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a b s t r a c t

Cyclophilin D (CyPD), a mitochondrial matrix protein, has been widely studied for its role in
mitochondrial-mediated cell death. Unexpectedly, we previously discovered that overexpression of CyPD
in a stable cell line, increased mitochondrial membrane potentials and enhanced cell survival under
conditions of oxidative stress. Here, we investigated the underlying mechanisms responsible for these
findings. Spectrophotometric measurements in isolated mitochondria revealed that overexpression of
CyPD in HEK293 cells increased respiratory chain activity, but only for Complex III (CIII). Acute treatment
of mitochondria with the immumosupressant cyclosporine A did not affect CIII activity. Expression levels
of the CIII subunits cytochrome b and Rieske-FeS were elevated in HEK293 cells overexpressing CyPD.
However, CIII activity was still significantly higher compared to control mitochondria, even when
normalized by protein expression. Blue native gel electrophoresis and Western blot assays revealed a
molecular interaction of CyPD with CIII and increased levels of supercomplexes in mitochondrial protein
extracts. Radiolabeled protein synthesis in mitochondria showed that CIII assembly and formation of
supercomplexes containing CIII were significantly faster when CyPD was overexpressed. Taken together,
these data indicate that CyPD regulates mitochondrial metabolism, and likely cell survival, by promoting
more efficient electrons flow through the respiratory chain via increased supercomplex formation.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Mitochondria are major regulators of both cell death and cell
survival [1e3]. The latter function is primarily attributed to the
production of ATP, the final product of a coordinated action of five
protein complexes in themitochondrial respiratory chain (RC). As is
well known, electrons are liberated by the oxidation of NADH and
FADH2 within four consecutive complexes and two mobile carriers
III; RC, mitochondrial respi-
1; ROS, reactive oxygen spe-
e; PPIases, peptidyl-prolylcis-
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(coenzyme Q and cytochrome c), ultimately being transferred to
oxygen. This generates the classic proton gradient across the inner
mitochondrial membrane, which can then be used to drive ATP
synthesis via the F0F1-ATP synthase (complex V). More recent work
has shown that respiratory complexes can be organized, as func-
tional entities, into supramolecular structures commonly referred
to as “supercomplexes” [4]. The precise composition of complexes
and supercomplexes appear to vary according to tissue type and
temporal bioenergetic demands [5]. However, the overall impact of
supercomplexes appears to be increased efficiency of electron
transfer [6,7].

Complex III (coenzyme Q-cytochrome c reductase) anchors the
central position in the RC, mediating electron transfer from ubiq-
uinol to cytochrome c. It consists of 11 subunits, three of which
constitute a functional core: cytochrome b (Cytb), cytochrome c1
(Cyt1) and the Rieske-FeS protein Rip1. Biogenesis of complex III
(CIII) occurs in a modular step-wise assembly pathway. The subunit
Cytb seeds the early core of the complex, which is subsequently
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stabilized by the incorporation of the Rip1 subunit [8].
A key event in necrotic cell death is the increased permeability

of the mitochondrial inner membrane (MIM) [9], due to the func-
tionally defined opening of the mitochondrial permeability tran-
sition pore (mPTP), a high conductance channel whose precise
composition is unknown, but which includes, critically, cyclophilin-
D (CyP-D) [10,11]. This is a mitochondrial isoform belonging to the
highly conserved peptidyl-prolylcis-transisomerases (PPIases)
family of proteins. Cyclophilins catalyze isomerizations around
Xaa-Pro peptides, which are, in general, rate-limiting steps of
protein folding [12]. Treatment of cells with the pseudo-CyP-D
substrate cyclosporin A is widely known to inhibit cell death
stimuli, which gives rise to themodel that CyP-D sensitizes opening
of the mPTP [13]. This model of cell death was constricted to ne-
crosis based on the insensitivity of CyP-D null mice to high loads of
mitochondrial calcium (Ca2þ), which did not impact their ability to
undergo apoptosis [14]. Unexpectedly, our group discovered that
overexpression of CyP-D in HEK cells decreased their resistance to
cell death stimuli [15].We concluded that CyP-D, likemitochondria,
played a role in both cell death and cell survival [15].

