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Abstract
Mitochondria are the site where most of the energy from food is converted into adenosine triphosphate (ATP). This process
is taking place at the inner membrane (IM) of mitochondria, and is called oxidative phosphorylation, and results in the
establishment of a proton motive force (pmf). The proton motive force is a combination of a proton difference over the
mitochondrial IM and a charge difference. The ATP is then synthesized by the ATP synthase, which is utilizing the pmf
for this process. The IM of mitochondria has many invaginations, which are called cristae. The enzymes of the respiratory
chain are mainly located at the flat sheet part, while the ATP synthase is located at the rim of the cristae. The hypothesis
arises whether the cristae membrane would serve as a proton sink for the ATP synthase, due to the curved shape of the
cristae. We aimed at answering this hypothesis by attaching a pH-sensitive green fluorescent protein (pHluorin2) at different
locations within the mitochondria. The study revealed that there is no substantial pH difference across the IM of yeast
mitochondria and that the cristae are not functioning as a proton sink, but rather its main function is to provide an optimal
environment, for coupled enzymatic activity. The second project investigated the importance of the mobile electron carrier;
cytochrome c (cyt c) of its ability to freely diffuse along with the IM. Cyt c is the electron carrier between the bc1 complex
and cytochrome c oxidase of the respiratory chain. It is also involved in programmed cell death (apoptosis) of higher
eukaryotes, where its release from mitochondria initiates apoptosis. As its role in yeast apoptosis is not entirely clear, we
created a yeast strain where cyt c was tethered to the IM, in a background strain that was devoid of the mobile cyt c.
Interestingly, the level of apoptosis was higher in the yeast strain with the non-mobile cyt c, which indicated that cyt c
release in yeast is not a necessary step to initiate apoptosis. The strain with the IM tethered cyt c had also higher levels
of reactive oxygen species (ROS), shorter life span, alterations of the mitochondrial network in comparison to the wild
type strain. Despite not showing any major alterations in the respiratory chain, the mutant yeast strain had elevated oxygen
consumption, indicating a compensatory mechanism, which could have caused the elevated ROS levels which ultimately
induced apoptosis. Maintaining a steady level of ATP is crucial for the cell, and one such mechanism in higher eukaryotes
is the creatine phosphate shuttle system, by the enzyme; creatine kinase. Creatine kinase is catalyzing the phosphorylation
of creatine in mitochondria, and the phosphocreatine is transported out to the cytosol, where the cytoplasmic isoform of the
enzyme is regenerating ATP from the phosphocreatine. A yeast strain was created to express the mitochondrial creatine
kinase, which could serve as a strategy in industrially relevant yeast strains, to circumvent ATP levels to drop during
the production processes. To gain an understanding of the importance of cyt c diffusion, its relevance for the respiratory
chain, the yeast strain from the second project was modified so that it was fused to the bc1 complex. The strain showed
a functional respiratory chain, and further work will provide insights into the diffusion of the respiratory complexes and
their interaction with the IM.

Keywords: bioenergetics, mitochondrial ultrastructure, respiratory chain, Saccharomyces cereviciae, ATP synthase,
apoptosis, cytochrome c, supercomplexes.
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Abbreviations: 

 

ATP Adenosine triphosphate 

ADP Adenosine diphosphate 

BCECF 2’7’-Bis-(2-Carboxyethyl)-5-(and-6)  Carboxylfluorescin ace-

toxymethyl Ester 

IM Inner membrane 

OM Outer membrane  

E. coli Escherichia coli  

NADH Nicotinamide adenine dinucleotide  

FADH2 Flavin adenine dinucleotide 

CI Complex I 

CII Complex II 

CIII Complex III 

CIV Complex IV 

SC Supercomplex 

SCAF1            Supercomplex assembly factor 1  

SNARF Seminanaphtarhodafluor 

OSCP Oligomycin sensitivity conferral protein  

IMS Intermembrane space  

CCCP             Carbonyl cyanide 3-chlorophenylhydrazone 

EYGFP Enhanced yellow fluorescent protein 

sEcGFP Super ecliptic green fluorescent protein  

ANT Adenine nucleotide translocator 

VDAC Voltage-dependent anion channel 

OPA1 Dominant optic atrophy 1 

PARL Presenillin rhomboid like  

ROS                Reactive oxygen species  

PTP Permeability transition pore 

GFP Green fluorescent protein 

BCECF (2’7’-Bis (2-Carboxyethyl-5-(and-6)-Carboxyfluorescein  

SNARF  Seminaphtharhodafluor 

CK Creatine kinase 

TIM Translocase of the inner membrane  

TOM Translocase of the outer membrane  

MICOS Mitochondrial contact site and cristae organizing system 
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Introduction 

Functions of the mitochondrion  

 

