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Abstract
Cytochrome c Oxidase (CcO) is a multisubunit bigenomic protein complex which catalyzes the last
step of the mitochondrial electron transport chain. The nuclear encoded subunits are thought to have
roles either in regulation or in the structural stability of the enzyme. Subunit Vb is a peripheral
nuclear-encoded subunit of mammalian CcO that is dramatically reduced under hypoxia. Although
it has been shown to contain different ligand binding sites and undergo modifications, its precise
function is not known. In the present study we generated a cell line from RAW 264.7 murine
macrophages, that has more than 80% reduced level of Vb. Functional analysis of these cells showed
a loss of CcO activity, membrane potential and lower ability to generate ATP. Resolution of
complexes on Blue native gel and two dimensional electrophoretic analysis showed an accumulation
of subcomplexes of CcO and also reduced association with super complexes of the electron transfer
chain. Furthermore, the mitochondria from CcO Vb knock down cells generated increased ROS and
the cells were unable to grow on galactose containing medium. Pulse chase experiments suggest the
role of CcO Vb subunit in the assembly of the complex. We show for the first time the role of a
peripheral, non-transmembrane subunit in the formation as well as function of the terminal CcO
complex.

Introduction
Cytochrome c Oxidase (CcO) is the terminal enzyme of the mitochondrial electron transport
chain, which catalyses the transfer of electrons from reduced Cytochrome c to molecular
oxygen. The mammalian enzyme is composed of 13 subunits and is bi-genomic with subunits
encoded by both mitochondrial DNA and the nuclear genome. MtDNA codes for the three
largest subunits (CcO subunits I, II and III) that form the catalytic core of the enzyme. The
remaining 10 subunits (in mammals, CcO IV, Va, Vb, VIa, VIb, VIc, VIIa, VIIb, VIIc, and
VIII) are nuclear encoded, translated in the cytosol and imported into the mitochondria. During
the catalytic cycle, reduced Cytochrome C binds to subunit II and transfers electrons to CuA
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site. Reduced CuA then transfers the electrons through heme a to heme a3/CuB binuclear
reaction center, both associated with subunit I, where they are used to reduce molecular oxygen
to water. Thus subunits I and II, by themselves carryout the complete redox cycle of cytochrome
oxidase. The role of subunit III is not very well understood although it is believed to modulate
proton pumping [1]. CcO from Paracoccus and Thermus contain only two subunits, that are
homologous to subunits I and II of mammalian enzyme, and yet are catalytically similar to the
mitochondrial enzyme [2]. However, human patients with deletions in subunit III exhibit
cytochrome oxidase deficiency implying a possible role in the stability or assembly of the
complex [3]. A single redox cycle of the enzyme is accompanied by the transport of two protons
from the matrix to the inter membrane space, thus contributing to the transmembrane proton
gradient and providing the free energy needed for ATP synthesis [4].

The nuclear subunits are small and surround the catalytic core of the enzyme [5]. Their number
varies in different organisms. With the mitochondrial subunits harboring the reaction centers
necessary for electron transport their role in the function of the enzyme are defined [1,6,7].
Since the bacterial enzyme with only the three catalytic subunits is functional, the precise roles
of the nuclear subunits in the eukaryotic enzyme are not well understood. However, it is
believed that they are involved in the regulation and assembly of the complex [5,8]. In
Saccharomyces cerevisiae null mutants of IV, Va, VI, VII and VIIa lack CcO activity and fail
to grow on nonfermentable carbon sources [8-10]. These subunits are thought to be involved
in both stability and regulation of enzyme activity [11]. Loss of subunit VIII however, leads
to only 20% decrease in enzyme activity and is required for formation of stable cytochrome
oxidase dimers [11,12]. Using siRNA mediated mRNA depletion, the roles of the mammalian
nuclear subunits are now being elucidated. In mouse fibroblast cells, stable siRNA depletion
of CcO subunit IV caused a 70% reduction in CcO activity [13]. In contrast, removing CcO
VIb from the purified bovine complex surprisingly resulted in substantially increased enzyme
efficiency [14].

Crystal structure of beef heart CcO [15] shows that CcO Vb is an extra-membrane subunit
located on the matrix side of the complex with its C-terminus in direct contact with CcO I and
its N-terminus in direct contact with CcO II. The subunit contains a zinc binding site within
the context of a zinc finger motif, though the physiological relevance of this is not known
[15]. Unlike subunits IV, VIa, VIIa, and VIII, CcO Vb does not have any discrete
developmental or tissue specific isoforms. However, previous work from our laboratory has
shown that the subunit Vb content varies with tissue type [16] and even within different cardiac
compartments of the heart [17]. In general, tissues with higher metabolic demands also exhibit
the highest levels of CcO Vb, suggesting a role for CcO Vb in the function of the mammalian
complex. In support of the essential role of CcO Vb in the regulation of the CcO activity, studies
have demonstrated that the subunit is phosphorylated in a cAMP dependent manner [18]. Also,
hypoxia has been shown to cause a decrease in CcO Vb protein level, which is accompanied
by a decrease in enzyme activity [18-20]. Genetic studies in yeast have suggested role for the
CcO IV subunit (homolog of mammalian Vb) in the stability of the complex [21-23]. Eaton
and colleagues [24] have shown that transient siRNA depletion of CcO Vb resulted in decreased
CcO activity and suggested a regulatory role for CcO Vb.