More recent work has implicated many CyPs as key players in
larger protein complexes, although their functional significance is
not yet completely understood [16,17]. The goal of the work pre-
sented here was to test the hypothesis that CyP-D is an important
regulator of mitochondrial metabolism. We present evidence
showing that overexpression of CyP-D in HEK293 cells significantly
increases the efficiency of CIII activity itself. This increase in activity
appears to be independent of PPIase enzymatic activity, at least
acutely. Moreover, we find that the assembly of both CIII and
supercomplexes are accelerated by CyPD overexpression. We note
that others have reported CIII is present in all supercomplexes and
is considered the main stabilizing complex [18e24]. Taken
together, these findings suggest that CyP-D enhances cell survival
by increasing the efficiency of mitochondrial respiration via CIII and
its central role in supercomplex activity.

2. Material and methods

2.1. Cell culture and growth conditions

Cells were cultured according to Lin and Lechleiter [15]. Briefly,
HEK293 cell were maintained at 37 �C in Dulbecco's modified Ea-
gle's medium/F-12 (Life Technology, Rockville, MD) supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 200 mg penicillin,
and 100 mg/ml streptomycin in a humidified atmosphere of 5% CO2/
95% air. The generation of a stable HEK293 cell line expressing CyPD
was performed according to Lin and Lechleiter [15].

2.2. Mitochondrial isolation from HEK293 cells

Mitochondria from HEK293 cells were isolated according to the
method described by Attardi et al. [25]. Briefly, HEK293 cells were
scraped down in NKM solution (in mM: 130 NaCl, 5 KCl, 1 MgCl2)
and spun down at 250 g for 5 min. Pellets were incubated in TKM
buffer (in mM: 10 Tris-HCl pH 6.7, 10 KCl, 0.15 MgCl2). All the
procedures were performed at 4 �C. The suspensions were manu-
ally homogenized (~50 strokes), transferred into a tube with 0.5 ml
of Sucr-TKM buffer (in mM:10 Tris-HCl pH 6.7, 10 KCl, 0.15 MgCl2,
2000 Sucrose) and centrifuged at 1000 g for 5 min. The subsequent
supernatant was collected and centrifuged at 10,000 g for 10 min to
obtain mitochondria pellets. The pellets were then resuspended
with Suc-Tris-EDTA buffer (in mM: 10 Tris-HCl pH 6.7, 1 EDTA, 250
Sucrose) and centrifuged at 10,000 g for 10 min. TM-Suc buffer (in
mM: 10 Tris-HCl pH 6.7, 0.15 MgCl2, 250 Sucrose) was added to the
mitochondrial pellets and spun at 10,000 g for 10 min to obtain the
final mitochondrial pellet.

2.3. DDM solubilization

1 mg of mitochondria protein from HEK293 cells were solubi-
lized in 1% DDM (Sigma Aldrich, St. Louis, MO) for 45 min at 4 �C on
a rotator. Afterwards, the solubilization mix was spun at 72,000 g
for 30 min. The supernatants were collected and benzonase treated
(Sigma Aldrich, St. Louis, MO) for 30 min. The solubilized mito-
chondria supernatant was collected and aliquoted for Blue native
gel electrophoresis or for SDS-PAGE analysis (12%) gels.

2.4. Activities of the respiratory chain complexes (ETCs) IeV

The activities of the electron transport complexes were
measured by spectrophotometric assay. 10 mg of mitochondrial
proteins in respiration buffer (in mM: 250 sucrose, 10 KH2PO4, 10
Tris-ClH, pH 7.4, 1 EGTA) were used to measure activity for complex
IeIV. The activity for complex I was determined by monitoring the
oxidation of NADH at 340 nm at 30 �C, using ubiquinone-2 as an
electron acceptor in the presence of 2, 6 -dichlor-
ophenolindophenol (DPIP) [26]. CII activity was measured by the
succinate-dependent reduction of DPIP. The reaction was moni-
tored at 600 nm at 30 �C using ubiquinone-2 as an electron
acceptor [27]. CIII activity was measured by reduction of Cyto-
chrome C Fe3þ using Decylubiquinol-2 as an electron donor at
550 nm. CIV activity was determined by monitoring the oxidation
of cytochrome c Fe2þ at 550 nm. The data dimensions are mmol/
min/mg protein.