The mitochondrion is a multifaceted organelle in the cell, often depicted in 

textbooks as bean-shaped and solitary being roughly 1-10 µm in length and 

~700 nm in diameter (McCarron et al, 2013). It has two membranes, an outer 

(OM) and an inner membrane (IM) (Fig 1) and the mitochondrion is capable 

of fission and fusion, for instance upon signaling events or before cell division 

(Scott and Youle, 2016). Mitochondria form elaborate networks and are highly 

dynamic, due to motility on microtubules, as they can relocate to areas with 

high energy demand or during cellular differentiation (Woods et al, 2016; Seo 

et al, 2018). Moreover, mitochondria possess a characteristic inner membrane 

structure, with a high degree of invagination depending on the energy state of 

the cell and the tissue type (C.A. Mannella et al, 2006). It is the site in the cell 

where most of the ATP is made, through a process termed oxidative phosphor-

ylation which occurs in the inner mitochondrial membrane. β- oxidation and 

the citric acid cycle also takes place in the matrix compartment, an aqueous 

space delineated by the IM (Osellame et al, 2012). The OM is the site of pro-

tein import from the cytosol (Wiedemann et al, 2004) and numerous ion chan-

nels reside in the OM, for example, the voltage-dependent anion channel 

(Szabo and Zoratti, 2014). Mitochondria are also implicated with phospho-

lipid, iron-sulfur clusters, and heme synthesis, calcium homeostasis, and pro-

grammed cell death (J Dudek, 2017; B Westermann 2010).  

 

The mitochondrial proteome consists of gene products from the nucleus and 

the mitochondrial DNA, as mitochondria have their own circular double-

stranded DNA (mtDNA). The mitochondrial genome of yeast encodes 8 cod-

ing genes (cox1, cox2, cox3, atp6, atp8, atp9, cob and var1), all of these genes 

except var1, are encoding subunits of the respiratory chain, var1 is a ribosomal 

protein. In addition, the yeast mitochondrial genome encodes 24 tRNAs, the 

RNA subunit RNase P, and encodes also 21S and 15S ribosomal RNAs (Foury 
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et al, 1998). Mitochondria also have their own ribosomal system, the mitori-

bosome, which synthesizes the polypeptides encoded in the mitochondrial 

DNA (Desai et al, 2017). 

 

Mitochondria play important roles in diseases. For example, Parkinson’s dis-

ease (Federico et al, 2012) Alzheimer’s (Manczak et al, 2006) and some he-

reditary diseases like hypertrophic cardiomyopathy (G.J. van Ekeren et al, 

1987) or myoclonic epilepsy with ragged red fiber syndrome (Ban et al, 2018). 

Most often alterations in bioenergetics, elevated reactive oxygen species 

(ROS), mutations in the mtDNA or the cristae ultrastructure is behind these 

diseases.   

 

The aging process is principally dependent on the mitochondrial functionality. 

One theory postulated that the aging mechanism could be initiated due to ROS 

production in the mitochondria, at the respiratory chain, as it damages the mi-

tochondrial DNA and oxidizes proteins and lipids (Camougrand and Rigoulet, 

2001). Although, there are some contra-indications to this theory where either 

the mitochondrial mutations did not increase with increasing superoxide 

(Yang et al, 2010), or where the enzymes involved in ROS clearance were 

deleted (Zhang et al, 2009).  

 

Import of proteins targeted to the mitochondrion 

 

As most of the mitochondrial proteins are encoded and translated in the cyto-

sol, an elaborate complex of protein machineries exists in order to transport 

the proteins into the mitochondrion from the cytosol (Pfanner et al, 1996). The 

proteins that are destined to mitochondria are called precursor proteins, with 

an N-terminal presequence, which are recognized by receptor proteins on the 

translocase complexes. Some precursor proteins are encoding an internal 

recognition sequence instead of a cleavable sequence (Endo and Yamano, 

2009). The translocate of the outer membrane (TOM) is the first complex that 

all proteins are transported through. It has a receptor protein Tom20, which 

recognizes the presequence of the protein to be imported together with Tom22. 

The precursor is then transported through the channel forming Tom40, aided 

by Tom5. Tom70 is a receptor for some other precursor proteins without a 

terminal presequence. The two small Tom proteins Tom6 and Tom7 are in-

volved with the stability of the whole TOM complex (Wiedemann et al, 2004).  
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After translocation through the TOM complex, the precursors are either in-

serted into the outer membrane as soon as they have translocated through the 

TOM complex, or with the help of the sorting and assembly complex (SAM 

complex) (Wiedemann et al, 2003).  

 

Precursor proteins with hydrophobic signal sequences followed by a stop sig-

nal sequence are typically inserted into the inner membrane, after passage 

through the TOM complex (Glick et al, 1992). A second possible final loca-

tion where the precursor proteins can be targeted to is the matrix compartment, 

and to end up in the matrix compartment, they have to be first translocated 

through the translocase of the inner membrane complex (TIM complex). 

