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ABSTRACT 
 

Despite the fact that over 200 phosphorylation sites have been 

mapped on the mitochondrial oxidative phosphorylation (OxPhos) 

complexes, very little is known about the relevant cell signaling pathways 

and the terminal kinases and phosphatases that control these 

phosphorylations. Within OxPhos, cytochrome c (Cytc) plays a special 

role because it is not only involved in electron transport but is also a key 

executer of apoptosis when it is released from the mitochondria. It is 

therefore not surprising that Cytc is regulated by phosphorylation. Four 

phosphorylation sites have been mapped on mammalian Cytc, two of 

which have been studied functionally, demonstrating that both respiration 

and apoptosis are under the control of signaling pathways that have yet to 

be identified. We here review the regulation and multiple functions of 

mammalian Cytc, including respiration, reactive oxygen species (ROS) 

scavenging under healthy conditions, ROS production via p66
Shc

, and 

cardiolipin oxidation during apoptosis. We propose targeting Cytc by 

manipulation of signaling cascades as a therapeutic avenue in conditions 

including neurodegeneration and cancer. 

 

 

ABBREVIATIONS 
 

Apaf-1  apoptotic protease-activating factor 1 

CPP  cell-penetrating peptide 

COX  cytochrome c oxidase 

Cytc  cytochrome c 

Cytc-T  testes cytochrome c 

ΔΨm  mitochondrial membrane potential 
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ETC  electron transport chain 

OxPhos  oxidative phosphorylation 

ROS  reactive oxygen species 

 

 

1. INTRODUCTION 
 

Mitochondria are increasingly recognized not only as essential for human 

health but also as active players and executers of cell destiny. They are not 

only the production sites of more than 90% of the cell‟s energy but also 

integrate numerous signals, allowing responses from within the cell via 

retrograde regulation that have consequences far beyond the cell‟s borders. 

They are a major site of redox signaling and reactive oxygen species (ROS) 

production [1]. Earlier studies proposed that 1-2% of consumed oxygen is 

converted into superoxide [2], whereas another study reported significantly 

lower values of 0.15% with palmitoyl carnitine as substrate and even lower 

levels with other substrates [3]. ROS are mainly generated at electron transport 

chain (ETC) complexes I and III, which release superoxide towards the matrix 

and the intermembrane space, respectively, at high membrane potentials [4-6]. 

Since superoxide generated by complex III can easily leave the mitochondria it 

can directly signal to other components of the cell. The earlier view that ROS 

are merely damaging byproducts of the ETC has more recently changed 

towards the emerging picture that ROS play an important physiological role in 

cell signaling [7]. 

A disturbance of the balance between efficient generation of ATP and 

basal levels of ROS production is seen not only in traditional mitochondrial 

diseases, but also in numerous common pathologies, which are increasingly 

associated with mitochondrial dysfunction. 

Both decreased energy levels and/or increased ROS have been associated 

with diabetes, cancer, acute inflammation (as in sepsis), neurodegenerative 

diseases, and ischemia reperfusion injury (as seen in stroke and myocardial 

infarction) [8-13]. 

Mitochondria are also key players in aging and show decreased capacity to 

produce ATP over time in combination with increased mitochondrial damage 

including mutations in mitochondrial DNA [14, 15]. During conditions of 

stress, various signals can initiate the intrinsic programmed cell death process 

through mitochondrial type II apoptosis. 

Interestingly, life-sustaining and life-threatening functions, via OxPhos 

and apoptosis, converge on the small electron carrier cytochrome c (Cytc). 
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Cytc is one out of an estimated 1000-1500 nuclear encoded mitochondrial 

proteins [16] that, in addition to the 13 OxPhos proteins that are encoded by 

the mitochondrial DNA, constitute the mitochondrial proteome. Of those 

nuclear encoded mitochondrial proteins about half are expressed across all 

tissues with the remainder being expressed in a tissue-specific manner [17]. 

The existence of Cytc as a part of respiration was first suggested by 

McMunn in 1884 [18] and rediscovered 40 years later by Keilin [19], whereas 

it took another 70 years to demonstrate that it is required for the execution of 

type II apoptosis [20]. Recently there has been a flurry of discoveries related to 

the regulation of Cytc, and new functions have been described. A molecule 

that is essential in energy production and in apoptosis, as well as other 

functions, is likely to be subject to various regulatory signals. In what follows, 

we describe the structure and function of mammalian Cytc and its regulation, 

focusing on recent advances in the understanding of cell signaling. We then 

propose a model according to which phosphorylation of Cytc provides an 

overarching means of regulation of Cytc in its most important roles. 

 

 

2. CYTOCHROME C STRUCTURE 
 

Under healthy conditions Cytc is located in the mitochondrial 

intermembrane space and transfers packages of single electrons from the bc1 

complex to cytochrome c oxidase (COX). 

Import of Cytc into the mitochondrial intermembrane space occurs 

through the heme-lacking apo-Cytc form of the protein. Protein import does 

not require the mitochondrial membrane potential (ΔΨm), ATP, or the Mia40-

dependent pathway [21]. 

Mature Cytc is then formed by the covalent attachment of a heme group, a 

process catalyzed by the enzyme Cytc heme lyase [22]. 

In all eukaryotes, Cytc folds into a tight, nearly spherical ball with a 

diameter of ~32Å, studded with 13-18 lysine side chains that contribute to its 

high isoelectric point, and an additional 10-11 aspartate and glutamate 

residues. The position and surface distribution of these charged amino acids is 

highly conserved from fungi to vertebrates. 

Mature mammalian Cytc contains 104 amino acids (~12 kDa), lacking the 

start-methionine (Figure 1A). It is evolutionarily conserved and highly 

positively charged with a pI of about ~9.6. 

Cytc was one of the earliest mammalian proteins successfully analyzed by 

X-ray crystallography, with the first structure of oxidized horse heart Cytc 
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published in 1967 [23]. Later higher resolution structures of Cytc allowed a 

more detailed view of its structural properties. 