2.5. SDSepage and western blotting

Electrophoresis was performed in SDS-polyacrylamide gels.
Proteins were then either stained with Coomassie brilliant blue G-
250 or transferred into PVDF membrane and probed with the
following antibodies: anti-Core II, anti-Rieske (MitoProfile, Eugene,
OR), polyclonal rabbit anti-CyPD antibody (custommade by Pocono
Rabbit Farm & Laboratory, Inc. Canadensis, PA).

2.6. Blue native gel electrophoresis

Solubilized mitochondrial extracts (100 mg) were loaded onto a
Native Page BisTris 4e12% gradient gel with Coomassie G250 (Life
Technology, Carlsbad, CA) and run at 150 V using dark blue cathode
buffer as directed by the manufacturer's protocol with Native Mark
standards (Bovine heart) in the cold room. Staining of the Native
Page gel was performed using Colloidal Blue Staining kit (Life
Technology, Carlsbad, CA) following the manufacturer's protocol.

2.7. Blue native gel transfer

Blue Native transfer was achieved by using the iBlot Dry Blotting
transfer system (Life Technology, Carlsbad, Ca) on setting P3 for
7 min transfer time. Gels were immersed in 2X transfer buffer prior
to transfer for 10 min on shaker at room temperature. During the
last five minutes of shaking, a final 0.1% SDS was added to the 2X
transfer buffer. The gel was then loaded onto a PVDF membrane,
transferred and fixed with 8% acetic acid and rinsed with dH20
prior to blocking and immunodetection.

2.8. 2-D electrophoresis of native page gel and transfer

After blue native gel electrophoresis and overnight distaining,
the gel strips were treated following the manufacturer's protocol
(Life Technology, Carlsbad, CA). Briefly, the gel strips were
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incubated for 30 min in reduction solution. Next, the reducing
agent was removed and incubated for 30 min in alkylating solution
(1X Nupage LDS sample buffer and 50 mM dimethylacrylamide).
Afterwards, the alkylating solution was removed and a quenching
solution was added (5 mM DTT and 20% ethanol in the 1X Nupage
LDS sample buffer). Lanes were loaded onto a 4e12% gradient 2D
gel (Fife Technology, Carlsbad, CA) and run at 150 V in the cold
room. Afterwards, the gel was transferred to a nitrocellulose
membrane for 1 h at 100 V. The membrane was probed for indi-
vidual subunits of all five complexes with Total OXPHOS Human
Antibody Cocktail (MitoProfile, Eugene, OR).

Briefly, the gel strips were sequentially incubated in reduction,
alkylating and quenching solution. Lanes were loaded onto a 4e12%
gradient 2D gel (Fife Technology, Carlsbad, CA). Afterwards, the gel
was transferred to a nitrocellulose membrane and this was probed
for individual subunits of all five complexes with Total OXPHOS
Human Antibody Cocktail (MitoProfile, Eugene, OR).
2.9. Radiolabeling mitochondria proteins and analysis

Pulse-labeling experiments with [35S]methionine/cysteine were
performed according to a protocol described previously [28].
Briefly, cells were incubated for 20 h with 50 mg/ml chloram-
phenicol in complete medium before labeling. Next day, cells were
washed with methionine-free DMEM 5 times for 1 h. The same
medium containing serum and 100 mg/ml of cycloheximide was
Fig. 1. Overexpression of CyPD leads to enhanced cellular respiration and ATP productio
stables cell lines overexpressing pcDNA3-CyPD were performed using StratKelvin oxygen co
representative traces of slope plots corresponding to control and oligomycin condition afte
vehicule (Water) and ATP addition (b2). HEK293 control cells and stables cell lines overex
determine ATP concentrations (c). Western blot analysis of CyPD levels in HEK293 control ce
Densitometry histogram is normalized with actin (e). All experiments were performed in tri
separately, and ATP production data represent the mean of three independent experiments
added to cells for 20min at 37 �C. Then, 0.2 mCi of [35S]methionine/
cysteine (PerkinElmer Life Sciences, Waltham, MA) was added, and
the cells were incubated for 2 h at 37 �C, followed by the addition of
cold methionine to a final concentration of 1 mM. After 15 min, the
solution was removed and cells were washed 3 times by PBS. From
this point, the cells were subjected to various time point chases in
complete unlabeled medium in the absence of cycloheximide.
Collected cell pellets were solubilized for 20 min on ice in 50 ml of
20 mM bis-Tris (pH 7.4), 40 mM NaCl, and 10% (v/v) glycerol con-
taining 1% (w/v) digitonin, as described by Schagger and von Jagow
[29]. 60 mg/lane of mitochondrial protein containing Coomassie
Blue G was loaded to 3%e11% Acrylamide BN gel. The gels were run
for 30 min at 40 V and then at 80 V until the dye reached the end of
the gel. The gels were dried and the radiolabeled proteins were
analyzed by autoradiography. Quantification of the intensity of the
bands was done by using a PhosphorImager (Molecular Dynamics)
and the ImageQuant program.
3. Results