Tim50 is the receptor protein that recognizes the precursor sequence (Yama-

moto et al, 2002), the proteins are then translocated through Tim23, which 

forms a channel.  This process is driven by the membrane potential across the 

inner membrane (Truscott et al, 2001).  

 

An additional complex is further involved with proper targeting into the ma-

trix by the presequence translocase-associated motor complex (PAM com-

plex). This complex is hydrolyzing ATP and is interacting with chaperons and 

some channel-forming proteins (Tim44) (Truscott et al, 2003).  The mitochon-

drial processing peptidase (MPP) is then cleaving off the presequence from 

the protein, where it is also folded by specific chaperons (Taylor et al, 2001). 

Origin of mitochondria  

 

Mitochondria are thought to have originated from an ancestral bacterial spe-

cies, which became engulfed by a pro-eukaryotic cell, in a process termed en-

dosymbiosis, which leads to a mutual benefit for both organisms. Currently, 

there are two theories describing how endosymbiosis occurred. The primary 

hypothesis postulates that the host cell was a true eukaryote (bearing the char-

acteristics of eukaryotes like the nuclear membrane) and that the mitochon-

drial ancestor was an aerobic bacterium, most likely similar to the α-proteo-

bacteria found today. The symbiosis would then benefit the host cell by the 

provision of ATP through oxidative phosphorylation, and in return, the host 

would provide shelter and nutrients (E.V. Koonin, 2010). The other theory 

states that the host organism was not a eukaryote, but was instead of prokary-

otic origin, perhaps resembling Rhodobacteria. The symbiosis could then 

have been based on the production of molecular H2, which the host organism 
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would use for ATP production. Symbiotic relationships of this type are still 

occurring today (Martin and Müller, 1998). The prokaryotic host would then 

slowly evolve into the modern eukaryote. Nevertheless, there is strong support 

for mitochondria having a prokaryotic origin, as mitochondria have their own 

genome, and it is believed that it was through horizontal gene transfer between 

the host and the mitochondrion that many genes have ended up in the host 

nucleus (M.W. Gray, 2012).   

The mitochondrial respiratory chain and the 

chemiosmotic theory  

 

Mitochondria are the site where most of the ATP is produced in the cell, 

through a process termed oxidative phosphorylation. In short, this process can 

be described as oxidation of NADH and FADH2 coming from the tricarbox-

ylic cycle (TCA cycle).  The electrons are translocating through a series of 

protein complexes in the inner membrane. The electron transport is coupled 

to proton translocation across the inner membrane, and the proton gradient 

drives ATP synthesis (Bartolák-Suki et al, 2017) see (Fig 1).  
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Figure 1: The respiratory chain is composed of a series of protein complexes that 

build up a concentration gradient of protons and also generate a membrane potential, 

which collectively makes up the proton motive force (pmf). The pmf, in turn drives the 

F1Fo ATP synthase where ATP is generated. Ubiquinone is depicted as the capital 

letter Q, in the figure. Ubiquinone is a membrane-embedded electron transporter be-

tween complexes II and III.  
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The respiratory chain starts with complex I, also called NADH: ubiquinone 

oxidoreductase, where NADH is oxidized and four protons are translocated 

from the matrix side to the intermembrane space, meanwhile two electrons are 

passed to ubiquinone (J Hirst, 2013). Not all yeast species have complex I in 

their respiratory chains, instead, they have three NADH dehydrogenases, 

which are donating electrons to ubiquinone, but bypassing the pumping of 

protons through the inner membrane, as in Saccharomyces cerevisiae (Matus-

Ortega et al, 2015).  

 

Ubiquinone is a lipophilic molecule, it is freely diffusing in the membrane, 

where its major role is to transfer electrons in the respiratory chain (Fig 1). It 

is also reduced by complex II (succinate: ubiquinone oxidoreductase), where 

the electrons are deriving from the TCA cycle (Sun et al, 2005). The reduced 

ubiquinol is transferring the electrons to complex III (also called cytochrome 

bc1), where four protons are translocated to the intermembrane space from the 

matrix side, driven by the electron transfer. Complex III has a homodimeric 

structure and contains several heme groups, heme bH and bL in cytochrome b, 

heme c1 in the cytochrome c1 subunit, and an Iron-Rieske sulfur cluster, and it 

works according to the Q-cycle. In the Q-cycle, two molecules of ubiquinone 

are oxidized in total per reaction, translocating two protons from the matrix, 

into the IMS. Cytochrome c is accepting one electron at a time, so in total two 

cytochrome c are required, and four protons are released to the IMS (Crofts et 

al, 2008).  