The heme group is covalently attached to the protein through thioether 

bonds with cysteines 14 and 17 (numbering is based on the mature peptide 

lacking the N-terminal methionine). The heme iron is in a hexacoordinate 

configuration with amino acid ligands His18 and Met80. The Met80-heme 

iron bond causes a weak absorption band at 695 nm in the spectrum of 

oxidized Cytc, which is an indicator of correct folding. The heme group is 

only 7.5% solvent-exposed on one corner (Figure 1C), where electrons enter 

and leave the protein, and it is otherwise surrounded by a hydrophobic 

environment composed of aliphatic and aromatic amino acid side chains. [24 

This environment, together with the heme iron ligands His18 and Met80, 

was proposed to account for the high redox potential (about 260 mV) of 

mammalian Cytc. [25. 

 

 

3. PRO-LIFE FUNCTIONS OF CYTOCHROME C: 

ELECTRON TRANSPORT, ROS SCAVENGING, 

AND REDOX-COUPLED PROTEIN IMPORT 
 

Cytc is an essential component of aerobic energy metabolism, shuttling 

electrons from the bc1 complex to COX. COX transfers these electrons to 

oxygen, and water is formed. Mice null for Cytc die around midgestation [26], 

when energy metabolism switches from mainly glycolytic to mainly aerobic 

[27]. 

Electrostatic interactions between Cytc and a binding pocket in its electron 

acceptor cytochrome c oxidase (COX) are the chief forces that drive its 

interaction with COX, including both the associative docking of reduced (Fe
2+

) 

Cytc to COX and its dissociative release as oxidized Fe
3+ 

Cytc. Heteronuclear 

single quantum coherence spectral analysis using 
1
H-

15
N Cytc, revealed that 

the overall affinity of oxidized Cytc for COX is only slightly, but still 

significantly, weaker than that of reduced Cytc [28]. These studies suggest that 

these on and off interactions are driven chiefly by a relatively small number of 

charged lysines in the N-terminal (A) and long C-terminal (E) -helices of 

Cytc, as seen in Figure 1A and B. These two helices pack onto each other in 

the folded structure, situated 180° opposite from the 50s helix B. 
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Figure 1. Cytochrome c sequence, domain structure, and phosphorylation sites. A, 

Human (NM_018947), mouse somatic (CAA25899) and testis (NP_034119) Cytc 

show 91% (human-mouse somatic), 82% (human-mouse testis), and 86% (mouse 

somatic-mouse testis) conservation. Helical regions are depicted as boxes (top). 

Residues that have been identified as phosphorylation sites (Thr28, Ser47, Tyr48, and 

Tyr97) are designated with arrows, and the cell penetrating peptide region comprised 

of amino acids 77-101 is indicated below the alignment. B, Ribbon structure of horse 

heart Cytc with highlighted helical regions (magenta) implicated in binding to COX by 

the Sakamoto model. [28 Crystal structure data of horse heart Cytc (PDB ID: 1HRC; 

[24]) were processed with the program MacPyMOL 1.2. Tyr48 and 97, which can be 

phosphorylated and for which functional data are available, are highlighted. C, Space-

fill model highlighting charged residues predicted to be crucial for Cytc-COX binding 

based on the Roberts model [29]. In this model Cytc and COX are positioned for 

efficient electron transfer between the heme crevice of Cytc and the Trp104 electron 

entry point in COX subunit II with a distance of <4Å. Cytc residues involved in 

binding with polar interactions are Gln12, Lys13, Gln16, Lys72, Lys73, Ala83, Lys86, 

and Lys87 with residues on COX at distances <6Å. Interestingly, all but 2 (Lys16 and 

72) of these Cytc residues that bind with COX [29] have undergone evolutionary 

selection in the primate lineage to reduce the electrostatic nature of the interaction. 

[155] 
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Upon Cytc binding to COX, NMR signals from residues in the three Ω 

loops and helices B, C, D (50s, 60s, 70s) show little or no chemical shift. 

These studies suggest that structural changes on Cytc during binding and 

dissociation are mainly confined to Cytc‟s A and E helices, colored purple 

in Figure 1A and B. One interpretation would be that this area of the protein is 

the face of Cytc with which it interacts with COX most intimately. It should be 

noted, however, that other convincing models exist, based on computer 

predictions [29] that align Cytc on COX for efficient electron transfer between 

the heme crevice of Cytc and the Trp104 electron entry point in COX subunit 

II with a distance of <4Å. This model involves Cytc residues Gln12, Lys13, 

Gln16, Lys72, Lys73, Ala83, Lys86, and Lys87 for polar interactions with 

residues on COX at distances <6Å, thus extending the interaction area into the 

D domain and beyond but questioning the importance of the E region for 

binding (Figure 1C). 

A second „pro-life‟ function of Cytc is redox-coupled protein import. 

Proteins that localize to the mitochondrial intermembrane space and the inner 

membrane and contain twin CX3C or CX9C motifs are imported by the Mia40/ 

Erv1 pathway [30-32]. Here, protein import is coupled to Mia40/Erv1-

mediated disulfide bond formation, which locks the proteins in their mature 

tertiary structure and in the mitochondria. The electrons derived from the 

disulfide reaction are transferred from Mia40 to Erv1 and finally Cytc [33], 

thus feeding additional electrons into the ETC. 

In its third „pro-life‟ function Cytc acts as a ROS scavenger. Among the 

most common ROS are superoxide (O2
• –

), hydrogen peroxide (H2O2), and 

hydroxyl radicals (
•
OH); their buildup, if unregulated, will trigger apoptosis 

[34]. Several cellular lines of defense exist to protect the cell from ROS. These 

include enzymatic ROS scavengers such as superoxide dismutatases and 

catalase, as well as non-enzymatic scavengers such as glutathione. Cytc is yet 

another enzyme that can detoxify superoxide [35, 36]. Since Cytc accepts 

single electrons it can accept an electron from superoxide, generating oxygen. 