To investigate the underlying mechanism (s) responsible for
enhanced cell survival in cells overexpressing CyPD [15], we
measured O2 consumption and ATP production. We found, as ex-
pected, that both ATP and O2 were significantly higher in a stable
cell line overexpressing CyPD (CyPD1) compared controls, consis-
tent with an increase in metabolism (Fig. 1aec). Western blot
n. Oxygen consumption of HEK293 control cells (transfected with pcDNA3 vector) and
nsumption electrode. It is shown as a time course (a) and as absolute oxygen rate (b);
r control/vehicule (Water) and ATP addition (b1); absolute oxygen rate after control/
pressing CyPD were obtained. The ATPlite™ Luminescence Assay System was used to
lls (transfected with pcDNA3 vector) and overexpressed with pcDNA3-CyPD (CyPD) (d).
plicate. Oxygen consumption a representative experiment is shown of three performed
and are represented as mean ± SEM.
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analysis revealed that CyPD was significantly increased after over-
expression (Fig. 1dee). We next determined the enzymatic activ-
ity of individual respiratory complexes in mitochondria isolated
from the CyPD1 cell line as well as two additional stable cells lines
differentially overexpressing CyPD (CyPD2 and CyPD3). Interest-
ingly, we only observed a significant increase in CIII activity in each
of the three cell lines overexpressing CyPD compared to controls.
Surprisingly, the activity of the other respiratory chain complexes, I,
II and IV, were not affected by overexpressing of CyPD under our
assay conditions (Fig. 2aed).

To test whether the stimulatory effect of CyPD on CIII was
dependent on its PPIase activity, we utilized the immunosuppres-
sant cyclosporine A (CsA), a prolyl isomerization catalysis inhibitor
that forms a very tight stoichiometric complex with cyclophilins
(Kd ¼ 5e200 nM) [30] [31]. Mitochondria were isolated from
control cells and from the CyPD3 cell line, then treated with CsA at
6 mM and 20 mM for 30 min prior to measuring CIII activity. We
Fig. 2. Cyclophilin D over-expression increases CIII enzymatic activity. Isolated
mitochondria from HEK293 control cells (transfected with pcDNA3 vector) and stable
cells lines differentially overexpressing CyPD (CyPD1, CyPD2 and CyPD3) were ob-
tained. The enzymatic activity of individual respiratory complexes (I-IV) was measured
by spectrophotometric assays as is indicated in Experimental Procedure (a-d). Data
represent the mean either of two independent experiments (CI, CII and CIV enzymatic
activities) or three (CIII enzymatic activity) and are represented as mean ± SEM.).
Western blot analysis of CyPD levels in HEK293 control cells (transfected with pcDNA3
vector) and overexpressed with pcDNA3-CyPD (CyPD1, CyPD2 and CyPD3) and
densitometry histogram normalized with actin (e). Western blot data are the mean of
three independent experiment represented as mean ± SEM.
observed no effect of CsA treatments on CIII activity (Fig. 3), despite
the fact we used an inhibitor concentration that was 100-fold above
its Kd [30] [31]. These data suggested that CyPD was not acutely
affecting CIII activity via its PPIase activity.

To determine whether CyPD was affecting protein levels of the
CIII subunits, mitochondria were isolated cell lines overexpressing
CyPD (CyPD3) or not (control) and analyzed by Western blot anal-
ysis. Interestingly, we observed that cytochrome b (Cytb) and the
iron-sulfur protein Rieske-FeS (Rip1), both part of the functional
core of CIII, were expressed at significantly higher levels in
Fig. 3. The effect of Cyclophilin D over-expression on enzymatic CIII activity is
peptidyl-prolyl isomerase (PPIase) independent. Isolated mitochondria from
HEK293 control cells (transfected with pcDNA3 vector) and stable transfected cells line
overexpressing CyPD (CyPD3) were obtained. The enzymatic activity of CIII was
measured by spectrophotometric assay in the absence and presence of CsA at 6 mM and
20 mM incubated for 30 min. Data represent the mean of four independent experi-
ments using different sets of isolated mitochondria and are represented as
mean ± SEM.

