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Double-Edged Sword in Cells: Chemical Biology 

Studies of Cytochrome C’s Vital Role in the Intrinsic 

Pre-Apoptotic Mitochondria Leakage Pathway 

Zhi-Peng Wang,a,b,c Xiao-Zhe Ding,b Jun Wang,*a Yi-Ming Li*a 

Besides functioning as an electron transporter in mitochondrial electron transport chain, Cytochrome c 

(cyt c) is also one of the determinants in the execution of cell death. The interaction between cyt c and 

lipids has long been of great interests in biological system, while the study of cyt c attracted even more 

attention since its new function in apoptosis was discovered. Theories on the serial of cause-effect 

signaling pathways have been proposed. However, until recently, some of the detailed parts remained 

poorly understood in the big picture of cyt c-mediated apoptosis. In the past few years, new labelling, 

monitoring and detecting methods as well as in vitro model systems such as cyt c-Cardiolipin (CL) or 

cyt c-membrane systems have been developed to overcome these drawbacks. The discoveries of cyt 

c’s versatile roles in metabolic as well as apototic process suggest cyt c per se as a potential drug 

target. In this review, we divided the whole cyt c-mediated pre-apoptotic mitochondra leakage process 

into several sections in a chronological order and summarize the recent discoveries and hypotheses. 

With the combinatorial effort of modern interdisciplinary subjects such as chemical biology, bio-

inorganic chemistry, structural biology and physical organic chemistry, we expect that researches in 

this field will shed light on our understanding of the whole intrinsic apoptotic process, and further 

contribute to health sciences. 

1. Introduction 

1.1 Background for cyt c  

Cyt c is a mini-hemoprotein which was first characterized in early 

1920s.1 The first identified role of cyt c was an electron transporter 

in oxidative phosphorylation pathway.2 Cyt c shuttles electrons 

between complex III (cyt bc1) and complex IV (cyt c oxidase) in 

mitochondrial intermembrane space (MIS), which can be described 

by random collision model.3 To achieve normal function as a 

transporter, cyt c is maintained at a high concentration of 0.5-1.0 

mM in MIS (Fig. 1).  

Cyt c shares common properties with other hemoproteins: a heme 

prosthetic group (together with its redox intermediate) forms a 

covalent bond with the protein backbone via thioether bonds. Iron 

ion as the center metal coordinates with heme as well as His 18 and 

Met 80 residues, to reach its six-coordination structure. An iron 

oxidation / reduction between ferrous and ferric states was known to 

endow the protein with electron-transferring function. The c-type 

linkage of heme combined with the axial ligation is important to 

increase the heme reduction potential. Besides the Fe-heme, the 

overall structure of cyt c is a globular folding with five α-helices and 

loops well-packed around the heme group4. There are three long α-

helices and two short α-helices (Fig. 2). The folding mechanism and 

folding kinetics of cyt c in vitro has been well-studied5, and the  

folding of cyt c was utilized as a typical model system for the 

research of how unfolded protein renatures6. 

 

 
Figure 1. Schematic of the mitochondrial electron transport system in 
inner mitochondrial membrane (IMM). I, II, III and VI stand for 
complex I (NADH dehydrogenase or NADH: ubiquinone 
oxidoreductase), complex II (Succinate dehydrogenase), complex III 
(cyt bc1) and complex IV (cyt c oxidase) respectively; Q stands for 
ubiquinone; C stands for cyt c; P stands for ATP synthase 
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Figure 2. Structure of horse heart cyt c 1-104 with Heme (Protein Data 
Bank (PDB) code 1HRC): left panel shows the crystal structure of Cyt 
c; right panel is the Protein topology diagram (Pro-origami)7 showing 
the five α-helix secondary structureIt also interacts with anIt also interacts 

with anIt also interacts with an It also interacts It also interacts. 

 

1.2 Role in apoptotic signaling pathway 

Apoptosis is a programmed cell death, which plays important role in 

all stages of development of an individual organism, such as the 

development of the embryo, elimination of unnecessary cells as well 

as the maintenance of the physiological balance. Cys-dependent 

Asp-specific proteases (Caspases) are a group of Cysteine proteases, 

which are the main executioner of substrate cleavage. Two key 

pathways in vertebrate can activate caspases: 1) the intrinsic and 2) 

the exogenous apoptosis pathway.8 DNA damage, metabolic stress 

or the presence of excess-amount of unfold proteins can all be 

stimuli for the intrinsic apoptotic signalling pathway, or the 

mitochondrial pathway. These stimuli can pass a signal to the 

mitochondria system and cause the pre-apoptotic signalling cascade, 

and finally lead to the formation of the apoptosome. Apoptosome 

can subsequently activate caspase-9 to cleave the key apoptotic 

factors caspase-3 and 7, and lead the cell to an apoptotic fate. 9 

Although the structure and properties of cyt c have been studied in 

detail for more than 70 years, its important role in pre-apoptotic 

signalling pathway, as its second major role in cells, was not 

discovered until recently. In 1996, Wang lab10 first proposed that cyt 

c released from the mitochondria might be of vital importance to the 

intrinsic apoptotic pathway in cell-free extract system. Four years 

later, Williams and the collaborators11 confirmed this conclusion by 

several important in vivo experiments.  

