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Abstract Thirty years after Peter Mitchell was awarded the
Nobel Prize for the chemiosmotic hypothesis, which links
the mitochondrial membrane potential generated by the
proton pumps of the electron transport chain to ATP
production by ATP synthase, the molecular players
involved once again attract attention. This is so because
medical research increasingly recognizes mitochondrial
dysfunction as a major factor in the pathology of numerous
human diseases, including diabetes, cancer, neurodegener-
ative diseases, and ischemia reperfusion injury. We propose
a model linking mitochondrial oxidative phosphorylation
(OxPhos) to human disease, through a lack of energy,
excessive free radical production, or a combination of both.
We discuss the regulation of OxPhos by cell signaling
pathways as a main regulatory mechanism in higher
organisms, which in turn determines the magnitude of the
mitochondrial membrane potential: if too low, ATP pro-
duction cannot meet demand, and if too high, free radicals
are produced. This model is presented in light of the
recently emerging understanding of mechanisms that
regulate mammalian cytochrome c oxidase and its substrate
cytochrome c as representative enzymes for the entire
OxPhos system.
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Introduction

The mitochondrial oxidative phosphorylation (OxPhos)
process utilizes electrons predominantly delivered by
NADH, and also by FADH2, derived from food or energy
stores of the organism. These electrons are transferred via
the electron transport chain (ETC) to the final electron
acceptor oxygen, which is reduced to water. The ETC is an
assembly line consisting of NADH dehydrogenase (com-
plex I), succinate dehydrogenase (complex II), ubiquinone,
bc1-complex (complex III), cytochrome c (Cyt c), and
cytochrome c oxidase (CcO; complex IV). Electron
transport in the ETC is coupled to the proton pumping
activity of complexes I, III, and IV, which generates the
mitochondrial proton motive force Δpm across the inner
mitochondrial membrane. Δpm is utilized by ATP synthase
(complex V) to synthesize ATP from ADP and phosphate,
which is coupled to the backflow of protons from the
mitochondrial intermembrane space to the matrix. OxPhos
is the main driving force of all cellular processes since it
provides more than 15 times the ATP generated by
anaerobic glycolysis (Alberts et al. 2002). It was Peter
Mitchell who proposed that an electrochemical gradient
utilized to produce ATP is the mechanism underlying
OxPhos (Mitchell 1961). Mitchell’s chemiosmotic hypoth-
esis has withstood scientific scrutiny and is one of the main
scientific accomplishments of the twentieth century and
beyond.
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Ensuing research then focused on elucidating structural
and mechanistic processes of individual OxPhos complexes
at the molecular level. Much progress has been made to
crystallize the OxPhos complexes from bacteria and
eukaryotes in the presence or absence of substrates,
substrate analogs, and inhibitors. Complete structures have
been published for complexes II (e.g., from pig heart; Sun
et al. 2005), III (e.g., from cow heart; Iwata et al. 1998), IV
(e.g., from Paracoccus denitrificans (Ostermeier et al.
1995) and from cow heart (Tsukihara et al. 1996)), and Cyt
c (e.g., from horse heart; Sanishvili et al. 1995), and partial
structures are available for complex I (for the hydrophilic
matrix arm from Thermus thermophilus; Sazanov and
Hinchliffe 2006) and ATP synthase (e.g., the FO unit from
Escherichia coli; Rastogi and Girvin 1999), the F1 unit
from cow heart (Gibbons et al. 2000) and liver (Chen et al.
2006), and parts of the peripheral stalk from cow heart
(Dickson et al. 2006). The structural information is
priceless and has made possible the development and
testing of models related to electron transfer within the
complexes and its coupling to the proton pumping
mechanisms, which is still not fully understood.

Regulatory mechanisms acting on OxPhos

This review focuses on mammalian CcO and Cyt c, for
which regulation has been studied in more detail compared
to the other OxPhos complexes, and which shall therefore
serve as representative proteins of the entire OxPhos
system. The reaction of Cyt c and CcO comprises the last
step of the ETC. Reduced Cyt c transfers electrons to CcO
that are passed down to molecular oxygen, which is
reduced to water (Fig. 2). The latter reaction requires
protons that are taken up from the matrix, which also
contribute to the generation of the mitochondrial membrane
potential, in addition to protons that are pumped by CcO.

We will first discuss known regulatory mechanisms acting
on OxPhos. Then we will present a model of the regulation of
the mitochondrial membrane potential ΔΨm with potentially
far-reaching implications for human health: ΔΨm is directly
linked to ATP production but also to free radical production,
and a lack of energy and/or excessive free radical production
are involved in most human diseases.