 

The electrons are further transferred to the mobile and soluble electron carrier 

protein, cytochrome c. Complex IV, or cytochrome c oxidase, receives elec-

trons from cytochrome c, and is the site where oxygen is reduced to form wa-

ter. In total four electrons are received from cytochrome c, four protons are 

taken from the matrix side to form water and four protons are translocated to 

the intermembrane space from the matrix (Maréchal et al, 2012).  

 

The end result of these processes is a concentration difference of the protons 

across the inner membrane of mitochondria and a membrane potential that is 

driving the fifth complex of the respiratory chain, the ATP synthase. The pro-

tons are diffusing back through the Fo (membrane-bound) part of the enzyme, 

where the motion through the Fo part is driving the ATP synthesis (J.E. 

Walker, 2013).  
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Respiratory chain supercomplexes 

 

Although the enzymes in the respiratory chain are most often depicted indi-

vidually, evidence over the years has shown that they are binding to each other 

in the inner membrane, and form supercomplexes (SC), which have been ob-

served in mammalian, yeast (Schägger and Pfeiffer, 2000) and in plant mito-

chondria (Eubel et al, 2003), and also among bacteria for instance in Para-

coccus denitrificans (Stroh et al, 2004) and Mycobacterium smegmatis (Wise-

man et al, 2018).  The evidence mainly came from membrane protein extrac-

tion, with the mild detergent digitonin of mitochondrial samples (Schägger 

and Pfeiffer, 2000). The analysis revealed that CI can bind either CIII2 alone 

or to CIV as well or that only CIII2 is binding to CIV (Schägger and Pfeiffer, 

2001). Later on, electron tomography images showed the organization of the 

respiratory supercomplexes in situ, in several organisms (Dudkina et al, 2010; 

Davies et al; 2018, Rathore et al, 2019). 

 

In yeast S. cerevisiae the situation is different as that organism does not have 

CI and the supercomplexes are composed of either CIII2CIV2 or CIII2CIV 

(Mileykovskaya et al; 2012, Rathore et al, 2019). The formation of the super-

complexes is an event taking place after the complete assembly of the individ-

ual enzyme complexes. There have been several attempts to find bona fide 

assembly factors for the supercomplexes, but so far no assembly factor has 

been found that is crucial for supercomplex formation. Nevertheless, there are 

two proteins found to be involved with SC formation in mammalian mito-

chondria, SCAF1 and a subunit of CIV, Cox7A (Milenkovic et al, 2017). 

There are several ideas on why the supercomplexes are formed. One is that 

the SC would provide additional stability to the individual complexes, or de-

crease ROS formation at CI or CIII (Maranzana et al, 2013). Furthermore, 

there is substantial evidence pointing to that the SC formation is enhancing 

the flow of electrons in the respiratory chain, which is termed substrate chan-

neling (Guo et al, 2018). It is also conceivable that by forming supercom-

plexes, the active sites of the enzymes would be positioned closer and this 

would confer a kinetic advantage (Heinemeyer et al, 2007; Rathore et al, 

2019).  

 

The protein complexes of the respiratory chain are binding cardiolipin (com-

plexes III and IV) (Pfeiffer et al, 2003) and the supercomplexes have also been 

shown to be stabilized by cardiolipin (Zhang et al, 2005). Over the years, 
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many theories have emerged trying to explain the dynamic nature of the su-

percomplexes. The most recent one is the plasticity model (Acin-Perez and 

Enriquez, 2014), which is encompassing both the solid and the fluid model. 

The solid model stated that the individual proteins are organized into super-

complexes like one large entity. The fluid model, on the other hand, stated that 

the supercomplexes are randomly diffusing in the IM, while the electrons are 

transported between them through the mobile ubiquinol and cytochrome c.   

 

The experimental data on SC activity, migration etc., have rather argued to-

wards a mixture of the two above mentioned models, as the formation and 

turnover of the SC are highly dynamic and tightly connected to the energetic 

state of the cell (C Piccoli, 2006) or the type of nutrients available (Schägger, 

2000).  

ATP synthase: structure and function 

 

The F1Fo ATP synthase is a conserved multiprotein enzyme of around 600 

kDa in yeast mitochondria (Velours and Arselin, 2000), in chloroplast mito-

chondria (Rexroth et al, 2004) and slightly smaller in E. coli (Ahmad et al, 

2011) and its main function is to produce ATP (Davies et al, 2012). It is driven 

by the proton motive force, which is a combination of the charge difference 

and the proton concentration difference across the inner membrane of mito-

chondria (Maloney et al, 1974). The eukaryotic enzyme is slightly different in 

some forms from the prokaryotic one. The major difference is that while the 

prokaryotic enzyme is always a monomer, the eukaryotic enzyme is mainly 

occurring as a dimer, and it is important for cristae formation (Hahn et al, 

2016).  

 

The enzyme is comprised of two distinct parts (Fig 2). The catalytic head-

domain F1, located in the matrix compartment, is the site of ATP production. 