Now, people have generated a general picture of cyt c’s role in 

apoptosis: cyt c normally binds to an anionic phospholipid CL 

specifically existing in inner mitochondrial membrane, and the 

release of cyt c from mitochondria executes the downstream 

apoptotic process. Mitochondrial synthesis of reactive oxygen 

species (ROS) is one of the key factors that trigger the release, which 

contributes to increase of peroxidase activity and CL oxidation. 

Since ROSs is commonly regarded as harmful factors to the cell, the 

increasing level of ROS has also been considered as a significant 

signal for the induction of apoptosis. Thus, oxidation of CL might be 

necessary to induce the mitochondria membrane leakage, and release 

of pro-apoptotic substances, such as protein tyrosine phosphatases 

(PTP) into the cytosol. Additionally, the released cyt c can play 

some other roles in apoptosis. It binds to the apoptotic protease-

activation factor-1 (APAF1), and stimulates its heptamerization. 

After that, cyt c, APAF-1, and ATP/dATP will assembly into 

apoptosome for the further activation of pro-caspase-9. With the help 

of the apoptosome complex, Caspase 9 gains the ability to trigger the 

further caspase signal downstream to finally activate caspase-based 

apoptosis. Besides, the apoptosome will also stimulate the 

extracellular matrix digesting metalloproteinase 9 (MMP-9), and the 

gene expression of inflammatory cytokines will also significantly 

increase.12 It also interacts with and then oxidizes another negatively 

charged phospholipid phosphatidylserine (PS).13 Many studies have 

been done on the cyt c-lipid interaction and will be discussed later in 

the review. However, some detailed questions remain unknown and 

several current discoveries or hypothesises are about to shed light on 

these mysteries.  

1.3 Cyt c, CL and mitochondria  

There are three key players in the early initiation stage of apoptosis: 

cyt c, CL and mitochondria, which are closely related to each other. 

Mitochondria provide a necessary and indispensable place for the 

interaction between cyt c and CL. On the first section, cyt c gets its 

fully folded structure in mitochondria, and the entire life cycle of cyt 

c is tightly connected with mitochondria. According to the 

endosymbiotic theory, mitochondria, together with hydrogenosomes 

and plastids, came from free-living prokaryotic cells to 

endosymbionts of eukaryotic cells via endocytosis.14 Therefore, the 

DNA and ribosome systems remaining inside are able to express 

some peptide chains independently. However, some mitochondrial 

proteins, for example the apoprotein of cyt c from different species15, 

are actually encoded by chromosomal DNA16. Regarding its 

biosynthesis in vivo, after being translated to a polypeptide chain at 

the endoplasmic reticulum or microsome17, cyt c is transported into 

the mitochondria to assemble and obtain the necessary heme 

molecule. Neupert and coworker18 provided evidence to demonstrate 

that cyt c pass the outer mitochondria membrane (OMM) with the 

help of certain kinds of receptors in a cell-free system. In MIS, an 

enzyme cytochrome c heme lyase (CCHL) catalyzes the formation 

of thioether bonds between heme and the apoprotein (Fig. 3). 

Besides heme reconstitution, no other post-translational 

modifications (PTM) on cyt c have been reported19. It should also be 

mentioned that mitochondrial metabolism is sophisticatedly 

regulating the expression level of cyt c, but has no significant 

influence on its stability20. 
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Figure 3. Schematic for cyt c bio-synthesis in the cytosol and the 
assembly in the mitochondria 

 
Interestingly, only holo-cyt c released from mitochondria (but not 

the apoprotein that has not been transported into the mitochondria) 

can induce apoptosis. In other words, cyt c in its apoprotein form is 

not an apoptotic signalling molecule, while the holoprotein form is. 

A potential reason for this phenomenon is the role of iron center. 

The mechanism of this phenomenon is as follows. Metalloproteins 

often do not fold unless in the presence of the cofactors or prosthetic 

groups, and this principle is applicable to cytochrome proteins. 

Without binding to heme groups, apocytochromes tend to have no 

stable structures. These states were named as molten globule states.21 

This may be able to explain the above-mentioned phenomenon that 

holo-form of cyt c can be a signalling transferor only with 

incorporation of heme group, in other words in a form with oxidase 

activity. This mechanism also has some potential therapeutic 

applications. If we can manually incorporate heme or its derivates 

into apo-cyt c and let it fold in cytosol, we might be able to induce 

“mitochondria-free” intrinsic apoptosis. This would provide a 

potential strategy to kill undesirable cells inside the body22. 

    On the second section, mitochondria provide an irreplaceable 

and rather closed surrounding for cyt c-CL interaction to take 

place in the whole pre-apoptotic pathway. CL is a family of 

phospholipids with two negative charges (fig 4). Since there are 

four fatty acid moieties inside each CL molecule, this family 

contains large numbers of variants. However, both the amount 

and the types of CL are baied in different species, cells and 

membranes, which is still unexplainable so far23. For example, 

early studies24 have shown that take around 25 % of all the 

mitochondria lipids under physiological conditions are CLs. 

Furthermore, there is an unbalanced distribution between IMM 

and OMM in which more than 65 % of CLs are inset into 

IMM25. It is worth informing that all the enzymes used in 

primary CL biosynthesis are inside the mitochondria: the whole 

pathway starts from an enzyme in OMM26 to enzymes in 

IMM27 and ends on the mitochondria matrix side of IMM28. 