In light of the accumulating evidence that nuclear encoded subunits, particularly CcO Vb, are
essential for the proper regulation and assembly of mammalian CcO, we generated a stable
CcO Vb silenced murine macrophage RAW 264.7 cell line. The choice of this cell line was
based on our previous study which showed that, these cells are highly sensitive to hypoxia and
CcO activity as well as subunit Vb levels were reduced under hypoxic condition [18]. The CcO
Vb silenced cell line exhibited dramatically reduced CcO activity and an inability to form
functional complexes, which was accompanied by a drastic reduction in respiration, lower
membrane potential and increased reactive oxygen species formation. Collectively, our data
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suggest that CcO Vb is essential for the assembly and stability of a functional CcO complex.
To date, this is the first report on the requirement for a non-transmembrane spanning peripheral
nuclear subunit in the assembly and stability of the mammalian cytochrome oxidase.

Materials and Methods
Generation of CcO Vb Depleted RAW 264.7 Cells

The mouse CcO Vb mRNA transcript (NM_009942) was analyzed for siRNA target regions
using the siRNA algorithm on the Dharmacon website
(http://www.dharmacon.com/sidesign/designresults.aspx). The target region with the highest
score was 5’-GAGGACAACTGTACTGTCA-3’. A siRNA oligonucleotide specific for this
sequence was synthesized and cloned into the pSilencer 2.0 vector according to the
manufacturer's protocol (Ambion). A target sequence with no significant homology to any
mouse transcript was also cloned and used as a control. RAW 264.7 macrophages (ATCC#
TIB-71) were maintained in DMEM (Invitrogen) supplemented with 10% FBS (Atlanta
Biologicals) and 0.1% gentamicin (Invitrogen). Cells were grown to 60% confluence in 6-well
plates and 2 μg of pSilencer plasmid per well (containing either CcO Vb or control siRNA)
was transfected using Targefect-RAW according to the manufacturer's instructions (Targeting
Systems Santee, CA). The cells were switched to selection media containing 250 μg/ml
Geneticin (Invitrogen), 48 hours after transfection, and maintained for two weeks with media
changes every three to four days. Selected colonies were analyzed for CcO Vb levels by both
real time PCR and western blotting.

Quantitative Real Time PCR
Total RNA was isolated from individual clones using Trizol reagent (Invitrogen) and stored at
−80° C. For real time PCR analysis, cDNA was synthesized using the High Capacity cDNA
Archive Kit (Applied Biosystems). Relative mRNA levels of subunits CcO I, CcO II, CcO IV
or CcO Vb subunits were determined by standard SYBR Green real time PCR reactions on an
ABI 7300 Real Time PCR Machine. The levels of the various CcO transcripts were normalized
to β-Actin and expressed as the fold change compared to the value obtained for the clone
transfected with the non-specific siRNA (control).

Preparation of Mitochondrial and Whole Cell Extracts
Whole cell extract was prepared by lysing cells in 400 μl RIPA buffer (50 mM Tris-HCl pH
7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) containing
Complete Protease Inhibitor Cocktail (Roche). The crude lysate was sonicated, incubated at
4°C for 1 hour and centrifuged. Protein concentration of the supernatant was estimated by the
method of Lowry and aliquots were stored at −80°C until use.

Mitochondria were prepared by differential centrifugation as described before [18]. Briefly,
cells were washed with cold PBS and homogenized with a Dounce glass homogenizer in H-
medium (70 mM sucrose, 220 mM mannitol, 2.5 mM HEPES pH 7.4, 2 mM EDTA, Complete
Protease Inhibitor Cocktail). Subcellular fractions were prepared by differential centrifugation.
Protein concentration of the final mitochondrial suspension was performed according to the
method of Lowry and aliquots were stored at −80°C until use.

SDS and Blue Native PAGE
For SDS-PAGE analysis, either 40 μg of mitochondrial extract or 80 μg of whole cell extract
was separated on a 12% denaturing polyacrylamide gel. Protein was then transferred to
nitrocellulose membranes (BioRad) and stored dry between filter paper until use.
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Blue Native PAGE was carried out essentially as described before [25]. Briefly, 150 μg of
mitochondria was solubilized in 30 μl of solubilization buffer containing 1.5 M aminocaproic
acid, 50 mM Bis-Tris and 0.2% dodecyl maltoside and incubated on ice for 30 minutes. The
insoluble material was pelleted by centrifugation at 100,000 × g for 30 minutes and the
supernatant was mixed with Blue Native loading buffer (750 mM aminocaproic acid, 50 mM
Bis-Tris, 0.5 mM EDTA, 5% Serva Blue G) and separated on either a 5-16% (when probed
for CcO or Complex II) or a 5-13% native gradient gel (when probed for Complex I, III or V).
The gels were run at 100 V, initially with cathode buffer containing the blue dye. When the
dye front reached the middle of the gel the buffer was replaced by clear cathode buffer.
Electrophoresis was carried out till the blue dye reached the end of the gel. Protein was
transferred to PVDF membrane (20mA, 30 min) and used for immunoblotting.