Basic regulation of OxPhos: substrates and the reaction
intermediate Δpm

In addition to providing mechanistic insights, structural
information continues to provide a better understanding of
regulatory mechanisms of OxPhos. The main regulatory
mechanisms that act on OxPhos are summarized in Fig. 1

and include availability of substrates such as NADH, ADP
and phosphate, and the proton motive force Δpm as the
reaction intermediate that inhibits the proton pumps at high
values. This basic regulation plays the central role in
bacteria. In higher organisms additional features evolved to
fine tune OxPhos function, which can be readily seen in the
increased complexity of OxPhos components. For example,
CcO from bacteria contains two to four subunits whereas
the mammalian enzyme is composed of 13 subunits per
monomer and functions as a dimer (Tsukihara et al. 1996).

OxPhos supercomplexes and substrate channeling

In addition to dimers of OxPhos complexes, respiratory
supercomplexes or respirasomes have been reported in
eukaryotes with various stoichiometries including I–III2, I–
III2–IV, I–III2–IV2, I–III2–IV3, I–III2–IV4 (for current
reviews see Boekema and Braun 2007; Lenaz and Genova
2006; Schägger 2002). The arrangement of OxPhos
components into assembly lines would make possible
increased electron transfer rates due to substrate channeling
as was shown in vitro for the electron transfer between
complexes I and III (Schägger and Pfeiffer 2000). A
separate supercomplex organization was found for ATP
synthase with the phosphate and ADP/ATP carriers (Chen
et al. 2004a), allowing efficient delivery and removal of
substrates and products of ATP synthesis. If supercomplex
formation can be regulated through cell signaling pathways
it could allow increased energy production when needed,
such as during exercise. On this note, it was recently shown
for ATP synthase, which can occur in monomeric and
higher order forms, that the γ subunit was tyrosine

Fig. 1 Main regulatory mechanisms acting on OxPhos complexes.
Bacterial OxPhos is mainly regulated by substrate availability and the
membrane potential. Higher eukaryotic organisms have developed
additional regulatory mechanisms, including the expression of tissue-
specific isoforms, allosteric regulation, and most importantly, as we
propose, reversible phosphorylation: this regulation allows controlled
respiration and avoids high mitochondrial membrane potential ΔΨm

levels, a condition known to yield excessive radical production.
Additional regulatory mechanisms, such as other posttranscriptional
modifications (e.g., acetylation or oxidation of methionines; Schilling
et al. 2006) or competitive inhibition of CcO by nitric oxide, are not
shown
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phosphorylated only in the monomeric but not in the
dimeric state (Di Pancrazio et al. 2006).

Regulatory adaptation at the tissue level—isoform
expression

Another common regulatory mechanism involves the
expression of tissue-specific and developmentally regulated
isoforms. Such isoforms are known for Cyt c and CcO,
which are encoded by separate genes. Cyt c is expressed as
a somatic and a testes-specific isoform in most mammals,
such as rodents (Hennig 1975), whereas the syntenic region
of testes Cyt c in the human genome contains a non-
transcribed pseudogene (Hüttemann et al. 2003). Mouse
testes-specific Cyt c shows distinct functional properties
compared to the somatic isoform with a threefold increased
activity to reduce hydrogen peroxide and a three to fivefold
higher activity to induce apoptosis (Liu et al. 2006).

CcO contains three liver- and heart-type isoform pairs of
subunits VIa, VIIa, and VIII, a lung-specific isoform of
CcO subunit IV, a testes-specific isoform of subunit VIb,
and a third isoform of subunit VIII. Functional data have
been reported for the liver- and heart-type isozymes
although there are major discrepancies among individual
studies, which may be explained by the fact that phosphor-
ylation was not considered and not maintained during
mitochondria and CcO isolation (reviewed in Hüttemann et
al. 2007b). Generally, liver-type CcO, which is expressed in
tissues like brain with a lower mitochondrial density, shows
a higher activity compared to the heart-type isozyme, which
is found in heart and skeletal muscle tissue with a high
mitochondrial capacity (Vijayasarathy et al. 1998). Lung
CcO shows an about 2.5 fold increased activity compared
to liver CcO (Hüttemann et al. 2007a), and the presence of
the lung isoform results in increased capability to dissipate
H2O2 buildup (Fukuda et al. 2007). It has therefore been
proposed that by increasing electron flux through the ETC

Fig. 2 Mapped phosphorylation sites of mammalian cytochrome c
oxidase and cytochrome c. Crystallographic data of cow heart CcO
(Tsukihara et al. 1996) and horse heart Cyt c (Sanishvili et al. 1995)
were processed with the program Swiss-PDBViewer 3.7 and rendered
using the program POV-Ray 3.6. Identified mammalian phosphory-
lated amino acids are highlighted for Cyt c, and on the right monomer
of the CcO dimer (stick representation). On the left monomer the
electron flow from reduced Cyt c via CuA, heme a, heme a3/CuB, and
molecular oxygen, which is coupled to proton pumping activity of