The F1 domain is composed of three alternating α and β subunits, the γ subunit 

is in contact with one β subunit at a time. The γ subunit is changing the con-

formation of each β subunit, so that the affinity for either ADP, ATP or no 

nucleotide is induced. One molecule of ATP is synthesized by a complete ro-

tation of 120° during each time the γ subunit is in contact with one β subunit 

(P Boyer, 2000). 
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The membrane-embedded Fo, where the passage of protons from the inter-

membrane space drives a central stalk subunit γ, leads to conformational 

changes in the F1 part. The motor component is the c-ring structure, where 

protons are entering at the neighboring subunit a, and then travels through the 

c-ring, setting it into motion, and consequently also the γ subunit. 

 

The central stalk γ is connected to the Fo domain through subunits δ and ε. The 

Fo and the F1 domains are connected through the b subunit (or subunit 4), this 

subunit is also hindering the α3β3 subunits from rotating. The b subunit, to-

gether with subunit h and d are collectively called the stator (peripheral stalk).  

 

The oligomycin sensitivity conferral protein subunit (OSCP) is the part that 

connects the catalytic head domain and the peripheral stalk. Further subunits 

of the Fo domain are subunit a and subunit c (J.E. Walker, 2013; Junge and 

Nelson, 2015). 

 

 
Figure 2: Monomeric structure of yeast F1Fo ATP synthase. The image is generated 

from the PDB ID: 6CP6, Srivastava et al, 2018. 

 

 

Different organisms have differing amounts of c subunits, there are 10 in yeast 

mitochondria and E. coli, 8 in mammalian mitochondria and 14 in plant 

thylakoids.  The c subunits are forming a cylindrical structure with the interior 
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filled with phospholipids. The number of c subunits indicates how many pro-

tons are required for a complete turn of the γ subunit and thereby the yield of 

3 ATP molecules. Subunit a has two half channels, through which the protons 

are moving, one is facing the p-side (IMS) and the other the n-side (matrix) 

(Nesci et al, 2015; S.J. Ferguson, 2000). The mechanism for torque generation 

is mediated by aspartate residues on the c-ring subunits, which bind the pro-

tons mid-way through the ring. Subunit a, which is in close contact with the c 

ring in the inner membrane, has an important arginine residue that displaces 

the bound proton from the aspartate residue in the c-ring, then the protons exit 

at the n-side-channel in subunit a (Cabezon et al, 2003).  

 

There are also some additional subunits in the mitochondrial enzyme, e, f, g, 

h, j and k that are involved with dimer formation and stabilization (Arnold et 

al, 1998; Wittig and Schägger, 2008). IF1 is an inhibitor of the ATP hydrolyz-

ing activity of the F1Fo ATP synthase, which can occur when the membrane 

potential is reduced inside the mitochondria (Di Lisa et al, 1995). Binding of 

IF1 to the enzyme is dependent on pH. When pH is lower than 6.7, IF1 can 

bind and inhibit ATP hydrolysis. However, with a pH above 6.7, it changes 

conformation and is released from the enzyme, losing its inhibitory function 

(Schnizer et al, 1996). This subunit is also implicated to be involved with the 

dimerization of the F1Fo ATP synthase (Fig 3) at least in bovine and human 

mitochondria, as it is binding at the interface between two dimers of the F1Fo 

ATP synthase. Furthermore, dimerization in bovine mitochondria has been 

observed to be promoted when IF1 is over-expressed (Garcia et al, 2006). The 

yeast homologue of IF1, Inh1, has similar functions except it is not involved 

with the dimerization of the F1Fo ATP synthase (Dienhart et al, 2002).  
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Figure 3: Dimeric F1Fo ATP synthase from yeast, PDB ID: 6B8H, Srivastava et al, 

2018. The bending of the inner membrane in mitochondria is illustrated by the dimeric 

F1Fo ATP synthase. The N-termini is depicted in blue, while the C-termini is seen in 

red of the proteins.  

Reconstitution of F1Fo ATP synthase into liposomes 

Several studies investigated the ATP synthesis rate and kinetics, where the 

enzyme has been reconstituted into proteoliposomes. The method is based on  

purified F1Fo ATP synthase that is inserted into liposomes, which are bilayer 

lipids typically made of soybean lipids, but can also consist of a mixture of 

different types of lipids like mitochondria specific ones (Rigaud, et al, 1995).  

Typically, proteoliposomes are around 20-50 nm, small unilamellar, or 50-

100 nm, called large unilamellar (Peetla et al, 2009).  The proton motive force 

is built up by the acid-bath transition, where the liposomes with acidic pH 

inside, and the purified F1Fo ATP synthase are put into a buffer with alkaline 

pH so that a ∆pH is built up across the liposomal membrane. The membrane 

potential, in turn, is created through the K+ / valinomycin system, where the 

valinomycin makes the membrane liposome permeable to K+ ions and an in-

flux of K+ ions results with a net inside positive charge of the liposome (I.M. 