Fig. 4. Cyclophilin D over-expression increases protein levels of CIII subunits and
increases CIII specific enzymatic activity. Mitochondrial protein extracts were ob-
tained from HEK293 control cells (transfected with pcDNA3 vector) and stable trans-
fected cells line overexpressing CyPD and analyzed by Western blot using antibodies
against cytochrome b and the Rieske subunit of CIII (a), then the PVDF membrane was
stripped and re-probed with antibodies against Core II and CyP-D (b). The PVDF
membrane is shown stained with ponceau S, this was performed inmediately after
transfer, before immunostainig (c). Values for CIII enzymatic activity were normalized
either by total protein, ponceau S stained (d) or by levels of individual CIII subunits (e-
g). Data represent the mean of four independent experiments and are represented as
mean ± SEM.



Fig. 5. CyPD interacts with individual CIII and supercomplex. Mitochondrial protein
were obtained from HEK-293 control cells (transfected with pcDNA3 vector) and stable
transfected cell line overexpressing CyPD were loaded onto BNGs; mitochondrial
protein extracts from bovine heart were used as control (a). The mitochondrial extracts
were loaded onto BNGs (100 mg), run, transferred to PVDF membrane and probed using
antibodies against Core II (b). The PVDF membrane was stripped and re-probed with
antibodies against CyPD (c). Representative experiment is shown of three performed
separately. (d) Densitometry histogram of Core II (upper, middle and lower bands)
from CyPD transfected cell line are normalized with the corresponding value of control
cells. (e) Densitometry histogram of CyPD (upper, middle and lower bands) from CyPD
transfected cell line are normalized with the corresponding value of control cells.
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mitochondria with overexpressed levels of CyPD (Fig. 4a). A similar
trend was observed for Core II expression (Fig. 4b), another CIII
subunit.

We next tested whether or not the observed increase in CIII
activity could be attributed to an increase in specific activity. Values
for enzymatic activity were normalized either by expression levels
of individual CIII subunits (Fig. 4a and b) or by total protein (pon-
ceau S staining, Fig. 4c). We found that cells overexpressing CyPD
exhibited higher CIII enzymatic activity when normalized not only
with total protein, but also with expression levels of CIII subunits
core II and Rieske (Fig. 4deg). Taken together, these data suggest
that CyPD enhances both the expression of CIII and the amount of
maturely folded, enzymatically active CIII.

Supercomplexes are thought to increase the efficacy of electron
flow through the respiratory chain [32]. Consequently, we investi-
gated the potential interaction of CyPD with supercomplexes using
blue native gel (BNG) electrophoresis. Mitochondrial protein ex-
tracts from control and CyPD-overexpressing cells were run on
BNG's and the native protein was immuno-blotted after transfer to
polyvinylidene difluoride (PVDF) membrane for the CIII subunit
Core II (Fig. 5). Specific bands associated with respiratory chain
complexes were identified by native protein masses according to
Wittig et al. [33]. We observed an immunoreactive band just above
molecular weight marker 480 KDa, corresponding to the expected
size of individual CIII, and also bands near 900 and 1200 KDa,
indicative of supercomplexes containing I and III or I, III and IV,
respectively (Fig. 5b). The native membrane was subsequently
stripped and probed with an antibody against CyPD (Fig. 5c).
Immunoreactive bands matching those marked by core II were
observed, suggesting CyPD remained associated with both indi-
vidual CIII and fully assembled supercomplexes.

To identify potential changes in individual complex and super-
complex stoichiometry, we performed a second-dimensional
analysis by running excised BNG lanes, obtained from control and
CyPD-overexpressing cells (CyPD3), on an SDS-PAGE. After protein
transfer, the membranes were immune-blotted with an antibody
cocktail probing for individual subunits of all five complexes
(Abcam: ab110412). The CyPD3 cell line overexpressing CyPD
showed significantly increased levels for all individual complexes
as well as supercomplexes (Fig. 6a and b).