CcO, is schematically illustrated (red arrows). Identified phosphory-
lation sites are: Y97 from cow heart Cyt c (Lee et al. 2006); Y48 from
cow liver Cyt c (Yu et al. 2008); T11 of CcO subunit VIa from cow
heart (Tsukihara et al. 2003); Y304 of CcO subunit I from cow liver
(Lee et al. 2005); S115 and S116 of CcO subunit I, T52 of subunit IV,
and S40 of subunit Vb in rabbit heart (Fang et al. 2007); and S34 of
CcO subunit I and S4 and T35 of subunit Va from cow heart (Helling
et al. 2008)
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fewer electrons are available for ROS formation, which
might be particularly important in the highly oxygenated
lung tissue, which faces the highest levels of the other
ingredient for ROS formation—oxygen (Hüttemann et al.
2007a).

Allosteric regulation

Both Cyt c and CcO share a regulatory mechanism via
adenine nucleotides, which results in an inhibition of
respiration in the presence of ATP, a condition when cells
are at rest and do not require increased OxPhos activity.
Binding of ATP to Cyt c leads to an inhibition of the
reaction between Cyt c and CcO and the elimination of the
low Km phase of the otherwise biphasic kinetics with CcO
(Ferguson-Miller et al. 1976). The ATP binding site was
mapped to the conventional “left side” of the molecule
(McIntosh et al. 1996; Fig. 2, top left).

A similar ‘energy rheostat’ regulatory mechanism is
found in CcO. It is mediated by an ATP/ADP binding
pocket located in the matrix domain of the largest nuclear-
encoded subunit (IV), leading to allosteric inhibition of
CcO in the presence of ATP and activation in the presence
of ADP (Arnold and Kadenbach 1999; Hüttemann et al.
2001; Napiwotzki et al. 1997). For the discussion of other
possible allosteric control mechanisms acting on CcO
including divalent cation binding sites, fatty acids, and the
thyroid hormone diiodothyronine, see Hüttemann et al.
(2007b).

Competitive inhibition of CcO via nitric oxide

The physiological and pathological role of nitric oxide
(NO) on mitochondrial function is a rapidly expanding
research field, which can only be briefly touched on here
(for reviews see Brown 2001; Giulivi 2007). NO synthesis
is catalyzed by four types of NO synthase (NOS), a
neuronal (nNOS) and an endothelial NOS (eNOS) isoform
that are constitutively expressed, an inducible form
(iNOS), and mitochondrial NOS (mtNOS). mtNOS can
directly interact with CcO on the matrix side by binding to
subunit Va (Persichini et al. 2005), which increases local
concentrations of NO near its target enzyme. Mechanisti-
cally, NO competes with oxygen at the binuclear heme a3–
CuB binding site, which leads to reversible CcO inhibition
(Brown and Cooper 1994; Giulivi 1998). Increased
cellular NO levels coincide with many human diseases,
including arthritis (Cuzzocrea 2006), sepsis and septic
shock (Assreuy 2006), cancer (Fukumura et al. 2006),
obesity, and diabetes (Stepp 2006). In addition, we have
recently shown that traumatic brain injury (TBI) leads to a

strong induction of NO production, concomitantly de-
creased CcO activity, and more than 60% decreased ATP
levels analyzed at 4 and 24 h post-TBI (Hüttemann et al.
2008). CcO activities were partially restored by applica-
tion of iNOS antisense oligonucleotides to downregulate
iNOS expression, leading to a full normalization of ATP
levels similar to the controls. A lack of energy after TBI
caused by inhibition of CcO was proposed as an important
aspect of trauma pathology (Hüttemann et al. 2008). The
inhibitory effect of NO on cell respiration has also been
proposed as a general mechanism underlying neurodegen-
erative diseases through over-production of NO (Moncada
and Bolanos 2006).

In contrast, a beneficial application of NO is currently
discussed as a cardioprotective therapy for ischemia/reperfu-
sion injury due to its direct effects on mitochondria (Burwell
and Brookes 2008). Based on our model discussed in greater
detail below, which links regulation of OxPhos complexes
with both energy and free radical production, inhibition of
the proton pumps prior to or during reperfusion makes sense.
This is so because cellular stress in the form of ischemia
would lead to dephosphorylation and maximal activation of
the ETC complexes, followed by a hyper-polarization of the
mitochondrial membrane potential, a condition known to
produce excessive amounts of free radicals. Thus, inhibition
of the terminal step of the ETC may be capable of preventing
the otherwise inevitable excessive production of ROS and
cell death.