Glynn, 1967). The synthesized ATP is measured by the luciferin-luciferase 

system, which is based on a reaction that is using the produced ATP to convert 
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luciferin to oxyluciferin, by the enzyme luciferase, meanwhile emitting light 

which is interpreted into the amount of ATP produced (Nakamura et al,  

2005).  

Mitochondrial membrane structure and function  

 

Mitochondria have a characteristic inner membrane structure. The inner mem-

brane encloses the matrix, which is a densely packed semi-aqueous compart-

ment (Sjöstrand 1953; Palade 1953; C.A Mannella, 2006). The thickness of 

the outer and inner membrane is each about 7 nm (Perkins et al, 1997).  The 

outer membrane is rich in lipids, particularly in phosphatidylcholine and phos-

phatidylethanolamine (A.I. de Kroon et al, 1997), whereas the inner mem-

brane has a remarkably high protein to lipid mass ratio of 75:25 (Ardail et al, 

1990). The inner membrane also contains cardiolipin (~15%), which is the 

signature lipid of mitochondria (Basu-Ball et al, 2018). The inner membrane, 

in turn, is divided into the inner boundary membrane which is opposed to the 

outer membrane, and the cristae membrane (Fig 4). The cristae membranes 

are invaginations of the inner membrane, usually ending with a kink in the 

membrane called the cristae rim (Zick et al, 2009).   

 

 

Figure 4: Schematic illustration of a mitochondrion. This organelle is composed of 

two membranes, an outer and an inner membrane. The inner membrane, in turn, is 

partitioned into the inner boundary membrane and the cristae membrane. The cristae 

are invaginations of the inner membrane. The matrix space is a semi-aqueous space 

where many enzymatic reactions are taking place.  
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The cristae membrane is of tubular shape in yeast (Davies et al, 2012), while 

in mammalian cells it is either lamellar or tubular, whereby different shapes 

are occurring depending on the tissue type, energetic state of the cells or dif-

ferentiation degree (Revel et al, 1963). It is within the cristae membrane that 

most of the proteins involved in the oxidative phosphorylation, protein syn-

thesis, and iron/sulfur cluster biogenesis are residing (Wurm and Jakobs, 

2006; Vogel et al, 2006) (Fig 5). 

 

Meanwhile, protein complexes for protein translocation of nuclear-encoded 

proteins as well as proteins involved in the fusion process, for instance 

Mgm/OPA1 of mitochondrial membranes are hosted in the inner boundary 

membrane. The assembly of the respiratory complexes III and IV are also tak-

ing place at this part of the inner membrane, at least the early assembly part 

(Stoldt et al,  2018), on the other hand the assembly of the F1Fo ATP synthase, 

takes place at the cristae membrane.   

 

One important part of the cristae membrane is the cristae junction. This is the 

site where the cristae membrane is connected to the inner boundary mem-

brane. The cristae junction has two main purposes, namely to create a diffu-

sion barrier between proteins residing in the cristae membrane and the inner 

boundary membrane, and also possibly to solutes between the intermembrane 

space and the cristae space (C.A. Mannella, 2006).  

 

Additionally, the cristae junction forms connections with protein complexes 

residing in the outer membrane, thereby contributing to mitochondrial contact 

site formation (Schorr and van der Laan, 2018). Mitochondrial contact sites 

are areas where the inner membrane and the outer membrane are closer to each 

other, typically with a distance of only 12-14 nm in between the two mem-

branes (Reichert and Neupert, 2002).  
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Fusion and fission of mitochondria 

 

Mitochondria are dynamic organelles. Mitochondria can both come together 

and fuse (fusion) or one individual mitochondrion can divide and give rise to 

two mitochondria, much like when bacteria divide, in a process called fission. 

Fusion can occur as a means to incorporate new material into an existing mi-

tochondrion, or it might also help in the process to eliminate defective mito-

chondria (Chen and Chan, 2009). Fission regularly occurs before cell division 

to ensure that the mitochondria will be distributed equally between the cells 

(Warren and Wickner 1996). But mitochondrial fission also plays a role in the 

removal of damaged mitochondria, through mitophagy, where mitochondria 

are broken down in the lysosomes (Kim et al, 2017). Key players in the fission 

process are a dynamin-related GTPase which in yeast is called Dnm1, and the 

adapter proteins; Mdv1 and Fis1. Dnm1 assembles into a ring-like structure 

on the mitochondrial OM and snitches the mitochondrion into two parts, with 

Fis1 and Mdv1 serving as a receptor for Dnm1 (Mozdy et al, 2000). Drp1 is 

the mammalian homologue of Dnm1 (Okamoto and Shaw, 2005) and cooper-

ates with the conserved Fis1 (James et al, 2003). 