Two dimensional blue native/SDS PAGE gel analysis for detection of subcomplexes and
supercomplexes of electron transport chain

In the first dimension, the electron transport chain complexes were separated by blue native
PAGE as described above. 5-13% gradient acrylamide gel was used for resolving intact
complexes by Blue Native Gel analysis, and 8-16% gradient was run for resolving
subcomplexes of CcO. For the second dimension analysis, individual lanes from first
dimension were excised and incubated for one hour in a denaturing solution containing 1%
SDS and 1% 2-mercaptoethanol. The gel strip was placed at 90° from its original orientation
in the stacking gel area of a 10% Tricine SDS acrylamide gel as described by Nijtmans [25]
and standard SDS-PAGE was performed. At the completion of the second dimension run,
protein was transferred to Immunoblot PVDF membrane and probed with antibodies specific
for CcO subunit I.

Metabolic labeling to follow CcO assembly
The metabolic labeling and analysis of labeled complex IV was carried out using a method
modified from Nijtmans et al [25]. Control and VbKD RAW 264.7 cells were grown to 60%
confluence in complete DMEM medium with 10% FBS. The cells were treated with 30 μg/ml
of cycloheximide in Cysteine/Methionine free DMEM medium for 1h. At the end of incubation,
20 μCi of S35-Methionine was added per ml of medium. After 2h of incubation, the radioactive
label was chased with regular DMEM medium without cycloheximide for 3h. Mitochondria
were isolated and the electron transport chain proteins were separated by two dimensional
8-15% blue native/ Tricine SDS PAGE as described before. After separation, the gels were
dried and the radio labeled proteins were analysed by autoradiography.

Immunoblot Analysis
Antibodies specific for NDUFA9 (subunit of Complex I), Core 1 (subunit of complex III),
ATPase Subunit β (subunit of Complex V), CcO I, CcO IV, CcO Va, CcO Vb (Mitoscience),
70kDa subunit of Complex II (Molecular Probes), TOM 20 (Santa Cruz), and β-Actin (Santa
Cruz) were diluted 1:5000; the monoclonal antibody specific for CcO II (Santa Cruz) was
diluted 1:2000. Blots were probed and developed using the Super Signal West Femto System
(Pierce) and imaged on a BioRad VersaDoc Imaging system. Digital image analysis was
performed using Quantity One v4.5. The density of each band was then normalized to the
loading control (either TOM 20 or β-actin), and the fold change was calculated and compared
to the control extract.

OXPHOS Complex Assays and Oxygen Consumption
Assays for Complex I, Complex II-III and CcO were essentially as described by Birch-Machin
and Turnbull [26] using a Cary 1E UV-Vis Spectrophotometer. Briefly, Complex I activity
(NADH: ubiquinone oxidoreductase) was measured by incubating 50 μg of freeze thawed
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mitochondrial extract in 1 ml of assay medium (25 mM potassium phosphate pH 7.4, 5 mM
MgCl2, 2mM NaCN, 2.5 mg/ml BSA, 13 mM NADH, 65 μM ubiquinone, 2 μg/ml Antimycin
A) and measuring the decrease in absorbance at 340 nm due to NADH oxidation. Complex II-
III activity (succinate-Cytochrome C reductase) was measured by incubating 20 μg of freeze
thawed mitochondrial extract in 1 ml of assay medium (25 mM potassium phosphate pH 7.4,
2 mM NaCN, 20 mM succinate, 2 μg/ml rotenone, 37.5 μM oxidized Cytochrome C) and
measuring the increase in absorbance at 550 nm due to Cytochrome C reduction. CcO activity
(Cytochrome C oxidase) was measured by incubating 5 μg of freeze thawed mitochondrial
extract in 1 ml of assay medium (25 mM potassium phosphate pH7.4, 0.45 mM dodecyl
maltoside, 15 mM reduced Cytochrome C) and measuring the decrease in absorbance at 550
nm due to Cytochrome C oxidation. Oxygen consumption was measured using a Strathkelvin
Model 781 Oxygen Sensor by incubating 100 μg of mitochondrial extract in 1 ml of 25 mM
potassium phosphate pH 7.4 containing 40 mM succinate and 15 μM reduced Cytochrome C
and following the decrease in oxygen content of the closed system.

Measurement of mitochondrial membrane potential and cellular ATP Levels
The membrane potential was measured as a function of mitochondrial uptake of MitoTracker
Orange CM-H2TM ROS (50 nM) added to the cell suspension. Fluorescence was monitored
in a multiwavelength-excitation dual wavelength-emission Delta RAM PTI spectrofluorometer
at 525 nm Excitation and 575 nm Emission [27]. Total cellular ATP levels were determined
by bioluminescence using ATP-bioluminescent somatic cell assay kit (Sigma) following the
manufacturers instructions. Briefly, 106 cells were lysed using the “somatic cell releasing
reagent,” which caused the release of cellular ATP by altering membrane permeability. ATP-
dependent formation of light was measured in a TD-20/20, Turner designs luminometer. The
relative intensity was calculated.

Heme Content Analysis
900 μg of freeze thawed mitochondrial extract was incubated on ice for 30 minutes in 2 ml of
25 mM phosphate buffer pH 7.4 containing 2% dodecyl maltoside before being split into two
cuvettes. About 10-20 μg of sodium ascorbate were added to one of the cuvettes and the reduced
minus oxidized difference spectra was recorded from 400 nm to 800 nm after incubation for
10 min at room temperature.