Finally, we performed in vivo labeling of mitochondrial trans-
lation products in order to determine whether the kinetics of
supercomplex assembly or the rate of synthesis of individual
complexes and supercomplexes was modulated by CyPD. Our
strategy was to label newly synthesized subunits and follow their
incorporation into, and later their dissociation from, the respiratory
machinery. Control and overexpressing CyPD (CyPD3) cells were
first pre-incubated in the presence of the mitochondrial protein
synthesis inhibitor, chloramphenicol, for 20 h. This enriched nDNA-
encoded subunits and facilitated the incorporation of the newly
synthesized mtDNA-encoded subunits into complexes, which were
labeled by incubating cells with [35S] methionine-cysteine for 2 h.
This last step was performed in the presence of the reversible
cytoplasmic protein synthesis inhibitor, cycloheximide, to ensure
selective labeling of mtDNA-encoded protein [34,35]. Cells were
then chased with unlabeled medium (in the absence of cyclohexi-
mide) for 1, 2, 4, 8, 24, 48 and 72 h (Fig. 7a, d). Overall, this approach
allowed us to follow labeled mtDNA encoded subunits present in
intermediate assemblies at early time points (i.e.�1 and 0 h, Fig. 7a,
c) and permitted us to monitor the longer-term dynamics of res-
piratory complexes. Interestingly, we identified significantly higher
intensity bands for CIII and supercomplex (V þ III/IV) from the
CyPD-overexpressing cells at earlier timepoints compared to con-
trols. Densitometry analysis showed that CIII was assembled and
incorporated into supercomplexes at a significantly faster rate in
cells overexpressing CyPD (Fig. 7b, d).

4. Discussion

We previously reported that overexpression of CyPD in
HEK293 cells hyperpolarized mitochondria and increased their
resistance to cell death stimuli [15]. The data presented here
demonstrate that CyPD overexpression in HEK cells increases O2
consumption and ATP production. These observations are consis-
tent with our previous work [15]. Unexpectedly, we also discovered
that this increase in mitochondrial respiration was correlated with
enhanced activity of CIII and not the other respiratory chain com-
plexes. Enhanced CIII activity appeared to be due to both an in-
crease in protein expression and an increase in the enzymatic
efficiency of CIII, which may be due to an increase in the rate of
supercomplex assembly in CyPD-overexpressing cells. Our data
also indicate that CyP-D stably interacts with either CIII by itself or
with CIII in supercomplexes.

Hafner et al. [36] showed that the acetylated CyPD form binds
and positively regulates mPTP in a CsA sensitive manner, which
promote mitochondria dysfunction. Although CyPD overexpression
increases the ratio of CyPD (inactive)/acetylated CyPD (active), the
metabolic effect that we observed was independent of CsA.

At present, we cannot precisely define the mechanism by which
the expression of CyPD in HEK293 cells augments the level of
expression of CIII subunits. CyPD could be increasing protein syn-
thesis or facilitating the folding/stability of a specific subunit of CIII
that is rate-limiting for its maturation and assembly. The possibility
that an elevated level of CyPD enhances CIII stabilization suggests
that this immunophilin may act as a co-chaperone under cell stress,
consistent with reports of other PPIases in this family [37]. Similar



Fig. 6. Cyclophilin D over-expression induces changes in supercomplex stoichiometry. Mitochondrial protein extracts from control (a) and CyPD-overexpressing HEK293 cells
(b) were loaded onto BNGs. Bands from each cell line were excised and ran in second dimension on SDS-PAGE, then transferred to PVDF membrane and analyzed by Western blot
using an antibody cocktail which probes for individual subunits of all five complexes. Complex I (NDUFA9), complex II (subunit 70 kDa), complex III (Core II), complex IV (subunit
IV), and complex V (subunit alpha). Representative experiment is shown of four performed separately.
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functions for CIII have been reported for a conserved mitochondria
protein named Mzm1, which was shown to be important for as-
sembly/stability of CIII particularly when the cells grew in Zn-
limited medium [8].