This physiological situation of CL distribution will be changed 

when several CL-binding proteins29 interact with CL as well as 

its metabolites, which will cause CL enrichment in OMM. The 

distributional change will facilitate cyt c release from the 

mitochondria into the cytosol and further induce apoptosis. 

 

 
Figure 4. Chemical structure of CL family lipids 

 

2. Binding to lipids & oxidation of lipids 

Besides the key electron transferring role in oxidative signaling 

pathway, cyt c has recently been found to play a signal mediator role 

in the intrinsic pre-apoptotic pathway.30 Now, the interaction with 

CL is believed to be a vital factor for this step.  

2.1 Binding to lipids and lipid containing membranes 

It has been a very long time since scientists started studying cyt c-

lipid interaction. Peptide analysis demonstrated that its essential 

structural characteristics endow the reactivity. Cyt c has an 

isoelectric point (pI) near 10, with +8 charged at neutral pH. Thus, it 

is highly tended to bind to negatively charged molecules such as 

CLs. Cyt c in its native structure can interact with certain kinds of 

lipids, such as catalyzing the fatty acid amidation reaction31. The fact 

that cytochrome c can interact with the lipid bilayer has been known 

for tens of years32, even before the term “apoptosis” was defined. 

As a result, scientists became interested in the binding mechanism 

between cyt c and lipids or the membrane ever since its discovery. 

Many studies have been published based on different model 

systems33 and these studies have demonstrated that cyt c can bind to 

the lipid layer strongly through electrostatic interactions with the 

negative charges34. Besides ionic interactions, researchers35 also 

showed that there were hydrophobic interactions between cyt c and 

the lipid bilayer. For example, the ionic strength increase or the 

dilution of the cyt c concentration cannot dissociate the protein from 

the membrane. And the ionic strength is exactly suitable for cyt c to 

have a persistent binding under physiological condition.36 In 

contrast, the initial binding of cyt c to either CL or 

phosphatidylglycerol (PG) containing membrane is sensitive to both 

of these two factors37. Some other observations even made the 

process more complex: Marsh and collaborators38 applied physical 

chemistry into the protein-protein interaction study, and the binding 

isothermal analysis showed that there might be more than one way 

for cyt c to interact with the membrane: a competition between an 

“out-of-plane” membrane binding mode with an “in-plane” 

membrane binding one to differentiate the relative relation of cyt c to 

the membrane. Pinheiro39 tried to explain this by providing two 

hypotheses in his review article. First, cyt c can have initial 

interaction with the membrane mainly through electrostatic 

interaction, and the electrostatic interaction nature causes small 

changes of the lipid bilayer. At this stage, cyt c only slightly 

penetrates into the membrane. However, 31PNMR shows the binding 

with cyt c will cause the generation of non-bilayer structures or 

lateral phase separation of enriched acidic phospholipids, especially 

in cardiolipin bilayer regions. At the same time, ESR or resonance 

Raman spectroscopy suggests cyt c upon binding with lipid will 

undergo a backbone structural change around or within the heme 

part. Followed by the changes of both the protein structure and the 

lipid components, the dynamic characteristics of the membrane-

binding cyt c will significantly change: no helix structure can be 

detected with a life time over 10-6 sec, which suggests a different 

binding model39. Two years later, with the use of steady-state surface 

plasmon resonance (SPR) spectroscopy for the binding study over 

different conditions, Tollin40 demonstrated that cyt c can bind to the 

lipid membrane by two phases with different binding constants. 

These results verified the hypothesis that there is an initial binding 

through pure electrostatic interactions followed by a secondary 
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binding through hydrophobic interactions. In contrast, Pinheiro and 

coworkers41 even discovered and characterized five possible protein 

conformation in cyt c-membrane interaction system. Huge efforts 

have been put into the detailed study of CL-cyt c binding42, however, 

this mysterious phenomenon is waiting to be further deciphered. 

In the current theory, the result of the binding is twofold. On the 

one hand, Cullis and the collaborator33 found that the binding of cyt 

c can reversely change the CL containing membrane structure to 

form an “inverted hexagonal phase” as well as inverted micellar 

structure, which was an important discovery. Demel et al43 took this 

one step further on a systematic scale. They let cyt c in both apo- 

form and holo- form interact with membrane extracts from different 

organelles and measured the differences of binding results. They 

tried to rationalize from a biological point of view that acidic lipids 

could play a regulatory role in triggering cyt c’s importation into the 

mitochondria. On the other hand, the binding can also affect the 

protein vise versa besides causing increased oxidation activity, 

which results in the membrane changes. We will discuss an induced 

oxidation activity here, and the biophysical and kinetic studies will 

be discussed in the third section. A conformational change of the 

protein and a structural change of membrane have also been 

reported. Hoch group44 reported cyt c’s binding to acidic 

phospholipids such as the negative charged CLs. This binding can 

cause the protein structural changes in its immediate surroundings as 

well as the heme group’s coordination model (discussed in next 

section). In addition, Surewicz and coworkers45 found that the 

protein’s main chain structure is even considerably altered from a 

global folding structure to a more extensive form, which means that 

binding to the membrane can make the protein structure unstable. 