Cell signaling pathways

It is now evident that all mammalian OxPhos components
including Cyt c are targeted for phosphorylation (for a
recent detailed discussion of those phosphorylations based
on the crystal structures and kinase predictions, see
Hüttemann et al. 2007b). To date, 17 phospho-epitopes
have been mapped, mainly by tandem-mass spectrometry
analysis. The corresponding signaling pathways are known
for only a few of the sites mapped, and the kinases and
phosphatases catalyzing these reversible phosphorylations
remain unknown (or uncertain). In addition to phosphoryla-
tion sites on Cyt c and CcO that are discussed below, the
following sites have been identified on complexes I and V:
complex I from cow heart was phosphorylated on S95 of the
B14.5a subunit (Pocsfalvi et al. 2006), on S59 of the 42 kDa
subunit (Pocsfalvi et al. 2006; Schilling et al. 2005), and on
S20 of the ESSS and S55 of the MWFE subunits (Chen et al.
2004b); complex V was phosphorylated on T213 (T163 of
the mature peptide) of the β-subunit in human skeletal
muscle (Hojlund et al. 2003), S76 (S33 of the mature
peptide) of the α-subunit of mouse brain, and Y75 of the δ-
subunit in human NIH3T3 cells (Ko et al. 2002).
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Phosphorylation of cytochrome c

The 12 kDa small and highly positively charged electron
carrier Cyt c is located in the mitochondrial intermem-
brane space and transfers electrons from bc1 complex to
CcO. The fact that Cyt c is targeted by cell signaling
pathways has only been revealed very recently. As
detailed below, we were able to demonstrate that the in
vivo phosphorylation state of Cyt c is distinct between
liver and heart tissue, but that it is the phosphorylated
form that was found in both cases. Importantly, preserva-
tion of protein phosphorylation during protein isolation is
critical for these studies and can be achieved by the
inclusion of unspecific serine/threonine phosphatase in-
hibitor KF (10 mM), unspecific tyrosine phosphatase
inhibitor vanadate (1 mM), and calcium chelator EGTA
(2 mM) to prevent activation of calcium-dependent protein
phosphatases. Detailed protocols are now available (Lee et
al. 2006; Yu et al. 2008). Older protocols omitted at least
one of these compounds, in particular vanadate, which
turns out to be crucial since tyrosine phosphorylation is
the modification found in Cyt c.

Isolation of cow heart Cyt c followed by mass
spectrometry revealed phosphorylation on tyrosine 97
(Lee et al. 2006; Fig. 2). This phosphorylation produced
pronounced sigmoidal kinetics and thus inhibition in the
reaction with CcO. Half-maximal turnover was obtained at
Cyt c substrate concentrations of 5.5 and 2.5 μM for Y97-
phosphorylated and alkaline phosphatase-treated dephos-
phorylated Cyt c. Y97 is not part of the predicted Cyt c-
CcO binding site (Roberts and Pique 1999), but its
phosphorylation leads to spectral changes of the weak
695 nm absorption band. This absorption is caused by the
methionine-heme iron bond, indicating that a phosphoryla-
tion event on the periphery of the molecule affects the heme
environment.

The discovery of a second phosphorylation on Cyt c
was a surprise. Using cow liver tissue instead of heart we
observed Y48-phosphorylation after analysis by mass
spectrometry (Yu et al. 2008). This tyrosine is located in
the lower frontal region of Cyt c (Fig. 2). It is near to the
predicted Cyt c-CcO binding site and the closest residue
on CcO within 4 Å is K58 of the nuclear encoded subunit
VIIa. Although Y48 points inward (Fig. 2), the addition
of the bulky and negatively charged phosphate group
might lead to a rotation of the residue, perhaps allowing
salt bridge formation with nearby K58 and changing the
on/off rates for the Cyt c-CcO interaction. We analyzed
the in vitro reaction kinetics with isolated CcO from cow
liver and found strong differences. Maximal turnover of
Tyr-48 phosphorylated Cyt c was 3.7 s−1 whereas
dephosphorylation resulted in a 2.2 fold increase in
activity to 8.2 s−1.

Regulation of Cyt c by phosphorylation raises the
interesting question of the effect on the other functions of
Cyt c that still have to be addressed, particularly as a
radical scavenger under normal conditions (Pereverzev et
al. 2003), and during apoptosis, which centrally involves
the release of Cyt c from the mitochondria and subsequent
binding to Apaf1. The release of Cyt c is preceded by its
action as a lipid peroxidase during early apoptotic stages,
where it selectively oxidizes the mitochondrial lipid
cardiolipin to which Cyt c is attached (Kagan et al.
2005). Interestingly, the peroxidase mechanism involves a
Cyt c tyrosine radical (Tyurina et al. 2006), and one may
speculate that phosphorylation of the corresponding
tyrosine residue may prevent this reaction, thus protecting
the cell from undergoing apoptosis. However, in addition
to Y48 and Y97 there are two additional conserved
tyrosine candidates.