This reaction requires Cytc to be in the oxidized form. Furthermore, it was 

demonstrated that Cytc operates as an H2O2 scavenger [37]. In contrast to the 

detoxification of superoxide, conversion of H2O2 is catalyzed by both reduced 

and oxidized Cytc. Cytc constantly switches between reduced and oxidized 

states in a respiring cell. Therefore the detoxification reactions of both 

superoxide and H2O2 can take place. In conclusion, the redox capabilities of 

Cytc make it an ideal antioxidant for the cell, especially given its location at a 

site within the mitochondria where the ROS load is very high. The pro-life 

functions of Cytc are summarized on the left side of Figure 2. 



Maik Hüttemann, Jeffrey W. Doan, Anton-Scott Goustin et al. 8 

 

Figure 2. Model that the main functions of cytochrome c are regulated by Cytc 

phosphorylation. Cytc is essential for electron transfer as part of the electron transport 

chain (ETC), redox-mediated protein import, and as a ROS scavenger under healthy 

conditions. This is mediated by phosphorylation of Cytc, which partially inhibits ETC 

flux and prevents mitochondrial membrane potential (ΔΨm) hyperpolarization, which 

would otherwise cause ROS production at ETC complexes I and III. Under conditions 

of stress, dephosphorylation of Cytc increases ETC flux leading to ΔΨm 

hyperpolarization and thus production of ROS, which can trigger apoptosis. Additional 

mechanisms involving Cytc operate during conditions of stress including ROS 

production through the p66
shc

 pathway and cardiolipin (CL) peroxidation catalyzed by 

Cytc, which allows it to dissociate from CL and to be released into the cytosol, where 

the unphosphorylated form of Cytc can bind to Apaf-1, triggering apoptosis. 

 

4. THE APOPTOSOME: CYTOCHROME C 

RELEASE AND BINDING TO APAF-1 IS 

REQUIRED TO TRIGGER APOPTOSIS 
 

The number of published studies of the role of Cytc in apoptosis has 

increased exponentially since 1996 when Liu and colleagues first 

demonstrated in a cell free apoptotic system that Cytc, in addition to other 

components including dATP, is required to execute the program [20]. It is now 

textbook knowledge that release of Cytc from the mitochondria into the 

cytosol and its binding to apoptotic protease-activating factor 1 (Apaf-1) are 

key steps for triggering apoptosis. Cytc binding to Apaf-1, the latter of which 

contains a dATP cofactor, induces hydrolysis of the dATP, which is 

subsequently replaced by exogenous dATP to form the apoptosome [38]. 
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The apoptosome then recruits several pro-caspase-9 molecules and 

promotes cleavage to their active form. 

Apoptosome-bound caspase-9 mediates cleavage and activation of 

caspase-3, a major committer and executor of apoptosis. [39, 40] Apoptosis 

involving the release of Cytc is a process well established and conserved in 

mammals but more controversial in lower organisms. It was recently 

suggested that the intrinsic (type II) apoptotic pathway arose once, before the 

emergence of the deuterostomes, and that portions of the pathway have been 

lost in some lineages [41]. Several studies have indicated that it is also 

operates in organisms such as the protostome Drosophila [42], the very 

primitive metazoan Nematostella [43], and apparently even yeast [44], but 

seems to be absent in C. elegans. 

 

 

4.1. Release of Cytochrome C Precedes Apoptosome Formation 
 

The formation of the apoptosome requires the release of Cytc from the 

mitochondria, which is an interesting and controversial topic. Although the 

release process is often considered to be the consequence of mitochondrial 

membrane rupture or mitochondrial permeability transition pore (PTP) 

formation, there are studies suggesting a different modus operandi. First, there 

is evidence that release of Cytc is independent of PTP formation and that it 

precedes it [45, 46]. Second, mitochondria have the capability to reversibly 

release and take up Cytc, with the latter restoring ETC function [47]. This may 

involve a special feature of Cytc; it contains cell-penetrating peptide (CPP) 

sequences [48], allowing it to cross membranes in a non-traditional fashion 

(see also section 6.2). The region of Cytc facilitating membrane translocation 

most efficiently is composed of amino acids 77 through 101 (Figure 1A). 

 

 

4.2. Regulation of Apoptosis at the Level of Cytochrome C 
 

If CPP-mediated transition pore-independent release of Cytc is the 

preferred mechanism it may be subject to regulation, including by 

phosphorylation. Preliminary support for this idea is provided by a study 

showing that neuroprotective insulin treatment leads to Tyr97 phosphorylation 

of brain Cytc [49]. Furthermore, phosphorylation of Tyr97, which is located 

within the 77-101 CPP (Figure 1A), leads to a suppression of Cytc release 

from the mitochondria, as discussed in section 5.3. 
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When Cytc is released into the cytosol, it binds to Apaf-1, and Apaf-1 

assembles into the heptameric apoptosome (Figure 3). Little is known about 

the possible regulation of Cytc‟s interaction with Apaf-1 and the formation of 

the apoptosome. The binding of Cytc to Apaf-1 is known to be electrostatic in 

nature, and mutagenesis studies suggest that lysines 7, 8, 13, 25, 39, 72, 86, 

87, and 88 participate in binding to negatively-charged aspartate residues in 

the WD-40 domain of Apaf-1 [50, 51]. Binding of nucleotides, especially 

ATP, to several of these lysine residues prevents the interaction between Cytc 

and Apaf-1, thus presenting a means of regulating apoptosome formation [51]. 

The heptameric structure of the apoptosome (Figure 3A) suggests regulation 

by Cytc concentration, and mathematical modeling suggests that the optimal 

Cytc/Apaf-1 ratio for apoptosome formation is one-to-one. Higher relative 

amounts of Cytc lead to preferential formation of tetrameric and larger 

oligomers, which by themselves are unable to form heptamers [52]. Another 

study also supports the concept that concentration of free Cytc is a regulating 

factor. tRNAs are thought to inhibit the reaction of Cytc with Apaf-1. Mei et 

al. found that Cytc binds to mitochondrial and cytosolic tRNAs, inhibiting 

Cytc-induced apoptosome formation [53]. The authors speculated that since 

tumor cells synthesize tRNA at high rates, the suppression of apoptosis as seen 

in cancer could be caused by tRNA binding to Cytc. Such a mechanism could 

be implicated in tumorigenesis and be a target for therapy in the future. In 

addition, various studies have shown that oxidized Cytc is more competent 

than reduced Cytc to form the apoptosome and to activate caspases (reviewed 

in [54]). Therefore redox signaling may be an important regulatory component 

of apoptosome-formation. 