After that, people have devoted a cohort of effect into the structural 

characterization. How can this interaction have huge impact on the 

protein structure? Englander group46 found that among all the 

folding domains (so called “foldon”), the 40s Ω loop with the amino 

acid sequence from 40 to 5747 is the least stable one. It is potentially 

stabilized via forming hydrogen bonds of His 26 to Pro 44 and Thr 

49 to the heme propionate.48 In contrast, if the hydrogen bonds are 

interrupted, this foldon folding will be significantly weakened, such 

as under acidic condition when protonation can break the hydrogen 

bonds.49 The disruption of the Ω loop can even have greater effect on 

cyt c conformation. Spiro and Groves50 used Resonance Raman 

spectroscopy (RR) to discover a totally novel structural change to β 

sheets when heating cyt c under acidic condition. Only part of all the 

cyt c could undergo this transformation, while the rest of the proteins 

just unfolded. They explained this finding by the hypothesis that the 

unfolded 40s Ω loop (accounting for more than 1/3 of the amino 

acids) can extend to an additional β strain structure, which results in 

the huge transition to an entire β sheet structure. Jemmerson group51 

reported in 1999 that cyt c could have a Pro 44 related 

conformational change after binding to the artificial phospholipid 

containing vesicles. In that research, they used a monoclonal 

antibody specific for the unfolded domain around Pro 44 as the 

detection tool, and found that it only bind to cyt c when it was 

interacting with an artificial phospholipid membrane. Furthermore, 

this result was confirmed by the in vivo data of T hybridoma cells in 

the post-apoptotic stage. 

Another important finding is the structural change in the heme 

group during the interaction. Faljoni-Alario group52 reported that the 

interaction between cyt c and lipids could significantly change the 

heme group binding model as well as the iron coordination state. 

Hildebrandt and coworkers53 studied the heme spectroscopic 

changes upon this interaction, and provided a binding theory to 

rationalize it. The change of the heme group together with its 

subsequent effects will be discussed in the next section. 

To summarize, binding of cyt c to CL causes significant changes 

over the protein structure, and plays an important role in the 

apoptotic pathway13. This interaction model has also been regarded 

as a paradigm for peripheral membrane proteins38 by theoretical 

chemists for the following reasons. First, cyt c can be an easily-

isolated enzyme and has been well characterized; second, its binding 

with negatively charged phospholipids in membrane system is very 

strong, which could be relatively easy to study.33 

2.2 Oxidation of lipids 

Knowing that cyt c undergoes dramatically conformational change at 

both secondary and tertiary levels upon binding with CL, people 

became curious about the functional effects corresponding to it. In 

general, the structural rearrangement of the protein can interrupt the 

sixth coordination of Met 80 to the Fe-heme, and thus lead to an 

exposed heme structure. At the same time, this penta-coordinated 

iron can also be open to other ligands or substances. However, under 

certain situation, the high-spin iron with penta-coordination might 

drag His 33 as an alternative to form a hexa-coordination structure. It 

should also be mentioned that in the native form, the intrinsic Trp 59 

fluorescence is quenched by the Fe-heme center. This protein 

conformational change can remove the quenching effect of heme. 

Therefore, Trp 59 fluorescence appears to provide an important 

labelling tool for further cyt c study54. 

Large amount of evidence show that it is CL peroxide instead of 

CL per se that plays a role in the membrane leakage.55 However, the 

generation mechanism of CL peroixde is unclear. In 2005, Kagan 

and coworkers56 made use of the oxidative lipidomics technique to 

find out that cyt c could specifically oxidize CL to the peroxide after 

binding to CL on the membrane. This result is important because of 

two reasons. 1) We finally know that the increase of cyt c peroxidase 

activity is also tightly related to its own leakage to the cytosol. It is 

also very surprising that only CL can be oxidized in the presence of 

many other saturated and unsaturated phospholipids in vivo. 2) This 

work shows the necessity for reactive oxygen species in the 

apoptosis pathway, which provides us with an understanding of the 

triggering role they play. In 2006, our knowledge on the importance 

of the peroxidase activity advanced one step further. Kagan group57 

verified that the hydroperoxide product from cyt c oxidation of CL 

was actually necessary for the releasing of the proteins. H2O2 is 

known to be necessary. The peroxidase activity can even be 

activated under lower H2O2 concentrations when binding to CL than 

the activation of its native form. 

Later, people found that CL is not the only kind of lipid that can 

be oxidized at certain conditions in certain cell lines58, 59. Actually, a 

small group of lipids, including PS and phosphatidylinositol, can 

also be oxidized, and people have systematically studied the 

products using mass spectra (MS)58. There are two important kinds 
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of negatively charged lipids among all the lipids oxidized by cyt c. 

One is CL at the early apoptotic stage inside the mitochondria, and 

the other one is PS after the releasing of cyt c59. Different CL 

oxidation products have been identified in apoptosis induced mice 

cells. Most of them are CL with different levels of peroxidation on 

its fatty acid chains (short for CL-OOH) including (C18:2)3/(C18:2–

OOH)1, (C18:2)2/(C18:2–OOH)2, (C18:2)1/(C18:2–OOH)3, and 

(C18:2–OOH)4. The cyt c oxidation product, mostly peroxide or 

oxide, might be related to a CL hydrolytic reaction. This suggests a 

cyt c catalyzed CL remodeling, and a potentially new physiological 

function of cyt c54. 