Low temperature EPR of whole cells
Control and VbKD (Vb mRNA knocked down) cells were harvested and washed once with
PBS. The cell pellet was resuspended in 200 μl of H-medium and transferred into 4-mm quartz
EPR tubes (Wilmad Glass, Buena, NJ) and the sample was frozen in liquid nitrogen and stored
at −70 °C until EPR measurements were performed. The X-band EPR of the whole cells were
recorded at liquid helium temperatures on a Bruker E500 ELEXYS spectrometer with 100 kHz
field modulation, equipped with an Oxford Instrument ESR-9 helium flow cryostat and a
DM-0101 cavity. Spectrometer conditions were as follows: microwave frequency, 9.635 GHz;
modulation frequency, 100 kHz; modulation amplitude, 10 G; receiver gain, 85 dB; time
constant, 0.01 s; conversion time, 0.08 s; sweep time, 83.9 s. EPR spectra were obtained over
the temperature range 4-50 K using an incident microwave power of 5 mW and modulation
amplitude of 10 G. The spectrometer was calibrated with the radical 1, 1-diphenyl-2-
picrylhydrazyl (DPPH) exhibiting an EPR signal centered at g = 2.0036.

Growth Curve
Cells were grown to ∼70% confluence in 100 mm dishes without selection and viable cells
were counted using trypan blue exclusion. 3×105 cells were then plated in 6 well dishes
containing 3 ml culture medium and the number of viable cells per well was determined every
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12 hours or 24 hours. To measure the ability of the cells to grow in presence of non-fermentable
carbon source, the medium was replaced with glucose free medium containing 0.9 mg/ml
galactose, 0.5mg/ml pyruvate and 10% dialyzed FBS.

Detection of reactive oxygen species
Dichlorofluorescein fluorescence—ROS formation was measured by DCFHDA
oxidation by a modified method of LeBel et al [28]. Mitochondria (50 μg) from control and
Vb knockdown cells were incubated with DCFHDA. DCFH is oxidized by reactive oxygen
intermediates to a fluorescent compound which is measured at 525nm after excitation at 488nm.
Fluorescence was measured continuously for 15 minutes.

EPR Measurements—Mitochondria targeted spin trap, MitoDEPMPO was used to detect
reactive oxygen radicals in intact mitochondria. MitoDEPMPO was synthesized by covalently
linking DEPMPO to tryphenylphosphonium ion according to the method described in Hardy
et al [29]. Reaction mixtures for EPR were prepared in phosphate buffered saline (pH 7.3)
containing 1mM DTPA and MitoDEPMPO (100mM) in a final volume of 50μl. The electron
transport chain was initiated by adding succinate (10 μM) and the EPR spectrum was recorded
at 37°C using a Bruker EMX spectrometer at 9.5 GHz (X-band) employing a 100 kHz field
modulation. When using DEPMPO as the spin trap, the mitochondria were first solubilized
with 0.5% dodecyl maltoside before adding the trap. The EPR parameters for all experiments
were as follows: Microwave power; 20 mW; modulation amplitude, 1 G; time constant, 1.28
ms; gain 106; sweep time, 335.54; conversion time, 0.163 s, 4 scans.

Statistical analysis—Activity data is presented as mean ± SE of mean. EPR traces shown
in the figure are the summation of three scans.

Results
Stable knockdown of Cytochrome c Oxidase subunit Vb

Three different siRNA target regions were identified in the CcO Vb transcript. Transient
transfections showed siRNA 5’ GAG GAC AAC TGT ACT GTC A 3’ was most effective in
silencing CcO Vb expression in RAW 264.7 cells. Clones stably expressing this siRNA were
screened for Vb protein levels. Figure 1A and 1B show that clone 1 (VbKD1) had only 15%
residual CcO Vb protein and 23% residual CcO Vb mRNA. This clone was used in all
subsequent experiments as the CcO Vb silenced cell line (VbKD). In all experiments in this
study the control is RAW 264.7 cell line stably transfected with a scrambled siRNA sequence
not specific for any mouse transcript (Figure 1A and 1B).

Effect of Vb silencing on Cytochrome oxidase level and function
Subunit Vb has no known function in cytochrome oxidase activity. To determine the effect of
absence of Vb on CcO, we measured both the protein level and activity of cytochrome oxidase
in VbKD cells. Figures 1C and 1D show that mitochondria from VbKD cells had only 20-22%
residual CcO activity measured by rate of oxygen consumption and oxidation of reduced
cytochrome C, respectively compared to control mitochondria. The activity measured was
specific as observed by inhibition by potassium cyanide (data not shown).