Another possible mechanism to regulate apoptosis is through Cytc 

phosphorylation, which may interfere with Cytc-Apaf-1 binding. A recent 

model of the apoptosome based on electron density maps at 9.5Å shows the 

sevenfold symmetry (Figure 3A) [55]. In the model the four amino acids of 

Cytc that can be phosphorylated show various distances to the nearest residues 

of Apaf-1: Cytc Thr28 is within 6Å of Apaf-1 Trp884; Cytc Ser47 is within 

5Å of Apaf-1 Ala763 and within 6Å of Ile800; Cytc Tyr48 is within 6Å of 

Apaf-1 Ile800; and Cytc Tyr97 is the most distant residue of the four, with the 

closest amino acids of Apaf-1 (Asp1106 and Glu659) within 14Å (Figure 3B). 

Further structural analyses and refinements are necessary to strengthen the 

model. Type II apoptosis is a multi-faceted process that involves additional 

important reactions in which Cytc is directly or indirectly involved, including 

ROS generation by the ETC and the Cytc-p66
shc

 pathway, and oxidation of 

Cytc-bound cardiolipin, which precedes Cytc release from the mitochondria. 
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a 

 

 
b 

Figure 3. Interaction of cytochrome c with Apaf-1 based on the Akey model of the 

apoptosome [55]. Crystal structure data of the model (PDB ID: 3J2T) were used and 

processed with the program Swiss-PDBViewer 3.7. A, Overview depicting the 

sevenfold symmetrical structure of the apoptosome, highlighting Cytc and co-factor 

dATP. B, Center-side view of the Cytc-Apaf-1 interaction. Cytc residue Thr28 is 

located within 6Å of Apaf-1 Trp884; Cytc Ser47 is within 5Å of Apaf-1 Ala763 and 

within 6Å of Ile800; Cytc Tyr48 is within 6Å of Apaf-1 Ile800; and Cytc Tyr97 is 

within 14Å of Apaf-1 Asp1106 and Glu659. In the model, Cytc docks to the WD40 

domain of Apaf-1 (green) where the largely -sheet structure is evident. 
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These topics are discussed in section 6 below and summarized in Figure 2 

(right side). All these mechanisms work hand in hand and all have to be 

considered simultaneously to get a comprehensive picture of the role of Cytc 

in apoptosis. 

 

 

5. REGULATION OF CYTOCHROME C 
 

The last step of the ETC, the transfer of electrons from Cytc via COX to 

oxygen, is the proposed rate-limiting step of the ETC in mammals in intact 

cells [56-61]. 

It is therefore not surprising that all major forms of regulation have been 

identified for both Cytc and COX (for a review of COX regulation see [62]). 

These include expression of tissue-specific isoforms only found in COX 

and Cytc among OxPhos complexes, allosteric regulation, and regulation via 

posttranscriptional modification, in particular by phosphorylations, the latter of 

which have been mapped on all OxPhos complexes (reviewed in [63]). 

 

 

5.1. Isoforms 
 

In mammals, two Cytc isoforms exist, the so-called somatic isoform found 

in almost all tissues and cell types, and a testes-specific isoform (Cytc-T). 

Cytc-T was first discovered in the testicular germinal epithelial cells of rodents 

[64]. It is the predominant isoform found in sperm. Mouse somatic and testes 

Cytc share 86% sequence identity (Figure 1A). 

Although their overall functions are similar there are a few interesting 

differences between the isoform pair. Cytc-T has a threefold higher activity to 

reduce H2O2 but a fourfold higher apoptotic activity [65]. It was proposed that 

these Cytc-T-specific differences reduce ROS damage in sperm cells but are at 

the same time a selection tool to eliminate damaged sperm to ensure efficient 

DNA transmission by intact sperm. 

Interestingly, Cytc-T can induce apoptosis through both the intrinsic and 

extrinsic pathways, suggesting that both death pathways converge at Cytc [66]. 

Cytc-T is absent in primates and the gene mutated to a non-transcribed 

pseudogene [67], implying that human Cytc has to carry out testis- and non-

testis-specific functions. 
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5.2. Allosteric Regulation 
 

Due to its high positive charge it is not surprising that Cytc binds anions 

that are known to affect the interaction and thus the kinetics of Cytc and COX. 

One such anion, ATP, binds to both enzymes [68-70] and this binding inhibits 

the electron transfer kinetics [71, 72] by altering the high-affinity Cytc-COX 

binding site to a low-affinity site. [68] Since ATP is the ultimate product of 

OxPhos, it leads to an inhibition under conditions when energy is plentiful, 

thus working as an energy sensor. This regulation is also important in light of 

ROS production. Under conditions when almost all cellular ADP has been 

converted into ATP, and ATP synthase does not utilize ΔΨm, further pumping 

of protons by the ETC would lead to a buildup or hyperpolarization of ΔΨm, a 

condition known to lead to excessive ROS production. [73] ATP-dependent 

allosteric regulation requires phosphorylations on COX because no inhibitory 

effect of ATP was observed after in vitro dephosphorylation of cow liver COX 

[62]. Several „enabling‟ sites have been proposed, including on COX subunits 

I, IV, and Vb [74-76]. Therefore, regulation by adenine nucleotides should be 

viewed and interpreted in combination with phosphorylations of COX and 

Cytc. 

 

 

5.3. Phosphorylation of Cytochrome C 
 

In the past few years over 200 phosphorylation sites have been reported 

for the entire OxPhos system [63]. This finding was made possible by 

increasingly sensitive mass spectrometry methodology. For almost all of these 

mapped sites, the corresponding signaling pathways including the kinases and 

phosphatases are unknown. 

In addition, some authors questioned how biologically relevant some of 

those phosphorylations are due to low stoichiometry and the possibility of 

unspecific auto-phosphorylations at sites with a higher affinity to ATP [77]. 