  Integrating all the information at hand, we would like to 

summarize the big picture for cyt c-CL binding induced pre-

apoptotic signaling pathway (Fig. 5). Under normal conditions, 

CL is mostly localized in the IMM, and cyt c plays its primary 

role of electron carrier between complex III and IV in the MIS. 

However, under non-physiological conditions, CL is induced 

by some apoptotic signals to rearrange to a biased distribution 

between the IMM and the OMM. This rearrangement will cause 

cyt c to have a series of changes to get to another edge of the 

sword, including: 1) a relocation of cyt c to the OMM, 2) a 

conformational change of cyt c, 3) an increase in peroxidase 

activity of cyt c, 4) peroxidation of CL by cyt c to break the 

membrane and 5) finally cyt c’s leaking to the cytosol. The 

whole story of the cyt c-CL interaction is quite clear to the field 

now, for more detailed information about the cyt c-CL 

interaction as well as the cyt c’s role in causing intrinsic 

apoptosis see review54, 60. Remarkably, lots of different stimuli 

can cause apoptosis, such as the channel former protein Bax30, 

and thus there might be different signaling pathways 

corresponding to each of them. Orrenius and coworkers61 

proposed the Bax-assisted cyt c leakage theory. Bax is known 

as the most effective trigger reagent to make pores on the 

membrane and cause around 19 % cyt c release from the 

mitochondria. In this study, they found that in Bax-treated 

mitochondria system the release of cyt c to the cytosol contains 

two steps: 1) the re-solubilization of cyt c from the CL-bound 

form, and 2) a Bax assisted membrane-permeabilization. In that 

case, the strong interaction between cyt c and CL does not 

assist, but reversely hinder the cyt c leakage. To date, we still 

lack detailed information on the conformational change as well 

as the membrane leakage process. Some important discoveries 

further shed light on the mystery, which will be discussed in 

later sections. 

 
Figure 5. Scheme of CL oxidation induced membrane leakage. I, II, III, and VI stand for complex I, II, III and IV respectively; Q stands for 
ubiquinone; C stands for cyt c. 

 

3. Conformational change  

Binding of cytochrome c with CL causes partial unfolding of the 

protein. Following the binding to CL, cyt c undergoes an important 

conformational change between the compact (C) and the extended 

(E) protein conformers. The rate for this exchange process is highly 

related to the degree of unfolding as well as cyt c interacting with 

CL. 

3.1 Conformational change to an extended form 

Although a large body of researches have showed that cyt c can 

undergo a conformational change which leads to an increase in 

peroxidase activity57, the unfolding process and detailed structure of 

the CL-bound cyt c is still unknown to the field. The reason why we 

are not able to overcome this challenge was majorly due to the lack 

of efficient labelling and analyzing strategies. As mentioned above, 

people at early stages had used the Trp fluorescence as a native 

probe for protein folding kinetics studies62. What kind of 

conformational changes occurred to cyt c is a question that puzzled 

researchers for long, until the introduction and application of dansyl 

(Dns)-labelling method into this field to provide a glimpse into the 

molecular level. The Dns-labelling method has been proved to be an 

important and useful weapon for the hemoprotein biophysical study 

of protein folding, protein-ligand interaction, enzymatic mechanism, 

etc. In this strategy, dansyl groups are utilized to label a series of 

target protein variants with different mutant Cys sites. Thus, 

fluorescence energy-transfer kinetics (FRET) is applicable to analyse 

an important factor dansyl-to-heme distance distribution [P(r)] to 
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give out structural information (Fig. 6).63 This important structural 

tool has been applied for the cyt c folding studies.64 

 

 
Figure 6. Scheme of the principle of Dns labelling method and further 
FRET kinetics study. Dns group is shown as a star. 

 
Combining this labeling technique and time-resolved FRET, 

Pletneva and co-workers did a series of structural researches on cyt c 

bound to CL discussed below. All these processes are not easy to 

study with classical methods and probes. In 2011, the same group65 

created four horse heart cyt c variants at electrostatic binding 

positions (E4C, K39C, E66C, and E92C) to study their Dns decay 

curves-P(r) relation. The results showed that different variants 

undergo diverse protein conformational changes in degrees and 

populations based upon the CL-cyt c interaction. Among all these 

CL binding cyt c ensembles, one of the subpopulations with a 

largely opened conformation seemed to play a dominant role in the 

peroxidase activity (Fig. 7). Additionally, the results also 

demonstrated the key role of electrostatic interactions between CL 

and cyt c, especially at the protein C-terminal α-helix domain. 

 

 
Figure 7. scheme of the conformational change of cyt c after binding to 
CL. 

 
In 2012, Pletneva group66 went one step further on the structural 

characterization. Besides time-resolved FRET and the Dns labelling 

method, they introduced two other techniques, biolayer 

interferometry (BLI) and fluorescence correlation spectroscopy 

(FCS), into this realm, and demonstrated their important roles in 

kinetic investigations. With the help of these techniques, Pletneva et 

al induced another labelling group Bim to the Glu92 site to study the 

protein biophysics more systematically. They studied the 

equilibrium between the compact form and the extended form, the 

exchanging rate between two conformations, as well as the protein-

CL electrostatic interaction kinetics. They found that the rates of cyt 

c binding to the membrane and the subsequent conformational 

change were largely related to the concentration change of CL. 