To determine if the loss of CcO activity was due to a decrease in the holoenzyme we performed
blue native gel analysis of mitochondria from control and VbKD cells. Figure 2A shows the
blue native gel pattern of complexes from control and VbKD cells. The intensity of stained
CcO complex was markedly lower in the knock down cells than in control cells. Figure 2B
shows the immunoblot of companion gels developed using antibodies against both
mitochondrial DNA encoded (subunits I and II) and nuclear gene encoded (subunits IV, Va
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and Vb) subunits of CcO. We were unable to detect any intact CcO complex containing CcO
I, CcO II, CcO IV or CcO Va in VbKD mitochondria (Figure 2B). Complex II, which was not
affected by Vb knockdown, was used as control. Since electrophoretic transfer of 200 kDa
protein complexes is not quantitative we wanted to confirm the observed lack of CcO by
analyzing heme a/a3 content, which is a cytochrome exclusive to CcO. Accordingly, the
reduced minus oxidized difference spectra shows that the heme a/a3 level was reduced by
71.4%, while the heme c/c1 peak, a component of Complex III, remained unchanged (Figure
2C). This is consistent with the observed reduction in cytochrome oxidase activity in VbKD
mitochondria. Studies [30,31] have shown that low temperature EPR spectroscopy can be used
to detect the redox states of heme, Cu and Fe/S centers associated with mitochondrial
complexes I, II, III and IV in heart and other tissues. EPR spectra of control and VbKD cells
show marked difference in low spin heme a (g=3) and heme a3/CuB of CcO (g=2.95, g=12).
Results show selective loss of exchange coupled resonances at g=2.95 and g=12, confirming
a marked change in the CcO complex in VbKD cells (Figure 2E) but no significant change in
Fe/S clusters (Figure 2D) of other complexes.

Since CcO is a multisubunit protein, we determined the levels of some of the other subunits
of CcO in the mitochondrial extract. As shown in Figure 3A, the levels of CcO I, CcO II, CcO
IV and CcO Va were all reduced to varying levels in response to CcO Vb depletion. To
understand the basis of reduction in subunit levels we evaluated the levels in whole cell extract
(Figure 3B) which was nearly comparable to the level in mitochondrial extracts. However, the
mRNA levels of CcO I, CcO II and CcO IV were increased to a small extent (Figure 3E),
suggesting either increased expression or increased mRNA stability. This suggests that the
reduction in subunit levels was not due to reduced transcription but more likely due to the rapid
degradation of unassembled subunits.

Defective Cytochrome oxidase assembly in Vb knockdown cells
In order to understand the loss of other subunits of CcO in VbKD cells, we investigated the
rate of assembly of cytochrome oxidase complex. Pulse chase analysis was done by selective
labeling of mitochondrial subunits with S35 Methionine/Cysteine in presence of
cycloheximide, an inhibitor of cytosolic protein synthesis. Cytochrome oxidase assembly was
then allowed to continue in the absence of cycloheximide and with unlabeled Methionine/
Cysteine. Figure 4A shows the autoradiograph of BN PAGE/Tricine SDS two dimensional gel
of mitochondria isolated from control and VbKD cells after pulse chase. The blue native gel
conditions (8-15%) was such that only complexes II and IV entered the gel. The larger
complexes (I, III and V) remained at the top of the gel. Also since complex II does not contain
any mitochondrial encoded subunits, this method allowed us to selectively view the labeling
of complex IV. An SDS PAGE pattern of CcO I is shown in Figure 4A and the quantitation of
the blot in Figure 4B. Results show that a total of 64% of the labeled protein was associated
with the holoenzyme complex plus the S3 subcomplex in control cells compared to only 25%
in VbKD mitochondria (Figure 4B). However, in VbKD cells about 54% of the total label is
associated with subcomplex S1 compared to only 25.4% in control cells. Likewise, in VbKD
cells subcomplex S2 constituted 21.7% of the label compared to 9.7% in control cells. To
confirm that these are indeed subcomplexes of cytochrome oxidase, we performed western
blot analysis on ETC complex proteins separated on 2D BN PAGE/Tricine SDS gels. The SDS
gel resolved complexes were probed with CcO subunit I antibody. As seen from immunoblot
in Figure 4C and quantitation in Figure 4D there is a clear accumulation of CcO subunit I-
containing smaller complexes in mitochondria of VbKD cells compared to control cells.
Collectively, the reduced level of the 200 kDa CcO monomer, the reduced heme a/a3 content
and the higher levels of CcO I subunit containing subcomplexes demonstrate that CcO
assembly is disrupted and the CcO level is significantly reduced in RAW 264.7 cells lacking
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subunit Vb. Additionally, the higher order of complexes designated as supercomplexes
observed in control cell mitochondria are decreased in mitochondria from VbKD cells.

Effect of Vb silencing on mitochondrial functions
A previous study has shown that CcO stability is required for Complex I formation in mouse
embryonic fibroblasts [13]. In an effort to determine if the loss of CcO activity due to the
silencing of Vb affects other ETC complexes, we analyzed the protein levels and functions of
the remaining complexes in CcO Vb deficient macrophages. Interestingly, there was no
difference in the protein levels of complexes I, II, III and V (Figure 2B and 5A). Similarly the
activities of complex I, II/III (Figure 5B) were not significantly affected in VbKD
mitochondria. The respiratory chain enzymes are known to be organized into multienzyme
structures called supercomplexes. Western blot analysis of complexes from control cell and
VbKD cell mitochondria resolved on 2D BN PAGE/Tricine gel (Figure 5C) shows a loss of
supercomplexes in VbKD cells. We assayed the VbKD cells for total cellular ATP and
membrane potential. Silencing CcO Vb mRNA reduced total cellular ATP by 38% (Figure 6A)
and significantly decreased mitochondrial membrane potential, as evidenced by a reduction in
the ability to sequester MitoTracker Orange (Figure 6B).