However, there is now clear evidence for the biological significance of at least 

a small number of phosphorylations including those on Cytc and COX, which 

have been studied in more detail (for a review of COX phosphorylations see 

[78]). Here we will focus on Cytc. 

It is perhaps not surprising that the first phosphorylation site on Cytc, 

Tyr97 in cow heart, was only recently reported, in 2006 [79], likely because 

most traditional protocols to purify mitochondrial proteins do not consider and 

thus do not maintain such phosphorylations. 
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We have therefore modified these protocols and added unspecific 

phosphatase inhibitors, such as fluoride for Ser/Thr phosphatases and activated 

vanadate for Tyr phosphatases, which we use for the purification of Cytc and 

COX [80]. For the purification of Cytc we initially purified mitochondria [79]; 

we now omit this isolation step and directly extract Cytc from cells or tissues 

under conditions preserving phosphorylations in all steps [81]. 

Mass spectrometry showed that Cytc from cow heart is Tyr97 

phosphorylated under normal conditions [79], i.e., without external stimulation 

or inhibition of signaling pathways. 

Spectral analysis of oxidized Tyr97-phosphorylated Cytc revealed a small 

shift of the 695 nm absorption band. Since this absorption is due to the Met80-

heme iron bond, phosphorylation of Cytc in the periphery (i.e., an area not 

involved in binding to COX based on the Roberts model [29]; see Figure 1C) 

apparently affects the heme environment. Tyr97-phosphorylation leads to an 

inhibition of the Cytc-COX reaction as seen by enhanced sigmoidal kinetics 

with KM values of COX for Cytc of 5.5 μM Cytc substrate concentration 

compared to 2.5 μM for unphosphorylated Cytc. 

Analysis of liver Cytc also revealed tyrosine phosphorylation but, 

surprisingly, on a different site, Tyr48, located in the frontal area of the protein 

(Figure 1C), closer to the site at which Cytc binds to COX [81]. Interestingly, 

the spectrum of Tyr48 phosphorylated Cytc was not altered but the kinetics 

were distinct compared to both unphosphorylated and Tyr97-phosphorylated 

Cytc. In the reaction with COX, phospho-Tyr48 Cytc showed hyperbolic 

kinetics similar to unphosphorylated Cytc. Importantly, maximal turnover was 

more than 50% reduced for the phosphorylated form. 

Both heart and liver-specific phosphorylations of Cytc occur on residues 

that are highly conserved in eukaryotes (Figure 1A). 

Interesting, both Tyr48 and 97 phosphorylations lead to an inhibition in 

the reaction with COX via a reduction of maximal turnover and a shift from 

hyperbolic to sigmoidal kinetics, respectively, suggesting tissue-specific 

adaptations of Cytc regulation. 

Our findings of partial inhibition of respiration as a consequence of Cytc 

Tyr48 and 97 phosphorylation fits our working model (Figure 2). We propose 

that under healthy conditions mammalian OxPhos does not operate at maximal 

capacity, thus avoiding high mitochondrial membrane potentials, which lead to 

an exponential increase of ROS production at ΔΨm>140 mV [73]. 

In addition to changes in mitochondrial respiration, phosphorylation of 

Cytc may also impact its other functions including apoptosis, a life and death 

decision process in which Cytc plays a crucial role. 
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As discussed above, the role of Cytc in apoptosis is several-fold and 

includes multiple stages during the process, including cardiolipin peroxidation, 

its release from the mitochondria, and its interaction with Apaf-1 to induce the 

cell‟s execution. In vitro work with phosphomimetic Cytc indeed suggests 

such a role. Replacement of Tyr48 with phosphomimetic Glu, which mimics 

the negative charge of the phosphate group, produced kinetics similar to those 

observed using in vivo phosphorylated Cytc with purified COX, suggesting 

that the replacement is a good model system [82]. 

Strikingly, Tyr48Glu Cytc showed no detectable downstream caspase 

activation, suggesting that this site can function as a switch for the regulation 

of apoptosis. Only two mutations have been reported in human patients. One 

of them is Tyr48His in a family from Italy [83] in which the patients presented 

with low platelet counts in their blood (thrombocytopenia). This mutation adds 

a positive charge to a site that is crucial for energy production and apoptosis. 

Interestingly, this mutation results in decreased respiration similar to the 

phosphomimetic substitution, but has the opposite effect on apoptosis which is 

further activated compared to wild-type. The second mutation reported in 

humans, Gly41Ser, also causes a relatively mild form of thrombocytopenia 

[84]. Similar to the Tyr48His mutation, Gly41Ser increases apoptotic activity. 

The mutation leads to protein folding changes in the Cytc heme environment 

[85]. It is unclear why no other phenotype is observed in these patients and 

why no other tissues are affected. One explanation might be that there are 

several signaling pathways to fine-tune Cytc activity in apoptosis, a concept 

supported by the presence of multiple tissue-specific phosphorylation sites. 

Together with the substitutions at Tyr48, the Gly41Ser substitution argues for 

a localization of an epitope of Cytc on the 40s Ω loop D controlling the 

mitochondrial pathway of apoptosis, which we suggest is the Apaf-1-

interacting face of Cytc (Figure 1A and B). 

For Tyr97 no data with phosphomimetic mutants is currently available and 

it is thus unclear how involved this site is in the regulation of apoptosis. 

However, binding of Cytc to Apaf-1 involves several amino acids located on 

the surface of Cytc required for enveloping the molecule as suggested by 

earlier mutational analysis of Cytc, revealing several key residues required for 

formation of the apoptosome. 

