry on a BD FACSAria using 405-nm, 488-nm and 
633-nm lasers. Data were collected on FACSDiva 6.1.1 at the San 
Diego State University FACS core facility.

Fluorescence microscopy
After transfection and treatments as indicated, cells cultured 

in glass bottom dishes (MatTek, P35G-1.5-14-C) were fixed 
with 4% paraformaldehyde in PBS for 10 min and washed 3 × 5 
min with 1× PBS. One drop of Aqua/Polymount (PolySciences, 
186-06-20) was added to the center of the MatTek dish, covered 

with a coverglass circle (Fisher, 12-545-80), and stored at 4 °C 
in the dark. Cells were imaged on a Nikon TE300 fluorescence 
microscope equipped with a cooled charge-coupled device cam-
era (Orca-ER, Hamamatsu). Images were deconvolved using 
Autodeblur Software. Analysis and formatting of images was 
performed using NIH ImageJ software. Fluorescence images 
were captured using primary mirror/filter mirror set (Chroma, 
61002) with the addition of secondary emission filters (Chroma 
D520/40 and D605/55). This provided excitation at 490 nm 
(green) and 550 nm (red) with detection of green (500–540 nm) 
and red (580–640 nm) fluorescence signals. Imaging conditions 
are critical: exposure time and illumination must be held con-
stant across samples. The excitation and emission optima require 
appropriate filter sets, although signal detection with commonly 
available filter sets is possible, though with far lower sensitivity 
(see Fig. S2).

Image processing
Ratiometric images were generated using NIH ImageJ soft-

ware. Rolling ball background subtraction (rolling ball radius = 
50 pixels) was executed on both green and red images. A thresh-
old was set to the mitochondrial regions and the images were 
converted to a 32-bit format. Dividing the red image over the 
green image on a pixel-by-pixel basis (ratio = red/green) gener-
ated the final ratiometric image. A custom false-color scale with 
its corresponding calibration bar was then applied to the image 
Quantification of red/green ratio was performed using the mean 
pixel intensities of the ratiometric images generated.

Flow cytometry
For flow cytometry, cells were plated in 60-mm tissue culture 

plates (Falcon, 353002) and after transfection and treatments as 
described in the text, were harvested by brief trypsinization, fol-
lowed by neutralization of trypsin, washing, and fixation in 4% 
paraformaldehyde in PBS. The FACS-BD FACSCanto was used 
for analysis with 488-nm laser for excitation and detection using 
FITC (green) and PE (red) channels. On average, 10,000 events 
were analyzed per sample. HEK 293 Tet-On cells transfected 
with Mito-DsRed or GFP-LC3 served as positive controls for red 
and green fluorescence. HEK 293 Tet-On cells transfected with 
pTRE-Tight-MitoTimer not exposed to Dox served as a negative 
control.

Subcellular fractionation
For subcellular fractionation, cells were plated in 10-cm tis-

sue culture dishes (Falcon, 353003). After transfection and the 
indicated treatments, cells were washed with 1× PBS followed 
by addition of Mitochondrial Isolation Buffer (1 mM EDTA, 
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), 250 mM sucrose, pH 7.4) supplemented with pro-
tease inhibitor cocktail (Roche, 11873580001). Cells were 
detached with a tissue culture cell scraper (Fisher, 08-100-240) 
and mechanically lysed by passing through a 27½ gauge nee-
dle. Lysates were centrifuged at 600× g for 5min. Postnuclear 
supernatants were used as whole cell lysates or centrifuged at 
8000× g for 15 min to isolate mitochondria. The resulting super-
natant fraction representing cytosol and light membranes was 
collected. The mitochondrial pellet fraction was washed with 
Mitochondrial Isolation Buffer and centrifuged at 8000× g for 
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10 min. The resulting supernatant fraction was aspirated and the 
mitochondrial pellet fraction was resuspended in a small volume 
of Mitochondrial Isolation Buffer. The whole cell lysates, cyto-
sol, and mitochondrial fractions were used for protein determi-
nation and western blot analysis.

Mitochondrial fractionation
Cells from a 15-cm tissue culture dish were transfected and 

after the indicated treatments, were recovered by scraping in  
1 ml PBS and centrifuged at 300× g for 5 min at 4 °C. The pel-
let was resuspended in KCl Respiration Buffer [140 mM KCl, 
10 mM MgCl

2
, 10 mM 3-(N-morpholino)propanesulfonic acid, 

5 mM KH
2
PO

4
, 1 mM ethylene glycol tetraacetic acid, 0.2% 

bovine serum albumin (fatty acid free; Sigma, A6003-25G)], 
supplemented with protease inhibitor cocktail. Cells were dis-
rupted via Dounce homogenization and centrifuged at 600× g 
for 5min. The resulting supernatant fraction was centrifuged at 
8000× g for 15 min to pellet the mitochondria and washed twice 
for 10 min at 8000× g. To swell the mitochondria in order to 
rupture the outer membrane, the mitochondrial pellet fraction 
was resuspended in hypotonic buffer (1 mM ethylene glycol tet-
raacetic acid, 10 mM potassium phosphate, pH 7.4) by tritura-
tion and stored on ice for 15 min; MgCl

2
 was supplemented to 

a final concentration of 1 mM for an additional 5 min, then the 
mitochondria were centrifuged at 16,000× g for 15 min at 4 °C. 
The resulting pellet fraction, designated the mitoplast fraction 
(mitochondrial inner membrane and matrix), was reserved for 
further processing, while the supernatant fraction, representing 
proteins from the outer mitochondrial membrane and the inter-
membrane space was centrifuged at 100,000× g for 60 min at  
4 °C to obtain a pellet fraction of outer membrane proteins and 
a supernatant fraction containing intermembrane space con-
stituents. The mitoplasts were resuspended in Respiration Buffer 
without albumin, sonicated, and centrifuged at 100,000× g for 
60 min at 4 °C, to obtain a pellet fraction of inner membrane 
proteins and a supernatant fraction of matrix constituents. Pellet 
fractions were resuspended in consistent volumes to maintain 
mitochondria-equivalent fractions.

Western blot analysis
Sample proteins from experiments were quantified using 

the Bio-Rad protein assay kit. Equal amounts of protein were 
resolved on 10–20% Tris-glycine SDS-PAGE gels (Invitrogen, 
EC6135 BOX) and transferred to nitrocellulose membranes. 
The membranes were blocked with 5% nonfat dry milk for 1 h 
then incubated with 1:1000 diluted primary antibodies against 
dsRed (Clontech, 632392), COXIV (Cell Signaling, 4844S), 
TOMM70 (Calbiochem, AP1058), ACO2/aconitase (Cell 
Signaling, 6922S, cytochrome c (Santa Cruz SC-13560), RHO-
GDI (Santa Cruz, SC-373724), and actin (Sigma, A4700). 
Membranes were washed with Tris-buffered saline (150 mM 
NaCl, 100 mM Tris-HCl, pH 7.4) with 1% Tween 20 at room 
temperature and incubated with peroxidase-conjugated goat 
anti-rabbit or anti-mouse secondary antibodies (KPL, 074-1516, 
074-1806, respectively; 1:2500). Blots were developed with 
SuperSignal West Dura Extended Duration Substrate (Thermo-
Pierce, 34076), and immunoreactive bands were visualized using 
the ChemiDoc XRS system (Bio-Rad).

Statistical analysis
The Student t-test was used to determine statistical signifi-

cance with P values less than 0.05 accepted as significant. Error 
bars indicate the standard deviation.
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