 

Mitochondrial fusion is a two-step process, where - first the two outer mem-

branes are joined together followed by the two inner membranes. The fusion 

of the two outer membranes of the mitochondria is catalyzed by the GTPases 

mitofusins 1 and 2 in mammals, while in yeast it is Fzo1 (Escobar-Henriques 

and Anton, 2013). After the outer membrane fusion, the inner membranes are 

joined together; this is done by OPA1 in mammals and by Mgm1 in yeast 

(Labbé et al, 2014). The fission and the fusion processes are opposing mech-

anisms and they are tightly regulated (B. Westermann, 2010). A reduction in 

fusion gives fragmented mitochondria, while reduced fission is resulting in 

hyper-fusion of mitochondria (Hoppins et al, 2007). Mitochondrial fission is 

also linked to apoptosis, as mitochondrial fragmentation occurs before or at 

early steps of apoptosis, and is thought to aid in the release of cytochrome c, 

which is a signature event in apoptosis (Suen et al, 2008). 
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Proteins and lipids involved in cristae structure 

maintenance 

 

Formation of cristae membranes  

 

The exact mechanism of the cristae membrane formation is not known. Cur-

rently, there are three proposed mechanisms for cristae formation. The first 

one is called the “invagination model”, where it is postulated that the cristae 

membrane is formed by an inward movement of the inner boundary mem-

brane. This mechanism could be initiated by the dimeric F1Fo ATP synthase 

acting in concert with cardiolipin (Cogliati et al, 2016), se section below.  

 

The second mechanism is the “early cristae junction model” where, as the 

name implies, protein complexes of the cristae junction are already formed 

and the lipids and proteins would simply follow the cristae junction proteins, 

and fill the membrane. This would, in turn, induce cristae formation. The third 

model involves vesicle fusion with the inner boundary membrane where the 

vesicles are thought to be formed in the matrix compartment. Alternatively, 

vesicles from pre-existing cristae membranes would bud off by fission and 

fuse with the inner membrane, at a different location (Zick et al, 2009). 

 

There are also some proteins and protein complexes assigned in the cristae 

formation process and these will be discussed below.  
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Figure 5: Illustration of the TOM, TIM and MICOS complexes. Also depicted are the 

respiratory supercomplexes of Baker’s yeast, Saccharomyces cerevisiae, and the di-

meric F1Fo ATP synthase. The TOM complex is situated in the mitochondrial outer 

membrane while the TIM complex is found at the inner boundary membrane, where 

the two complexes are interacting. The MICOS complex is located at the cristae junc-

tion, the respiratory chain is enriched at the cristae membrane, and the ATP synthase 

dimers are mainly located at the rim of the cristae membrane.   

 

Mitochondrial dimeric F1Fo ATP synthase  

 

 

The mitochondrial F1Fo ATP synthase from eukaryotes consists in vivo of a 

dimer (Arnold et al, 1998), in contrast to prokaryotes were the enzyme is ex-

clusively found as a monomer.  It was found that in the yeast Saccharomyces 

cerevisiae, there is an angle of 86° between the two dimers (Davies et al,  

2012), but a variation of between 70° and 90° has been observed in several 

eukaryotic species (Strauss et al, 2008; Davies et al, 2011). Moreover, the 
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dimers oligomerize into a row of dimers along the ridges of the cristae mem-

brane. The yeast enzyme is consisting of 18 subunits, three of which are asso-

ciated as dimerization conferring subunits; e, g, and k, in Saccharomyces cere-

visiae. The F1Fo ATP synthase dimer induces positive curvature in the mem-

brane and it is strongly enriched at the rim of the cristae. The dimers are in 

turn organized into long ribbons of dimers, thought to stabilize the cristae 

membrane (Blum et al, 2019).  

 

In yeast strains devoid of the subunits required for stable F1Fo ATP synthase 

dimer formation, subunits e (atp21) or g (atp20), no cristae membranes are 

detected (Arselin et al, 2004). The inner membrane is instead organized into 

concentric layers. This argues strongly for the dimeric F1Fo ATP synthase is 

one of the key players in cristae formation.  

 

MICOS complex  

 

As mentioned before, the cristae junction is a distinct part of the cristae where 

the cristae membrane is attached to the inner boundary membrane. It is 

thought to have two functions, in part to act as a diffusion barrier between the 

intermembrane space and cristae space and to also act as a barrier for protein 

diffusion between the cristae membrane and the inner membrane (C.A Man-

nella, 2006). The formation and maintenance of the cristae junction depend on 

a hetero-oligomeric complex, called the mitochondrial contact site and cristae 

organizing system (MICOS complex) (also referred to as the MITOS and MI-

NOS complex) (Fig 5). The absence of this complex leads to an altered cristae 

structure, and several human diseases (e.g. cardiac myopathy) are thought to 

originate from a defective MICOS function (Thapa et al, 2004). The MICOS 

complex is conserved between fungi and metazoans and, in yeast, is composed 

of six subunits with the two core subunits, Mic10, and Mic60 (also called Fjc1 

or mitofilin). These two subunits are essential for the whole complex and both 

of them are forming sub-complexes with additional subunits, Mic60 binds 

with Mic19 while Mic10 binds Mic26, Mic27, and Mic12 (Qil2 in metazoa) 

(Rampelt et al, 2017).  