Phosphorylation of cytochrome c oxidase

In an initial study, incubation of rat heart mitochondria
with [γ-32P]ATP suggested phosphorylation of CcO
subunit IV by an endogenous kinase (Steenaart and Shore
1997). As in other studies, the identification of the
phosphorylation site and possible functional effects were
not addressed. Other studies based on in vitro approaches
used purified CcO in combination with a commercially
available kinase (e.g., Bender and Kadenbach 2000).
Although such experiments showed the possibility of
modification, its physiological significance has to be
questioned, because cellular structures and auxiliary
proteins that mediate specificity are not present (discussed
in Hüttemann et al. 2007b). Earlier, our group had tested a
variety of kinases in an in vitro context but dismissed this
approach due to numerous unspecific signals on various
CcO subunits that were not obtained using an in vivo
approach.

We therefore attempted to address the effect of
signaling pathways on CcO function in a more
physiological context by using tissue and intact cell
culture cells. Using liver tissue we investigated the
cAMP-dependent pathway, which functions as a starva-
tion signal in this tissue and can be selectively
increased with starvation hormone glucagon (Ainscow
and Brand 1999). Our study of cow liver tissue revealed
that high cAMP levels lead to Y304 phosphorylation of
CcO catalytic subunit I (Fig. 2), as was demonstrated by
mass spectrometry (Lee et al. 2005), suggesting that a
downstream tyrosine kinase is activated by the cAMP
pathway. Phosphorylated CcO was almost completely
inhibited up to 10 μM Cyt c substrate concentrations
(Lee et al. 2005). Other groups have studied mitochondrial
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function in a cAMP-dependent context in heart tissue (e.
g., Technikova-Dobrova et al. 2001); however, it is
noteworthy that in heart there is no such specific
physiological trigger to raise intracellular cAMP, and G-
protein linked receptor-mediated increase of cAMP is
often accompanied by an increase in calcium. Apparently,
signaling pathways can operate differently in a tissue-
specific manner.

Another example of CcO inhibition through phosphor-
ylation is ischemic stress as was shown with rabbit heart
leading to phosphorylation of S115 and S116 of subunit I,
T52 of subunit IV, and S40 of subunit Vb (Fang et al. 2007;
Prabu et al. 2006; Fig. 2).

Other identified phosphorylation sites in cow heart CcO
without any special treatment are T11 of subunit VIa based
on the crystal structure (Tsukihara et al. 2003), and S34 of
subunit IV and S4 and T35 of subunit Va based on high
quality mass spectrometry analysis (Helling et al. 2008;
Fig. 2).

In addition to the above identified phosphorylation sites,
there is evidence for more signaling acting on CcO. Non-
receptor tyrosine kinase c-Src was shown to phosphorylate
subunit II in osteoblasts, a process that appears to be
important for the bone-resorbing activity of these cells, and
which might be altered in rheumatoid arthritis (Miyazaki et
al. 2003, 2006). This phosphorylation activates CcO. Based
on in silico prediction, Y113 of subunit II might be the
target of c-Src phosphorylation. It is predicted as a possible
phosphorylation site by NetPhos 2.0 (http://www.cbs.dtu.
dk/services/NetPhos/) and this site produces a medium
stringency hit for c-Src using the kinase prediction tool
Scansite (http://scansite.mit.edu/motifscan_seq.phtml). In
addition this site is fully accessible and located on the tip
of subunit II.

Hypoxic stress signaling during ischemia involves
protein kinase C (PKC) signaling. Although several
PKC isoforms appear to be present in mitochondria to
some extent, the PKCε isoform seems to be specifically
enriched in the mitochondrial fraction after ischemia
(Guo et al. 2007). PKCε was found to interact with CcO
subunit IV by co-immunoprecipitation, and an increase in
CcO activity was reported after stimulation of the
signaling pathway (Ogbi et al. 2004; Ogbi and Johnson
2006). Yet another example of translocation of a kinase to
mitochondria followed by interaction with CcO, in this
case subunit II, was reported for the epidermal growth
factor receptor (EGFR), which was shown by phage
display screening and co-immunoprecipitation after acti-
vation of the pathway (Boerner et al. 2004). Phosphory-
lation of CcO by PKCε and EGFR and the identification
of the precise sites remain to be addressed, preferably in
vivo under conditions preserving phosphorylation as
described above.