Based upon these understandings, they proposed a peripheral interact 

mechanism that made major contribution to cyt c’s denaturation after 

binding to the CL surface. These works also showed that the 

development of novel powerful techniques could largely facilitate 

protein biophysics studies. Some of the other important new 

developments such as single molecule studies with shorter time 

scales67 are all potential weapons for the protein-ligand interaction 

research one step further. 

People also studied the homologous proteins from other 

organisms. Pletneva et al68 studied the structure, oxidation activity of 

two recombinant expression cyt c proteins CYC-2.1 and CYC-2.2 

from one nematode species, Caenorhabditis elegans. They found 

that both of the two proteins could have interactions with CL-

containing liposomes, and that detectable peroxidase activity was 

similarly induced by the interactions. After that, they applied their 

biophysical tools to this system to discover the partition of the 

compact form and the extended form, which is again similar to 

mammalian systems. Combined with a huge number of cellular 

biology and genetic study of C. elegans system69, the result 

suggested that nematode cyt c proteins might be a potential helpful 

model system for the further in vitro to even in vivo study. 

Besides the conformational changes discussed above, some other 

changes have also been reported. It should be mentioned that Hirota 

and coworkers70 reported that cyt c could oligamerize or polymerize 

through successive domain swapping under in vitro condition. In the 

oligomeic structures, the C-terminal α-helix of one protein is 

displaced by the C-terminal α-helix of another protein which leads to 

a significant perturbation of the Met-heme interaction. The 

weakened coordination between Met and heme could cause a higher 

peroxidase activity in dimeric cyt c compared with the monomer. 

This discovery suggests that the C-terminal α-helix is a relatively 

separated folding moiety to the cyt c body.   

3.2 The effect of ATP 

Adenosine 5’-triphosphate (ATP) is one of the vital components in 

mitochondria71, and people have paid close attention to ATP under 

the physiological condition. For example, the concentration of ATP 

is an important indicator for the mitochondria and cell activity, and 

people have applied different methods to measure the cellular ATP 

level72. ATP’s interaction with cyt c is complex but also very 

intriguing73. Early in vitro evidence showed that low concentration 

of ATP is necessary for the activation of apoptosome74, and in vivo 

study has shown that extracellular ATP can even trigger apoptosis75. 

The mechanism for apoptosis induced by extracellular ATP76 has 

also been revealed, which turned out to be an ATP caused reactive 

oxygen species (ROS) generation. Since 2001, ATP has been found 

to induce structural change on cyt c, which is important to the 

apoptosis pathway.77 However, ATP under higher level can inhibit 

the apoptosis 78. The binding of cyt c to negatively charged lipids or 

fatty acids can cause the protein’s unfolding. However, Fiorucci and 

coworkers79 found that only ATP among all the nucleotides can help 

to turn cyt c back to the folded form. This is a new function of ATP 

in mitochondria besides a product from the oxidative chain.  

To summarize, ATP can not only bind to cyt c per se, but also 

regulate the possible conformational change of cyt c caused by the 

significant interaction between CL and cyt c. The interaction 
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between cyt c and CL is mainly ionic77, and thus it is highly related 

to ionic strength in the surrounding environment. The interaction can 

even be broken by high ATP levels, just similar as the effect under 

high sodium chloride concentration80. Additionally, some other 

phenomena in similar systems also provide some information. Oleic 

acid is known to bind to cyt c79, which will result in the 

destabilization of the protein. However, ATP is known to own the 

capacity to weaken this unfolding effect to some extent, not only 

oleic acid-bound cyt c, but also nicked cyt c, and even acid 

denatured cyt c.81 

There are also some theoretical models of ATP-cyt c interaction. 

Pletneva and co-workers66 have demonstrated that the balance 

between a compact protein form (C) and an extended form (E) is 

determined by the degree of protein unfolding as well as the cyt c-

CL interaction. They82 used five different Dansyl (Dns) labeled cyt c 

variants as models to show that both ATP and salt can inhibit the 

interaction between cyt c and CL containing liposomes. However, 

besides simply competing with the phosphate groups of the lipid, 

ATP can additionally increase the peroxidase activity of the CL-

bound cyt c. Based on the structural information, they further 

proposed an innovative explanation for the conformational change 

pathways, in which ATP plays an important regulating role. ATP 

raises the population of E through destabilizing a native-like 

compact species C’ (Fig. 8). It should be mentioned that GTP can 

play a similar role in affecting the conformational change, showing 

that cyt c has a high tolerance over different nucleoside moieties. 

 

 
Figure 8. Conformational change pathway of proposed by Pletneva and 
co-workers66. C stands for compact form; E stands for extended form; 
C’ stands for another compact form; N stands for unfolded form. 

   

Another important finding related to the phosphate group is that cyt 

c can undergo phosphorylation conveniently. Since this process can 

add one negative charge to the system in total, it might block cyt c’s 

interaction with anionic membrane lipids. Several researches have 

reported the existence of Tyr 4883 variant in liver cells and Tyr 9784 

variant in heart cells. Whether this is related to ATP is also unclear.  