Lys7, which is located near Tyr97, is one of them, without which binding 

affinity is greatly diminished [50]. Phosphorylation of Tyr97 may lead to salt 

bridge formation with Lys7, potentially capturing an important residue for the 

interaction with Apaf-1. It will be interesting to see if the Cytc-Apaf-1 

interaction is affected by such a posttranslational modification. 
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For the step upstream, the release of Cytc from the mitochondria, we have 

recently shown that treatment with a single bolus of insulin is neuroprotective 

in a rat model of global brain ischemia/reperfusion injury, shielding CA1 

hippocampal neurons from cell death [49]. Insulin treatment results in robust 

phosphorylation of Cytc Tyr97 in ischemic pig brain in vitro as well as in 

normal and ischemic rat brain in vivo. Importantly, it also coincides with 

inhibition of Cytc release from the mitochondria (see section 6.2 for a possible 

mechanism). Taken together with the observation that Tyr97 phosphorylation 

reduces ETC flux, thereby preventing ΔΨm hyperpolarization and thus ROS 

production, these findings suggest that Tyr97 phosphorylation reduces 

oxidative stress and acts as an anti-apoptotic signal. The existence of tyrosine 

phosphorylations, which can suppress Cytc release from the mitochondria 

(Tyr97), and limit cardiolipin oxidation and abolish the execution of the 

caspase cascade (Tyr48), suggests a fourfold control of apoptosis, by 

suppression of: 1) ΔΨm hyperpolarization, 2) cardiolipin peroxidation, 3) Cytc 

release, and 4) the formation of a functional apoptosome (Figure 2). Such 

multi-level regulation might be expected for a function as crucial as the life-or-

death decision for the cell. Once the corresponding kinases and phosphatases 

involved in Cytc phosphorylation are known they may be specifically targeted 

to prevent or induce cell death in conditions such as neurodegeneration and 

cancer, respectively. 

Two more phosphorylation sites, Thr28 and Ser47 (Figures 1A and 3B), 

have recently been reported on human skeletal muscle Cytc by high 

throughput phospho-proteomic mass-spectroscopy analysis [86]. This 

indicates that Cytc in this tissue is controlled by a signaling pathway distinct 

from liver and heart. No information exists about the effects of these phospho-

rylations or about the ratio of phosphorylated versus unphosphorylated Cytc. 

Other posttranslational modifications have been reported for Cytc. In 

particular, Cytc was proposed to be an important target of tyrosine nitrations 

as reaction products of peroxynitrite, which forms in the presence of nitric 

oxide and superoxide [87]. Although the amount of tyrosine nitrated Cytc is 

rather low in vivo it has been studied quite intensively. In wild-type Cytc, 

Tyr67 is preferentially nitrated, leading to structural changes and the loss of 

the heme iron-Met80 bond [88]. As expected, this modification also causes 

changes in the redox characteristics of Cytc, a strong inhibition of the reaction 

with purified COX [89], and inhibition of downstream caspase activation [90]. 

The authors also generated single tyrosine mutants of Cytc, in which the other 

three tyrosines were replaced with phenylalanines, and reported various effects 

on function for each individual site after nitration. 
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They concluded that nitration of Tyr74 resulted in the second largest 

effects after Tyr67. In addition, Tyr74 nitration abolishes downstream caspase 

activation but still allows Cytc to bind to Apaf-1 [91]. 

Interestingly, one study reported that Tyr48 nitration completely blocks 

downstream caspase activation [87], similar to phosphomimetic Tyr48Glu 

Cytc [82]. Tyrosine nitration introduces a relatively bulky group with a 

negative charge similar to tyrosine phosphorylation. Tyrosine nitrations might 

thus be considered a phosphotyrosine-mimetic substitution, perhaps better than 

glutamate substitutions for resembling tyrosine phosphorylations. 

 

 

6. REDOX SIGNALING AND CYTOCHROME C 
 

Redox signaling occurs when a change in the level of a reactive oxygen or 

nitrogen species or a change in the redox state of a molecule causes a response 

in a biological system [92]. Even the change in the redox state of Cytc as part 

of its role as an electron carrier in the ETC can constitute a redox signal, as in 

the example of feedback control described below (see section 6.1). Recent 

work has shown that Cytc in its role as an executer of apoptosis can respond to 

redox signaling. Such signals arise from the ETC as a generator of ROS, from 

p66
shc

, which oxidizes Cytc and catalyzes the production of hydrogen 

peroxide, and from the oxidation of cardiolipin. Cytc is bound to cardiolipin at 

the inner mitochondrial membrane, which causes Cytc to partially unfold, 

giving rise to peroxidase capability, oxidation of cardiolipin, and its own 

release into the cytosol, where it binds to Apaf-1 to form the apoptosome. The 

reader should bear in mind that these processes, since they deal with the life 

and death of the cell, are necessarily tightly regulated, likely with multiple 

checkpoints (Figure 2). 

 

 

6.1. p66
shc

 and Cytochrome C 
 

p66
shc

 is an adapter protein that, if rendered inoperative, increases 

resistance to oxidative stress and increases lifespan [93-95]. p66
shc

 is found 

throughout the cell, including the mitochondria. Under stress conditions, it 

oxidizes Cytc, transferring an electron to oxygen thus catalyzing the 

production of hydrogen peroxide [96], which may act as an apoptotic signal 

[97]. In fact, release of Cytc correlates with the H2O2 production activity of 

p66
shc

 [98]. 
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Superoxide and subsequently peroxide production by p66
shc

 could 

contribute to the ability of Cytc, as described below, to oxidize cardiolipin, 

enabling the release of Cytc into the cytosol. 

A principal role of shc family members is assembly of signaling 

complexes. Consistent with this role it has recently been shown that p66
shc

 acts 

to assemble a PKCδ/Cytc/retinol complex in the intermembrane space of the 

mitochondria, thereby regulating mitochondrial respiration [99, 100]. In that 

case, the redox state of Cytc acts as a feedback sensor of the activity level of 

the ETC, and the signaling complex accordingly adjusts the amount of fuel 

entering the tricarboxylic acid cycle. 

Phosphorylation of p66
shc

 Ser36 appears to be an essential regulator of 

function and increases with age in several organs including lung, liver, and 

skin, causing increased ROS production and oxidative damage as was shown 

in aged mice [101]. However, the possibility that phosphorylation of Cytc can 

regulate the interaction between Cytc and p66
shc

 remains to be explored. Such 

a regulation would not be surprising given its effect on apoptosome formation 

and downstream caspase activation (see also section 5.3). 