As expected for a cell line deficient in CcO, we observed that the VbKD cells had retarded
growth rate. The altered growth was apparent 24 hours after plating 50,000 viable control and
VbKD cells and grew in disparity over the next 48 hours (Figure 6C). After 72 hours, there
were 57% fewer viable VbKD cells than Control. To assess the extent of mitochondrial
dysfunction, control and VbKD cells were grown in medium containing galactose, a non
fermentable sugar, instead of glucose. As seen from the graph (Figure 6D), only 10% of VbKD
cells survived after 6 days compared to control cells.

Increased reactive oxygen species formation in Vb knockdown cells
Defective electron transport chain is a common cause for increased reactive oxygen species
(ROS) formation in the mitochondria. Since CcO Vb silencing affects many of the
mitochondrial functions, it seemed likely that cells lacking CcO Vb may produce more ROS.
We assayed the extent of ROS production using two different approaches. In the first method,
we measured cellular ROS production fluorometrically using DCFDA. Briefly, non-
fluorescent DCFDA is freely taken up by respiring cells and is cleaved into DCFH by
intracellular esterases [32]. The probe is oxidized by hydrogen peroxide radicals to a highly
fluorescent compound. Figure 7A shows a steady increase in the DCF fluorescence in the cells
with time. VbKD cells produced ∼60% higher fluorescence than control cells indicating
increased ROS production. Azide, a specific inhibitor of CcO activity also induced a similar
increase in ROS production. Addition of antioxidant N-Acetyl cysteine, vastly reduced the
fluorescent signal suggesting the specificity of this assay system. To confirm the mitochondrial
origin of ROS, we used EPR spin trapping with a mitochondria targeted probe MitoDEPMPO
that was recently reported by us [29]. Isolated mitochondria were loaded with mitoDEPMPO
and the electron transport was initiated by adding succinate. Mitochondria from VbKD cells
yielded an EPR spectrum with a three fold higher level of superoxide, hydroxyl and alkyl
adducts compared to control mitochondria (Figure 7B). To confirm the intramitochondrial
origin of the signal, mitochondria were separately incubated with DEPMPO, which does not
enter intact mitochondria. As seen in Figure 7B, the signal from DEPMPO was basal. However,
solubilizing the mitochondria with dodecyl maltoside before incubating with DEPMPO
resulted in a significant increase in spin adducts. Figure 7C shows the structure of hydrogen
peroxide conjugated mitoDEPMPO. These results show that loss of cytochrome oxidase
activity due to CcO Vb knockdown causes increased production of reactive oxygen species.
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DISCUSSION
It is now well established that CcO represents an important site of regulation of mitochondrial
oxidative phosphorylation and ATP generation. A number of human diseases are linked to CcO
deficiency or dysfunction [33-35]. CcO activity is known to be regulated by an array of factors
including allosteric modulators, protein modification, mutations in both mitochondrial and
nuclear genes and physiological factors such as hormones [36-40]. Although the functions of
mitochondrial encoded subunits in mammalian organisms have been well established,
relatively less is known about the role of nuclear encoded subunits in the assembly, structural
integrity or activity of the mammalian complex [8]. It is generally assumed that the nuclear
subunits have a role in the regulation, or in binding physiological modulators [8,20]. In this
paper we provide a direct and unequivocal evidence for the role of CcO Vb in the assembly of
the mouse CcO complex in the Vb mRNA silenced RAW 264.7 cells.

Previously we have shown that different tissues with different oxidative capacity such as liver
and heart show varying levels of CcO Vb contents in relation their heme aa3 contents [17].
Similarly, different compartments of the heart exhibiting different O2 loads also showed a
difference in CcO Vb contents [17]. More recently using a Langendorf perfusion system we
showed that CcO Vb levels declined in rabbit hearts subjected to ischemia/reperfusion, in
relation to their heme aa3 contents, suggesting preferential loss of some of the peripheral
subunits from the holoenzyme complex which was also accompanied by a loss of CcO activity
[18]. Similarly, RAW 246.7 macrophages exposed to hypoxia also show selective decrease of
subunits IVi1 and Vb and associated loss of CcO activity [18]. Proteomic studies on
mitochondria from cancer patients with reduced CcO activity also showed a reduction in CcO
Vb subunit contents [41].

In this study we sought direct evidence on the role of subunit Vb in CcO function/activity by
generating RAW 264.7 macrophage cell line stably expressing siRNA to Vb mRNA. The cell
line used in this study contains ∼80% reduced Vb mRNA and subunit levels. Remarkably,
VbKD cells showed markedly reduced holoenzyme complex, reduced bimolecular EPR signal
suggesting an altered enzyme, a markedly increased level of subcomplexes, reduced heme aa3
content, disruption of ΔΨm, and vastly reduced CcO activity. Crystal structure of bovine CcO
complex revealed that Vb subunit is a peripherally associated with CcO facing the matrix side
of the complex [15]. This raises the question on the role of CcO Vb either in the stability of
the enzyme complex or in its assembly. Results on pulse-chase analysis of CcO in control and
VbKD cells (Figure 4A) clearly suggest the latter. Using transient siRNA transfection Campian
et al., [24] showed a reduction in CcO activity and ∼20% reduction in CcO II. A marginal
effect on the steady state level of other subunits in this study likely reflects a marginal depletion
of Vb mRNA by the transient transfection method used [24].