To summarize, the current understanding provides some general 

information about the interaction between cyt c and CL as well as 

ATP. Those structural details, such as binding sites, interaction 

models, and even the stoichiometry between the protein and the 

small molecules, need to be further discovered and verified. 

Different biophysical tools are all applicable to this open field, for 

example, deuterium NMR is a traditional tool which has long been 

used to study cyt c and its interaction with membrane85; Fourier 

transform infrared (FTIR) combined with amide H-exchange has 

also been used to study cyt c’s secondary and tertiary structural 

changes86. Recently, Roder group87 used ultrafast NMR-detected 

H/D exchange experiments to study the folding kinetics of cyt c. 

They found both N- and C-terminal α-helix could fold in a later time 

period compared with the other parts of the protein. This also 

suggests a rather weak interaction between the N-terminal α-helix 

and its body, as well as N-terminal α-helix’s folding independence. 

4. Membrane leakage  

It has been a long time since people tried to closely investigate cyt c-

CL containing membrane with model membrane systems, and 

different facilities have been used for the read-out.88 However, these 

works have not provided information about a more detailed process 

of membrane leakage before the content release. A new model 

system was recently developed to give us more solid information. 

4.1 Giant unilamellar lipid vesicles (GUV) model system 

It is already known that the binding between cyt c and CL in the 

mitochondrial membrane can result in the protein conformational 

change to an extended form and the increase of peroxidase activity. 

This is one of the key steps in the intrinsic apoptotic pathway. What 

influences of this protein-lipid interaction on the membrane is 

remaining an unknown problem. Giant unilamellar lipid vesicles 

(GUV) have been applied as model systems to many biological 

researches such as protein-membrane interactions and membrane 

permeability.89 New methods are coming out to help us to rapidly 

synthesize GUV from various phospholipids.90 Groves and the 

collaborators91 made use of this simplified synthetic bio-membrane 

system with separated phases of CL-rich domains. One of the 

advantages of using GUVs is the visibility of both inside and outside 

solution conditions via laser scanning confocal fluorescence 

microscopy. With the help of the novel system, they observed that 

cyt c-CL interaction could induce twofold membrane structural 

changes. On the one hand, the CL-rich domain of a single vesicle 

could give out buds and end up in a morphologically collapsed form. 

On the other hand, the CL-rich areas between several adjacent 

vesicles could make the membrane deform to form a complex 

osculating region (Fig. 9). Additionally, they found other proteins or 

macromolecules with multiple positive charges and similar sizes 

were all able to show qualitatively similar phenomena. This suggests 

that there is a colloidal force inside this bi-component system. This 

mitochondrial related protein-membrane interaction study could 

provide a better understanding of the establishment of cristae 

structures of the IMM under physiological conditions, and the 

membrane leakage during apoptotic conditions. 
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Figure 9. Effect of cyt c and CL interaction to the membrane. a) effects 
on single GUV; b) effects on multiple adjacent GUVs. 

 

Another important question that remains unanswered is how cyt c 

together with other mitochondrial proteins is released into the 

cytosol. To find out whether cyt c penetrates the membrane 

independently, Groves lab92 established a model system to study 

fluorescent cyt c interacting with artificial GUV containing CL 

without the existence of any other proteins. Using this directly 

visible system, they observed the binding of cyt c to the membrane, 

and the leakage of cyt c out of the membrane. They demonstrated 

that the formation and maintenance of membrane pores is done 

solely by cyt c. Not only cyt c itself, but also some fluorophores, 

such as carboxyfluorescein, as well as the macromolecule dextran 

with a 10 kDa molecular weight (MW) can pass through the 

membrane. However, the size of the pores is limited, since larger 

dextrans cannot cross. Another interesting finding was that ATP 

would largely decrease the formation of pores and sequential 

leakage. Thus, a CL induced membrane pore formation and 

mitochondrial content leakage pathway was proposed (Fig. 10). 

4.2 The potential role of C-terminal α-helix  

Based on the materials at hand, Groves lab92 highlighted the role of 

the C-terminal α-helix in the formation and stabilization of opening 

the membrane pores. Although this has not been fully verified, 

several hints are all pointing to this hypothesis.  

  Firstly, with bioinformatic methods, they find that the C-

terminal α-helix contains a highly conserved sequence –

KKEERAD- started from Lys 88, and helical wheel analysis 

(Homo Sapiens: KKEERADLIAYLKKATNE) gives out an 

aggregation of positive charges on one helical face, while 

negative charges on the opposite end (Fig. 11). The multiple net 

positive charges can highly facilitate the protein’s interaction 

with CL, and the negative charges might be able to drag other 

proteins as well as other materials with positive charges through 

the pores. 
 

= Cyt c compact form = Cyt c extended form

Single-giant unilamellar vesicle
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Figure 10. Cyt c and CL interaction cause membrane leakage 

 

 

 
Figure 11. Helical wheel analysis of the C-terminal α-helix, Axel 
direction from N to C: into page. 