Our observations of CyPD function were obtained by over-
expression studies. Thus, its possible that a similar increase under
either physiological or pathological conditions could be used to
enhanced electron transport efficiency according to the metabolic
requirements of cell. These observations do not rule out the pos-
sibility that endogenous CyPD is also required for normal mito-
chondrial function, since our evidence showed CyPD interacts with
CIII. In addition, the absence of any acute affect of cyclosporine A on
CIII activity suggests that the mechanism of action of CyPD is not
associated with moment-to-moment changes in protein folding,
but rather, assembly and maturation of CIII, as discussed below.
However, this does not rule out an enzymatic role in protein folding
(PPIase activity) in the stabilization of assembled complexes and
supercomplexes. This appears to be in contrast to the immuno-
philin Nina A, which is required for synthesis and localization of
Drosophila melanogaster rhodopsin [16].

Native gel and Western blot analysis revealed that CyPD asso-
ciated with CIII both individually and in supercomplexes, indicative
of stable subunit binding (Fig. 4). This approach also demonstrated
that CyPD overexpression increased the levels of both individual
CIII and in supercomplexes (Fig. 5a and b). These data are again
consistent with a model in which CyPD is important for stabiliza-
tion rather than assembly. In this regard, CyPD could be included
with the series of factors recently reported in yeast as being
important for supercomplex stabilization, such as Rcf1 and Rcf2
(Respiratory supercomplex factor 1 and 2), and ACC2 (ADP/ATP
carrier 2) [38] [39] [40]. In addition, Lapuente-Brun et al. [7] have
reported that in mammalian cells, a protein named SCAFI (Super-
complex assembly factor I) stabilizes supercomplexes, specifically
the interaction between CIII and IV.

Finally, we observed significant changes in the kinetics of
supercomplex formation when we performed in vivo labeling of
mitochondrial translation products (Fig. 7). Note that all the res-
piratory supercomplexes involved in electron transfer (CICIII2,
CICIII2CIVn, CIIICIV) contain CIII; evaluation of CIII integration into
supercomplexes is essential to understand supercomplexes asso-
ciation. We think it unlikely that CyPD stimulated mitochondrial
complex subunit synthesis, since the labeled radioactive bands
at �1 and 0 h, in the presence of cycloheximide, are similar for
control and CyPD-overexpressing cells. However, once cyclohexi-
mide was removed, we observed significant differences in the 35S-
labeling pattern. Specifically, CyPD positively increased the
appearance of individual CIII subunits and supercomplexes (V þ III/
IV), suggesting that CyPD was either accelerating stabilization or
stimulating protein synthesis of nuclear-encoded mitochondrial
subunits.

Irrespective of the precise underlying mechanisms, our data
highlight a new level of regulation of mitochondrial respiratory
activity by CyPD, which appears to act as an assembly/stabilization
factor for CIII and supercomplexes. This new function of CyPD may



Fig. 7. Radiolabeling of mitochondrial proteins reveals complex III is assembled
faster in cells overexpressing CyPD. In vivo labeling of mitochondrial translation
products was performed. Control HEK293 cells, transfected with pcDNA 3 vector (a)
and stable transfected cells line overexpressing CyPD (b) were pre-incubated in the
presence of chloramphenicol, for 20 h. Then the cells were subsequently washed and
incubated with 0.2 mCi of [35S]methionine-cysteine for 2 h, in the presence of cyclo-
heximide. Cells were then chased with unlabeled medium for 1, 2, 4, 8, 24, 48 and 72 h,
in the absence of cycloheximide. Mitochondrial protein extracts were loaded onto
BNGs; the gel was fixed, dried, and proteins were visualized by autoradiography.
Quantification of bands from radiolabeling reveals relative CIII, CV þ III/IV and
supercomplexes amounts on multiple time points before and after 35 S labeling (b, d).
Data represent the mean of three independent experiments and are represented as
mean ± SEM.
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provide novel insights into how other proteins could regulate
mitochondrial function to meet the changing energetic re-
quirements of a specific tissue or need. Additional studies will be
required to better understand its pathological and/or physiological
significance.

5. Conclusion

We report that CyPD overexpression selectively increases
complex III activity and supercomplex formation in mitochondria,
which increases the efficiency of electron transfer. We suggest that
a likely mechanism for increased CIII activity in cells over-
expressing CyPD is augmented expression of CIII, which, in turn,
promotes faster assembly into supercomplexes. This data provide
novel insights in the regulation of mitochondrial respiration in
response to changing energetic needs.
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