Interestingly, SDS PAGE analysis of both mitochondrial and whole cell extracts also showed
a similar decrease in other subunits of CcO in VbKD cells. However, real-time quantitation of
mRNA levels showed a small but significant increase in the steady state levels of these mRNAs.
We believe that this increase is reminiscent of compensatory increases of mRNAs for
mitochondrial energy transducing complexes and other proteins known to occur in cells with
dysfunctional mitochondria [42-44]. We also believe that reduced subunit level probably
reflects rapid degradation of unassembled subunits in the matrix or in the cytoplasm. Extensive
studies in yeast have shown that the assembly of CcO is a highly organized sequential process
[25]. Yeast strain with deleted subunit IV, the yeast homolog of mammalian subunit Vb, failed
to assemble intact CcO complex [22,23]. Similarly, mutations at the zinc finger domain of
yeast CcO IV (homolog of mammalian Vb) severely affected CcO activity [21]. These genetic
data support our present observations on loss of CcO activity and loss of a number of other
subunits in VbKD cells. Notably, knock down of Vb in our study caused reduction in the steady
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state levels of nuclear subunits IV and Va. In the yeast system however, knock down of CcO
IV (homolog of mammalian Vb) only marginally reduced the steady state levels of nuclear
subunits CcO Va/b (mammalian CcO IV) and CcO VI (mammalian CcO Va) [22,23]. The
reasons for this difference remain unclear.

Recently it was shown that a functional assembled CcO is necessary for the stability of complex
I [13]. Loss of CcO in knockout mice lacking CcO subunit 10, a CcO assembly factor, also
resulted in the loss of complex I [45]. The prevailing hypothesis is that presence of CcO in
proper abundance is needed for the formation of respirasome [46,47], the supercomplexes
containing one or more copies of complexes I, III and IV. This arrangement is thought to
increase the efficiency of electron transfer and minimizes the leakage of electrons that can
potentially generate reactive oxygen radicals [46-48]. In VbKD cells, however, despite a
marked reduction in CcO complex and the supercomplex structures, we have observed no
decrease in the content or activity of complex I. It is likely that CcO subunit 10, a known
chaperone plays a direct or indirect role in the assembly of complex I as well. Further studies
are therefore necessary to understand the role of CcO complex in the stability of complex I.

An important observation was the formation of mitochondrial ROS in VbKD cells.
Mitochondrial electron transport chain is an important source of reactive oxygen species in
respiring cells. Among the mitochondrial sites, complex I and III are considered as significant
sources of ROS [49-51]. ROS formation by complex I is thought to be due to the reverse flow
of electrons under limiting substrate conditions. This is a common phenomenon during hypoxia
where complex I is considered the major source of ROS. Also, ROS generated by this site may
or may not depend on mitochondrial membrane potential depending on the substrate oxidized
and the activities of the other energy transducing complexes [52]. Complex III is another known
site of superoxide formation where auto oxidation of accumulated semiubiquinone anion
radical has been implicated and ROS production at this site depends on ΔΨm [52]. To confirm
the mitochondrial origin of ROS, we used a mitochondria targeted EPR spin trap,
mitoDEPMPO [29]. We found a significantly higher level of both hydroxyl and superoxide
radicals in VbKD cells compared to control cells. Since CcO is not known to be a site of ROS
production, the origin of these reactive species in VbKD cells needs to be established. It is
possible that blocking of electron transport chain in these cells leads to the accumulation of
reduced semiubiquinone, which in turn may be the cause of ROS. However, a disrupted ΔΨm
in these cells is unlikely to support this reaction mechanism. Another possibility is the abnormal
subcomplexes of CcO accumulated in the mitochondrial membrane in VbKD cells. Recently
Khalimonchuk et al., [53] showed in yeast that CcO subunit I-heme a, is a pro-oxidant
intermediate formed during the assembly of cytochrome oxidase. Thus, assembly defective
complexes of CcO in VbKD cells may be another source of reactive oxygen species.