 

Secondly, combined with the structural studies by Pletneva and 

coworkers, the unfolded C-terminal α-helix, which extends from the 

body of the protein after the conformational change, has a high 

possibility to induce pore formation and maintenance. Additionally, 

Arg 9173 is one of the key conserved amino acid residues in the C-

terminal α-helix which plays an important role in cyt c peroxidase 

activity. The Worrall group93 demonstrated that the Arg undergoes 

greatest conformational change induced by CL interaction. In 

addition, Pletneva group94 provided a new biophysical evidence for 

Gorves’ hypothesis in 2013. In this research, they created seven 

different Dns labelled horse heart cyt c variants as well as a 

fluorescent liposome system to study the detailed molecular 

mechanism and kinetics of the cyt c unfolding process. They 
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provided picture of the interaction sites of cyt c with the membrane 

and subsequent conformational change in the resolution of amino 

acid level. Following the interaction with the membrane, the 

breaking of the hydrogen bond between Pro 44 and His 26 is a key 

determinant that loose the Met 80 containing loop, which has been 

known as a key feature of the folding48. This process results in two 

effects: the breaking of Met 80-heme interaction to increase the 

peroxidase activity, and the collapse of the overall structure which 

further leads to the two helical segments to partially implant into the 

membrane forming the extended conformation. To summarize, this 

research provided a clearer explanation of both of the observed 

phenomena. 

Some other important experimental data also stand out to 

demonstrate the possibility of this hypothesis. Cell penetrating 

peptides (CPPs) are a group of peptides with a strong ability and 

tendency to pass the cellular membrane simultaneously. Howl 

group95 found that the amino acid sequences from 77-101 and 86-

101 of cyt c are two potential CPPs, and 77-101 is extremely 

powerful. In their CPP study, a novel prediction algorithm, QSAR, 

was used to analyze and identify CPPs from human cyt c. Then, they 

quantitatively tested a series of cyt c C-terminal helical segments 

with different lengths. The results showed that cyt c 77-101, together 

with its derivatives, were all efficient CPPs, which agreed with the 

apoptotic induction feature of cyt c.  

Finally, Groves’ theory can be a potential solution to some long 

existing puzzles. For example, Kagan and co-workers56 also 

observed that most but not all cyt c proteins can permeate the 

mitochondria in the presence of alamethicin. If the CL oxidant can 

break the membrane, all cyt c proteins can theoretically leak. They 

assumed that the 15 % cyt c inside might be in a CL-bound form. 

This observation agrees with Groves’ theory: CL bound Cyt c might 

be a membrane-binding oligomer involved in pore formation, which 

is unable to leak due to its role in pore maintenance.  

According to all the evidences above, Groves et al have provided 

a novel and visible hypothesis from a different angle that the 

extended form of cyt c is sufficient to induce membrane leakage 

independently from its peroxidase activity or membrane formation 

proteins. In this case, the membrane breaking process can be the 

result of two parallel pathways: conformational change, which 1) 

may or 2) may not lead to the oxidation of CL. The cyt c-CL 

interaction plays a role in both pathways. 

5. Conclusions and outlooks 

In addition to its well-characterized role as an electron carrier, 

increasing interests have been focused on cyt c recently, because of 

its important role in pre-apoptotic process. Ironically, cyt c 

undertakes two opposite tasks: under physiological condition, cyt c 

plays an irreplaceable transporter role in the Mitochondria oxidative 

phosphorylation pathway, which is the major energy source for cell 

to survive. However, under pre-apoptotic condition, cyt c can be the 

executioner of the cell, which delivers the death signal outside of the 

Mitochondria. At the beginning of the process, cyt c binds to 

negatively charged membrane lipids such as CL through strong ionic 

interaction88, which has been widely verified and accepted.  

Compared to the interaction, subsequent steps leading to apoptosis 

were much less depicted. People have provided several different 

theories trying to explain the membrane leakage phenomena in the 

pre-apoptotic signalling chain.  

Considering this fertile ground of interdisciplinary field, by 

combining these theories together, we can get an overview of the 

whole pathway. The binding of cyt c to CL results in a 

conformational change of cyt c to an extended form, which provides 

peroxidase activity, which leads to release of cyt c from 

mitochondria. In this theory, the oxidation of CL might be able to 

cause membrane leakage. An alternative explanation is that loosely 

bound form of cyt c can pass the membrane with the help of other 

proteins. What is more, an extended cyt c conformer is now 

hypothesized to lead to membrane leaking by itself, which needs to 

be further verified. 

Besides the experiments in vitro, or at organelle level in cell free 

system, we are looking forward to the study of in vivo system to 

demonstrate all hypotheses. C. elegans has been shown to have cyt 

c-CL interactions with similar properties68, and thus it might be a 

potential working system. Till now, although we have some 

biophysical studies on cytochrome family proteins96, and the 

downstream protein-protein interaction pairs97, no crystal structure 

or electron microscope structure is known for both cyt c-CL binding 

system and cyt c in its membrane binding form. The development of 

structural biology tools, such as advances in electron microscopy98, 

may bring us a new window into more detailed structures followed 

by the mechanism and kinetic studies in the near future. It should be 

mentioned that with lots of protein chemical biology tools at hand, 

we can study cyt c in different unnatural structures99, or make use of 

newly-developed protein in vivo labelling methods100, for the further 

investigations. 

All the information about cyt c induced apoptosis together 

suggests that cyt c-CL complex might be a potential target for the 

evaluation and further anti-apoptotic drug design54. Specifically, we 

propose that the extended form of membrane-inserted cyt c might be 

a promising target, since targets for more than 1/2 of current 

therapeutic drugs are membrane proteins101.  
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