The regulation of the mitochondrial membrane
potential, energy and free radical production,
and their implications for human disease

Concomitantly with electron flow from substrates to oxygen,
complexes I and III in addition to CcO pump protons from
the mitochondrial matrix to the intermembrane space
creating an electrochemical proton gradient across the highly
proton-impermeable inner mitochondrial membrane. This
electrochemical gradient or protonmotive force (Δpm)
consists of two components, an electrical component or
the mitochondrial membrane potential (ΔΨm), and the
chemical component or the pH difference across the inner
mitochondrial membrane. Their interdependance is defined
by the equation Δpm ¼ ΔΨm � 59ΔpH. The electrical
component represents the major portion of Δpm, and can
be monitored in absolute scale, for example by measure-
ment of the distribution of a membrane permeable cation
such as tetraphenylphosphonium (TPP) with a TPP elec-
trode using isolated mitochondria. More frequently, relative
changes of ΔΨm in living cells are reported using
positively charged voltage dependent fluorescent probes
that accumulate in the mitochondria dependent upon the
magnitude of ΔΨm.

Studies on isolated mitochondria imply that ΔΨm can be
influenced by electrogenic processes (e.g., ATP/ADP
exchange, Ca2+ accumulation), but also by electroneutral
processes when ΔpH and ΔΨm are interconverted. For
example, transport of inorganic phosphate into mitochon-
dria decreases ΔpH via [Pi+H

+]intermembrane space →
[Pi+H

+]matrix; however, this decrease is compensated by a
subsequent increase of ΔΨm through increased activity of
the proton pumps (Lambert and Brand 2004; Nicholls
1974).

In the intact cell, the build-up of Δpm is in part
counterbalanced by its utilization for ATP synthesis, and
for other processes such as protein import into mitochon-
dria, metabolite transport, and ion cycling. In the traditional
view, Δpm regulates the activity of the ETC complexes: at
high potentials further proton pumping is inhibited, whereas
a decrease of Δpm through proton utilization, e.g., by ATP
synthase, would in turn allow the ETC to rebuild Δpm.
Thus, mitochondria in intact cells respire between the
extreme energetic states, state 3 (in the presence of ADP)
and state 4 (when ADP has been converted into ATP), as
defined by studies on isolated mitochondria. Due to the
difficulty of measuring absolute Δpm values in intact cells
the following discussion is based on the numerous values
reported for ΔΨm, which constitutes the major part of Δpm.

Studies based on isolated mitochondria or reconstituted
CcO vesicles in general showed high ΔΨm values
≥150 mV often exceeding 200 mV (Nicholls and Ferguson
1992; Steverding and Kadenbach 1991). Reported ΔΨm
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values for frequently studied liver mitochondria under state
4 conditions are 150 mV (Nicholls 1974), 172 mV
(Labajova et al. 2006), 196 mV (Cossarizza et al. 1996;
Barger et al. 2003), 202 mV (Shears and Kirk 1984), 200–
210 mV (Brand et al. 1988), and 210–220 mV (da Silva et
al. 1998), and isolated brain mitochondria showed ΔΨm

values around 190 mV (Moreira et al. 2001).
Studies performed in a more physiological context using

intact cells or even intact organs generally revealed lower
values in the range of 80–160 mV. For example, 100–
140 mV were observed in perfused rat hearts depending on
workload and substrates (Wan et al. 1993), 105 mV and
81 mV were reported for intact cultured fibroblasts and
neuroblastoma cells, respectively (Zhang et al. 2001),
120 mV for lymphocytes (Brand and Felber 1984),
117 mV for embryonic heart cells (Backus et al. 1993),
134 mV for 143B osteosarcoma cells (Porteous et al. 1998),
150 mV for neurons (Nicholls 2006), and values between
143 and 161 mV for hepatocytes (Cortese 1999; Hoek et al.
1980; Nobes et al. 1990). In addition, ΔΨm is influenced
by age and decreases over time: hepatocytes from young
rats showed a ΔΨm value of 154 mV whereas cells from
20–28 month old rats revealed three defined subpopulations
of cells with ΔΨm values of 70 mV, which was the largest
population, in addition to 93 mV, and 154 mV (Hagen et al.
1997).

Differences between reported ΔΨm values from different
species and tissues may in part be explained by their
distinct mitochondrial functions and protein composition,
including the presence of tissue specific isoforms, which
may alter OxPhos functionality. Reported ΔΨm value
differences from the same species and tissue may in part
be accounted for by experimental conditions. This may be
particularly important when analyzing isolated mitochondria,
and one might argue that non-optimal buffer composition
(e.g., K+ concentration) and the mitochondria-to-measuring-
buffer ratio might affect measurements. In addition, state 3
and state 4 respiration are extreme experimental conditions
for isolated mitochondria, whereas intact cells operate
somewhere in between. However, ΔΨm values reported for
isolated mitochondria during state 3, when ATP synthase
utilizes protons leading to a decrease of ΔΨm, e.g., 172 mV
for rat liver mitochondria (Cossarizza et al. 1996), often
exceed those values observed for intact cells, which arguably
represent a more state 4-like situation when analyzed under
standard, non-stressed conditions. Thus, there appears to be a
discrepancy between the higher values observed in isolated
mitochondria compared to intact cells, which at first sight
might not be easily explained.