 

 

6.2. Cytochrome C, Cardiolipin, and Apoptosis 
 

About 15% of Cytc is bound to cardiolipin, a mitochondria-specific 

phospholipid that is primarily found in the inner mitochondrial membrane 

[102]. During apoptosis, trans-membrane migration of cardiolipin enhances its 

association with Cytc in the intermembrane space, resulting in complexes 

formed of cardiolipin and Cytc [102]. Before Cytc can be released from the 

mitochondria during apoptosis, a redistribution of cardiolipin occurs [103]. 

Almost 80% of the cardiolipin is located in the inner mitochondrial membrane 

where it constitutes about 20% of the total membrane lipids. During apoptosis 

a lipid exchange occurs that results in almost 40% of the cardiolipin of the 

inner mitochondrial membrane translocating to the outer membrane [104]. 

The binding of cardiolipin to Cytc may proceed in various ways (reviewed 

in [105]); nevertheless, under appropriate conditions, Cytc is bound by 

cardiolipin in such a way that it partially unfolds, acquires peroxidase 

capability, oxidizes and dissociates from cardiolipin, and initiates apoptosis 

[102]. It is likely that tight binding requires deep penetration of one (or of two) 

acyl chains into the protein, reaching the heme pocket region. Such binding 

requires lysines 72, 73, and 79, as shown by Lys72/73/79Asn mutants in horse 

heart Cytc [106]. 
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The Spiro group has elucidated a possible sequence of partial unfolding as 

a result of cardiolipin binding, using horse heart Cytc. At pH 3, thermal 

unfolding causes loss of the hydrogen bond between His26 and Pro44, which 

initiates a rapid transformation of the 40s Ω loop to a β-sheet, and extension of 

the β-sheet into the 60s and 70s helices. These changes cause disruption of the 

Met80-heme covalent bond, opening of the heme crevice, which allows access 

of peroxide to the heme and induction of peroxidase activity [107]. 

Activation of peroxidases that function via a heme group, such as Cytc, 

usually involves a protein-bound radical. An intermediate of the cardiolipin 

peroxidation process appears to be a tyrosyl radical, or rather various tyrosyl 

radicals. Initially, Tyr97 was identified as the site of a tyrosyl radical [102, 

108, 109]. The Kagan group later found in studies of tyrosine mutated Cytc 

that of the four tyrosines that exist in horse heart Cytc, the Tyr67Phe mutation 

caused the greatest decrease of peroxidase activity of the mutants, and was a 

likely involved tyrosyl radical [110]. Rajagopal et al., [111] found through 

electronic paramagnetic resonance (EPR) spectroscopy that Tyr46 and 48 were 

the putative radical sites, and Tyr/46/48/Phe mutants showed similar EPR 

signals in all variants, indicating that the radicals are formed on more than one 

site. Of the two tyrosines, Tyr46 is present in humans but not conserved in 

mammals and it is therefore unlikely to be a key residue for cardiolipin 

peroxidation. The conclusion that there are various sites of radical formation 

seems most reasonable at this time. 

Cell signaling, specifically phosphorylation of Cytc tyrosine residues, may 

also affect cardiolipin peroxidation, as we propose (Figure 2). Pecina et al. 

[82] used rodent phosphomimetic Tyr48Glu substituted Cytc and reported 

significantly decreased Cytc-cardiolipin binding and decreased but not 

abolished peroxidase activity compared to the wild type. It is possible that the 

bulky phosphate group identified on this position in liver in vivo may show an 

even more pronounced effect on the peroxidase activity of Cytc. Since 

cardiolipin oxidation precedes Cytc release from the mitochondria, the 

phosphorylation state of Cytc likely controls this rather early step in the 

apoptotic cascade. 

The Cytc-cardiolipin interaction not only enhances the peroxidase 

capacity of Cytc, it also leads to the formation of discrete pores in membranes 

through which Cytc can escape into the cytosol. Groves and colleagues 

observed Cytc and dextran leakage across cardiolipin-containing membranes 

into the vesicle interior, which occurred in the absence of other apoptotic 

machinery [112]. “Bursts” of leakage were interpreted as the opening of stable 

pores. 
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The pores may be the result of the ability of Cytc to cause curvature of the 

cardiolipin-containing membranes. Pletneva and colleagues [113] found, with 

time-resolved FRET measurements of dansyl variants of horse heart Cytc, that 

late in the process of cardiolipin binding by Cytc, when the greatest unfolding 

of the native structure occurs, the C-terminal helix of the protein is unfolded 

and extended. Interestingly, the C-terminus of Cytc has been identified as 

containing cell-penetrating peptide (CPP) sequences (Figure 1A, amino acids 

77-101), which allow proteins to cross membranes, and which induced 

apoptosis in an astrocytoma cell line [48]. These CPPs, when in an open 

conformation, may allow Cytc to translocate into the cytosol independently of 

the permeability transition pore. 

 

 

7. CYTOCHROME C IN THE CONTEXT  

OF NEURODEGENERATION AND CANCER 
 

Cytc, as a protein with functions crucial to life and death, is clearly 

relevant in the context of therapeutics. This is perhaps most clear in the cases 

of neurodegenerative diseases and cancer. In neurodegenerative conditions a 

significant cause of damage is excessive and uncontrolled apoptotic activity. 

Mitochondrial dysfunction leading to release of Cytc and induction of 

apoptosis has been demonstrated in a broad range of neurodegenerative 

conditions, including acute trauma such as stroke [114-117] and traumatic 

spinal cord injury [118, 119], and chronic conditions such as multiple sclerosis 

(MS) [120, 121], Parkinson‟s Disease [122-124], Huntington Disease [125-

127], and amyotrophic lateral sclerosis (ALS) [128-130]. Excessive apoptotic 

cell death could be prevented if Cytc release into the cytosol or Cytc binding 

to Apaf-1 could be inhibited. 