In summary, in line with studies on subunit IVi1 and VIaH depletion reported recently [54,
55], our results show that the nuclear encoded peripheral subunit Vb plays a direct role in the
assembly and activity of mammalian CcO complex. These results also suggest that subunit
IVi1 and Vb, in particular may have a more direct role in the assembly or integrity of the
complex rather than their previously predicted role in the regulation of enzyme activity. This
is also the first demonstration of a structural role for a peripheral, non-integral membrane
subunit of mammalian cytochrome oxidase.
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Abbreviations
CcO, Cytochrome C Oxidase; VbKD, subunit Vb silenced cells; PAGE, Polyacrylamide gel
electrophoresis; BNGE, blue native gel electrophoresis; SDS, sodium dodecyl sulphate; ROS,
reactive oxygen species; EPR, electron paramagnetic resonance; DCFHDA,
dichlorofluorescein diacetate.
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Figure 1. siRNA mediated silencing of CcO Vb mRNA in RAW 264.7 macrophages
A. 50 μg of mitochondrial protein from clones 1, 3 or 8 stably expressing siRNA against CcO
Vb mRNA, or the scrambled siRNA (control), were subjected to immunoblot analysis using
monoclonal antibodies to CcO Vb or TOM 20 proteins. The protein level was quantitated using
Bio-Rad Versa Doc imaging software by normalizing the intensity of the CcO Vb band to that
of TOM 20. B. The level of CcO Vb mRNA from clone exhibiting the lowest protein level
(VbKD1) was assayed using Real Time-PCR. The CcO Vb level was normalized to the β-actin
mRNA level and is represented as the amount relative to that of control. C, D. CcO activity in
Vb KD1 cells was determined by measuring the rate of oxygen consumption (C) and the rate
of cytochrome c oxidation (D). The relative activities were calculated based on 2.1 μmole
cytochrome C oxidized/min/mg protein in C and 118 μmole of O2 consumed/min/μg protein
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in D, considered to be 1. For both assays, the slope of the linear portion of triplicate experiments
was averaged and the value of the control experiments was arbitrarily set to one.
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Figure 2. Silencing of subunit Vb leads to loss of CcO
A, 100 μg of mitochondrial extract was separated using 6-13% BN-PAGE and stained bands
were visualized, B, 150 μg of mitochondrial protein was resolved on BN-PAGE as in A and
transferred to PVDF membrane and probed with monoclonal antibodies for CcO I, CcO II,
CcO IV, CcO Va, CcO Vb proteins. Complex II was used as loading control. C. 800 μg of
mitochondrial protein solubilized with 2% lauryl maltoside was used for spectral analysis. The
reduced-minus oxidized difference spectra was recorded and analyzed for the a/a3 specific
peak at 605 nm and the cytochrome c/c1 peak at 548 nm. D. X-band EPR of the normal and
VbKD cells were measured at 10 K using 5 mW microwave power as described in Materials
and Methods. D show the Fe/S cluster and E shows the heme a, and heme a3/CuB binuclear
center of CcO respectively.
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Figure 3. CcO Vb silencing caused a reduction in the steady state levels of other CcO subunits
A,B. 50 μg (mitochondrial extract) or 80 μg (whole cell extract) protein from control and
VbKD1 cells were subjected to immunoblot analysis using monoclonal antibodies for CcO
subunits I, II, IV, Va, and Vb, and either TOM 20 for mitochondrial samples or β-actin for
whole cell extract as loading controls. C,D. The protein levels for various subunits were
quantitated as described in Figure 1A. E. The mRNA levels for indicated CcO subunits were
determined using Real Time-PCR. The mRNA levels were normalized to β-actin and the level
of each subunit present in control was arbitrarily set at one.
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Figure 4. Accumulation of subcomplexes of CcO in VbKD cells
A. Two dimensional BN PAGE/SDS analysis of mitochondrial samples from metabolically
labeled cells. Cells were labeled with 20 μCi S35-Methionine in presence of 30 μg/ml
cycloheximide for 2h and chased for 3h with excess unlabeled Met. CcO subcomplexes (S1,
S2 and S3) are indicated. Autoradiogram of SDS gel has been presented. B. Quantitation of
the bands from A. The sum of the band intensities of the holoenzyme and subcomplexes was
taken as 100% for calculating the % distribution. C. Two dimensional BN PAGE/SDS analysis
of subcomplexes and supercomplexes. 150 μg of mitochondrial protein was used in each case
and CcO I antibody was used for probing the blot. An SDS gel pattern is presented. D.
Quantitation of the bands from C.
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Figure 5. Levels of other electron transfer chain complexes and loss of supercomplexes in VbKD
cells
A. Resolution of complexes I, III and V from control and VbKD cells by blue native gel
analysis. Details were as in Figure 2 and the Materials and Methods section. B. Relative
activities of complexes I, II + III and CcO in control and Vb KD cells. 50 μg protein was used
in each case as described in the Materials and Methods section. The relative activities were
calculated based on 2.1 μmole cytochrome C oxidized/min/mg protein for CcO, 265 nmoles
NADH oxidized/min/mg protein for complex I and 218 nmoles cytochrome C reduced/min/
mg protein for complex II/III, considered as 1. C. Immunoblots showing supercomplexes in
control and VbKD mitochondria separated by two dimensional Blue Native gel analysis. The
blots were probed with CcO subunit I antibody.
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Figure 6. Impaired mitochondrial function and growth defects in VbKD cells
A. Relative cellular ATP levels in control and VbKD cells. ATP was measured in 106 cells
using Somatic cell assay kit, as described in Materials and Methods. The relative ATP level
was calculated based on 2.9 nmoles of ATP/ 106 cells considered as 1. B. Spectrofluorometric
analysis of mitochondrial membrane potential (ΔΨm) following the uptake of mitotracker
orange (50 nM), as described in Materials and Methods. Excitation at 525 nm and emission at
575 nm were followed. C, D. Growth rates of control and VbKD cells in normal medium (C)
and galactose medium (D).

Galati et al. Page 20

Biochem J. Author manuscript; available in PMC 2009 August 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Increased mitochondrial ROS formation in VbKD cells
A. Formation of ROS in isolated mitochondria from control and VbKD cells measured by
DCFDA oxidation. Azide (Az, 1mM), N-Acetyl Cysteine (NAC, 10mM) were added at 0 time.
B. EPR spectrum obtained from isolated mitochondria following spin trapping with mito-
DEPMPO or DEPMPO. Mitochondria (200 μg) were incubated with Mito-DEPMPO (50 mM)
in phosphate buffer at pH 7.3 for 20 min at 37 °C. C. Structure of the adduct of superoxide and
mito-DEPMPO
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