An obvious question comes to mind, whether eukaryotic
cells rely on ΔΨm regulation through ATP turnover,
i.e., respiratory control, or rather recruit other mechanisms,
such as reversible phosphorylation, to control the electron

and proton fluxes in and across the inner mitochondrial
membrane. We propose that the latter is the case in higher
organisms and that dephosphorylation of proteins during
mitochondria isolation may explain higher ΔΨm values
compared to the in vivo state. In this model (Fig. 3) OxPhos
complexes occur in a variety of phosphorylation states that
control their activity. In particular, complexes I, III, and IV,
which pump protons, are structurally changed such that
ΔΨm values ≥150 mV inhibit further proton pumping,
preventing higher ΔΨm levels. In contrast, the dephos-
phorylated complexes are maximally active and ΔΨm only

Fig. 3 Hypothesis that the mitochondrial membrane potential in
higher organisms is largely controlled through the regulation of the
activity of the OxPhos complexes via reversible phosphorylation. In
the model there are three distinct ΔΨm zones, (a) partially depolarized
with insufficient protons for ATP synthase to maintain energy
homeostasis, (b) an optimal “healthy” ΔΨm range around 100–
140 mV that allows sufficient energy production but avoids the
production of free radicals, and (c) ΔΨm values >150 mV that do not
further accelerate ATP production, but are known to lead to the
production of free radicals, which increases exponentially at higher
ΔΨm values. Examples of known signaling components that lead to a
change in the phosphorylation state of OxPhos complexes are Ca2+

(dephosphorylation) and cAMP and Src signaling (phosphorylation).
Under healthy conditions OxPhos complexes are found in various
phosphorylated forms that control their activity. In particular the
proton pumps (complexes I, III, and IV) are structurally changed such
that ΔΨm values ≥150 mV inhibit further proton pumping, preventing
higher ΔΨm levels and concomitant free radical production. This
controlled state also allows allosteric regulation of CcO by the ATP/
ADP ratio, a built-in energy rheostat. However, under stressed
conditions, the proton pumps are mainly dephosphorylated and
maximally active, and only ΔΨm levels of ≥200 mV are now
inhibitory. This leads to free radical production but does not increase
ATP production, because ATP synthase already works at maximal
capacity at healthy ΔΨm levels of about 120 mV. However, the
intrinsic capability of OxPhos to generate such high ΔΨm levels is
important, e.g., during induction of type II apoptosis, which is
accompanied by a transient hyperpolarization of ΔΨm and thus
production of free radicals that may be a key signal for commitment to
cell death
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inhibits further proton pumping at very high values, with
potentially deleterious consequences as discussed below.

Based on studies of CcO and Cyt c the in vivo form of
both enzymes is the phosphorylated form, which can be
modulated by signaling pathways. For example, phosphory-
lation of CcO subunit I Y304 and both tyrosine phosphor-
ylations on Cyt c lead to inhibited—or better, “controlled”—
respiration, a principle that may also apply to the other
OxPhos complexes. In addition, there appears to be a
hierarchical order of the regulation of CcO in the sequence
control by phosphorylation > allosteric control: dephos-
phorylation of CcO with unspecific alkaline phosphatase
(AP) abolishes allosteric regulation through the ATP/ADP
ratio (Fig. 4, closed symbols). CcO used in this experiment
was tyrosine phosphorylated on subunit IV (and II) prior to
AP treatment (Lee et al. 2005). Since subunit IV contains
the ATP/ADP binding site as discussed earlier, this
regulatory mechanism might be enabled when this subunit
is phosphorylated.

It is our hypothesis that mitochondria under normal
conditions in intact cells do not work at full capacity

(Fig. 3). However, there are circumstances where the latter
may well occur in vivo, and calcium is a likely key player
in this process. It is the most important signal for
mitochondrial activation (Robb-Gaspers et al. 1998), and
it was recently shown in a proteomic study to induce
dephosphorylation of most mitochondrial proteins (Hopper
et al. 2006), likely mediated through calcium-dependent
mitochondrial phosphatases as we and others have pro-
posed (Bender and Kadenbach 2000; Hüttemann et al.
2007b; Lee et al. 2005).