The mechanisms discussed in the course of this review have led to a 

number of proposed therapies for neurodegenerative diseases. For example, 

the Szeto group has investigated the synthetic mitochondrial peptide SS-31, 

finding that it selectively targets cardiolipin and inhibits Cytc peroxidase 

activity by protecting the heme, mitigating ischemia-reperfusion injury [131, 

132]. The anti-inflammatory and neuroprotective tetracycline-derivative 

minocycline was investigated by Patriarca et al. who found that it binds to 

Cytc, decreasing its peroxidase activity and caspase-3 activation [133]. Its 

anti-apoptotic effect may therefore result from the inhibition of cardiolipin 

peroxidation by Cytc, or from the inhibition of binding of Cytc to Apaf-1. 
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Ji and colleagues employed a brain-permeable mitochondria-targeted 

nitroxide electron scavenger to prevent cardiolipin oxidation in the brain, and 

were able to inhibit apoptosis that otherwise would occur in rat models of 

traumatic brain injury in vitro and in vivo [134]. 

Since p66
shc

 has been found to be involved in MS, Savino and coworkers 

[135] investigated the role of p66
shc

 in that disease (see also [136]). They 

found that deletion of p66
shc

 protects from neurodegenerative stress in 

experimental autoimmune encephalomyelitis (EAE), a murine model of MS, 

and inhibits p66
shc

-mediated opening of the mitochondrial permeability 

transition pore. It therefore could serve as a marker for early detection of MS 

and other neurodegenerative diseases, and its inhibition could constitute a 

treatment for such diseases. 

We and others have shown that insulin protects hippocampal cells from 

cell death [137, 138]. 

As mentioned above, we were able to demonstrate that such treatment 

leads to Tyr97 phosphorylation, which suppresses its release from the 

mitochondria [49]. It may be this phosphorylation, predicted to maintain 

controlled and healthy cell respiration, that is at least in part responsible for the 

neuroprotective effect of insulin. 

In cancer, two typical characteristics related to the life and death functions 

of Cytc are resistance to apoptosis [139-141] and the preferential switch from 

aerobic energy metabolism to glycolytic energy metabolism, even in the 

presence of oxygen, known as the Warburg effect [10, 142]. 

Glycolytic metabolism is able to produce the ATP that rapidly 

proliferating cells need, along with precursors of cellular biosynthesis [143], 

and targeting the glycolytic nature of rapidly proliferating cancer cells has 

emerged as a promising therapeutic strategy [144-147]. However, cancers 

constantly evolve against attempts to limit their survival, whether the 

mechanism of death is apoptosis or other death pathways [148]. 

With respect to apoptosis, Jones et al. identified a cell penetrating peptide 

sequence in the C-terminus of Cytc, and added to it an N-terminal sequence 

that increased the apoptotic potency attributable to the C-terminal section of 

Cytc alone [48]. The authors foresee the ability to synthesize a class of 

synthetic proteins that would enhance apoptosis in tumor cells. 

Johnson and colleagues have shown that in brain tumors, traditionally 

refractory to chemotherapy, cytosolic Cytc is sufficient to activate apoptosis in 

brain tumor cell lines, whereas normal brain cell lines are resistant to apoptosis 

from cytosolic Cytc [149]. The authors attributed the difference to levels of 

Apaf-1, which were high in the cancer cells compared to normal tissues. 
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Thus Cytc may prove to be a therapeutic agent that can selectively kill 

cancer cells, sparing normal cells in the brain. Another promising strategy, 

because of development of resistance to chemotherapeutic agents, would be to 

combine chemotherapy with enhanced apoptosis. For example, since Cytc in 

its reduced state is less capable of triggering apoptosis, Barros et al. have 

shown that depleting cells of glutathione or glutathione-S-transferases (by 

such agents as DNA hairpins or the neurotoxin veratridine) increased the 

cytotoxic activity of methotrexate in breast cancer cells [150]. 

Intriguingly, there appears to be a mechanistic connection between the two 

characteristic features of cancer cells discussed in this section; that is, 

resistance to apoptosis and a preference in cancer for glycolysis. This 

connection was suggested by Plas and Thompson [151], and followed up by 

Bonnet et al. [152], who showed that the small molecule dichloroacetate 

(DCA), an inhibitor of pyruvate dehydrogenase kinase, decreases cancer 

growth in vitro and in vivo, activates aerobic respiration, and promotes 

apoptosis through release of Cytc. Vaughn and Deshmukh continued this line 

of research by investigating the similarities between cancer cells and 

postmitotic neurons, which last for the lifetime of the organism [153]. Both 

types of cells inhibit the apoptotic pathway, and they both extensively 

metabolize glucose. The authors suggested that the regulatory feature shared 

by postmitotic neurons and cancer cells is the redox effect of glycolytic 

metabolism on Cytc. They further observed that oxidized but not reduced Cytc 

promotes apoptosis and showed that, both in postmitotic neurons and in cancer 

cells, glycolytic metabolism, chiefly through the action of the pentose 

phosphate pathway, reduces Cytc and therefore decreases apoptosis. Similar 

conclusions where obtained in a study using a yeast model for metabolic 

switching [154]. Suppression of aerobic respiration inhibited apoptosis, while 

enhancement of respiration increased it. 

 

 

CONCLUSION 
 

Cytc plays a key role in pro-life and pro-death processes. Those include 

electron transfer, radical scavenging, and redox-coupled protein import on the 

one side, and cardiolipin oxidation, ROS generation through p66
shc

 or as part 

of the ETC, and apoptosome formation on the other side (Figure 2). 

Regulation of these processes is of utmost importance for the fate of the 

cell. Reversible phosphorylations are arguably the most important regulators 

and four such modifications have been identified on Cytc. 
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Identification of the involved kinases, phosphatases, and signaling 

pathways that modulate them would allow a deeper understanding of the 

crosstalk between pathways that leads to a final resolution of the cell‟s destiny. 

It would thereby also allow targeted control of Cytc, which could lead to the 

development of therapeutic interventions that, for example, increase OxPhos 

relative to glycolysis in tumors to upset the normal metabolic preference of 

most cancers, and increase sensitivity to apoptosis. In other conditions, such as 

neurodegenerative diseases, phosphorylations that inhibit apoptosis could be 

enhanced and utilized as neuroprotective therapy. 
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