Importantly, dephosphorylation of mitochondrial pro-
teins also occurs during mitochondria isolation if no
precautions are taken, such as the inclusion of phosphatase
inhibitors, which is crucial based on our experience, but
used by only very few laboratories. During mitochondria
isolation cell structures are broken and cell signaling from
the plasma membrane and the cytoplasm to the mitochondria
is no longer possible. However, phosphatases retained in the
mitochondria will continuously dephosphorylate mitochon-
drial proteins. This will produce highly active OxPhos
enzymes operating at maximal capacity, and according to
our model explains the high ΔΨm values found for isolated
mitochondria. These higher ΔΨm values of >150 mV may
not translate to increased ΔΨm utilization via ATP
production because maximal rates of ATP synthesis by
ATP synthase occur at ΔΨm ¼ 100� 120mV (Kaim and
Dimroth 1999).

Since complex regulatory mechanisms to control OxPhos
by reversible phosphorylation may result in lower ΔΨm

values, why did they evolve in higher organisms? First,
excess capacity of OxPhos is desirable, because mitochon-
dria have to adapt to varying energy demands. However, we
propose that the major rationale for lower membrane
potentials is to avoid free radical production because
ΔΨm is directly related to the production of ROS: at higher
potentials starting at ΔΨm>140 mV, ROS production
increases exponentially (Korshunov et al. 1997; Liu
1999), whereas mitochondria of resting cells with a low
mitochondrial membrane potential ΔΨm do not produce
significant amounts of ROS (Liu 1999). Thus, the mainte-
nance of lower, physiologically optimal ΔΨm values avoids
the generation of ROS but provides the full capability to
produce ATP at ΔΨm ¼ 100� 120mV (Kaim and Dimroth
1999). In addition, the control of OxPhos also makes
possible its participation in mitochondrial (type II) apopto-
sis: after the induction of apoptosis ΔΨm has been
repeatedly observed to increase, leading to a transient
hyperpolarization and increased free radical production,
which has been proposed as a key signal for committing a
cell to apoptosis (reviewed in Kadenbach et al. 2004).
Bacteria lack those elaborate regulatory means, because
selection is based on proliferation rate instead of the fine-
tuned metabolic control required for cell survival and

Fig. 4 Phosphorylation of cytochrome c oxidase enables allosteric
regulation by the ATP/ADP ratio. CcO was treated with alkaline
phosphatase (AP, from cow intestine, Roche) at 10 °C for 24 h.
Control CcO was incubated under identicals condition in the absence
of AP. CcO was dialyzed with cardiolipin and ATP overnight at 4 °C.
CcO activity was analyzed in a closed 200 μl chamber equipped with
a micro Clark-type oxygen electrode (Oxygraph system, Hansatech) in
the presence of 5 mM ATP (closed symbols) after incubation in the
presence of the pyruvate kinase/phosphoenolpyruvate ATP regenerat-
ing system (Lee et al. 2005). For measurements in the presence of
5 mM ADP (open symbols), incubation was performed in the absence
of pyruvate kinase. Turnover number (TN) is defined as oxygen
consumed (μmol)/[min·CcO (μmol)]. Note that this assay was
performed in the absence of two problematic reagents that affect
enzyme kinetics: the detergent dodecylmaltoside, which was sug-
gested to monomerize CcO (Suarez et al. 1984), and N,N,N′,N′-
tetramethyl-p-phenylendiamine (TMPD), which facilitates electron
transfer and as a result Cyt c does not have to dissociate from CcO
in order to be re-reduced (Ferguson-Miller et al. 1976)
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communication between cells and organs in higher organ-
isms. Equipping bacteria with a complex regulatory system
would be a growth disadvantage, but is indispensable in
multicellular organisms.

Conclusion

The model presented has several implications for human
health, among them that disease conditions involving
OxPhos and their possible future therapies should be
viewed in light of two key contributing factors, a lack of
energy and/or increased free radical production. For
example, free radicals have been linked to many human
diseases: in addition to aging and cancer, free radicals are
involved in Alzheimer’s disease, the spread of AIDS
between cells, atherosclerosis, and alcoholism (Cahill et
al. 2002; Dreher and Junod 1996; Hoozemans et al. 2002;
Kameoka et al. 1993; Olinski et al. 2002; Ozawa 1997). In
addition, many of the pathological effects of diabetes have
been proposed to result from increased production of free
radicals by the respiratory chain during hyperglycemia
(Baynes 1991; Green et al. 2004; Wolff 1993), and
decreasing the mitochondrial membrane potential has been
proposed as a target for diabetes therapy (Green et al. 2004).
Therefore, a research priority should be the identification of
phosphorylation sites and signaling molecules that com-
prise the underlying regulatory mechanisms. This will make
possible the elucidation of structure-function relationships
and subsequently modulation of mitochondrial function.
Advances in technologies used to identify posttranslational
modifications can be expected to allow quantitation of
protein phosphorylation in the future, and enable research-
ers to distinguish between background and physiologically
relevant signals. Thus, studying mitochondrial proteins as
terminal targets of signal transduction pathways holds
tremendous potential for better understanding and treating
human diseases.
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