 

All of the subunits of the MICOS complexes are integral membrane proteins, 

with N-terminal domains crucial for interaction. Mic60 interacts with the 

TOM and SAM complexes, ensuring optimal import and sorting of proteins 
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destined for the mitochondria (von der Malsburg et al, 2011). Mic10 is also 

able to oligomerize with itself, due to the coiled-coil transmembrane motif 

rich in glycines. This particular oligomerization is pertinent in order to estab-

lish a normal cristae junction, as it is believed to act as a scaffold for the rest 

of the MICOS complex (Milenkovic and Larsson, 2015).  

 

Moreover, the subunits of the MICOS complex subunits are suggested to in-

teract with cardiolipin, although there is no direct evidence, but either the MI-

COS complex is formed where cardiolipin has already bent the membrane or 

the cardiolipin is enriched in those areas of the membrane, after the formation 

of the MICOS complex, to stabilize the formation of the negatively curved 

cristae junction (Rampelt et al, 2017). When the core subunits Mic60 and 

Mic10 are missing from the MICOS complex, stacked layers of inner mem-

brane are formed, without any attachment to the inner boundary membrane 

(Bohnert et al, 2015; Alkhaja et al, 2012).  

 

Mic10 is able to oligomerize with itself and to induce membrane curvature, 

much like the F1Fo ATP synthase dimer does (Barbot et al, 2015). Further-

more, there is a complex interplay between the subunits of the dimeric ATP 

synthase and the subunits of the MICOS complex. Fcj1 (Mic60), of the MI-

COS complex, acts antagonistically with the F1Fo ATP synthase in the sense 

that when Fcj1 is overexpressed the oligomeric forms of the ATP synthase in 

yeast is significantly reduced, shown by native electrophoresis (Rabl et al,  

2009). The overexpression is also correlating with increased branching of the 

cristae and more cristae junctions. While the deletion of Fcj1 increases the 

levels of the oligomeric forms of the F1Fo ATP synthase and reduced levels of 

cristae junctions and branching.  

 

Furthermore, Mic10 is also supposed to interact with the dimeric F1Fo ATP 

synthase of yeast mitochondria (Rampelt et al, 2017). It has been observed to 

bind to the dimeric forms of the enzyme and thus may stabilize the rows of 

the oligomers along the cristae rim. Combined with the above-mentioned pro-

teins and their roles, one hypothesis of cristae formation is the following; the 

fusion process is started by Mgm1, followed by the membrane bending of 

Mic10 at the cristae junction and subsequent stabilization of the bent mem-

brane by the oligomerized ATP synthase.  
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Formation of lamellar cristae 

 

Mgm1 is a protein involved with mitochondrial inner membrane fusion in 

yeast (OPA1 in mammals). The deletion strain of Mgm1 gives fragmented 

mitochondria and a near absence of cristae. There are indications that the pro-

cess by which lamellar or tubular cristae are formed is differing, in terms of 

which proteins are involved. Mgm1 is thought to be involved in the formation 

of lamellar cristae membranes. This protein is enriched in the inner boundary 

membrane, facing the outer membrane. The mechanism is suggested such that 

during mitochondrial fusion, two approaching inner membranes are fusing to-

gether at mitochondrial contact sites, and thereby creating a cristae membrane 

(Harner et al, 2016).   

 

Cardiolipin 

 

Cardiolipin is the signature lipid of mitochondria and it is primarily in the IM 

(20% of the total lipid) with only 3% found in the OM. Cardiolipin is a cone-

shaped lipid and has in total four acyl chains attached to two phosphatidyl-

glycerol backbones, with a glycerol head group (J Dudek, 2017; Ikon and 

Ryan, 2018). The fatty acids attached may vary and there seems to be tissue 

specificity for the types of fatty acids attached (Maguire et al, 2017). Cardi-

olipin is synthesized in the IM; its synthesis begins with phosphatidic acid 

(PA) entering from the endoplasmic reticulum (ER). PA is converted to a 

premature form of cardiolipin, through several steps mediated by different en-

zymes, followed by trans-acetylation finally by tafazzin, turning it into mature 

cardiolipin. In Barth’s syndrome, where the gene encoding tafazzin has mu-

tated, a deficiency in cardiolipin is seen (Ye et al, 2016) with subsequently 

altered cristae structure (Gonzalves et al, 2013). Cardiolipin is also essential 

for the proper enzymatic activity of the complexes of the respiratory chain, 

complexes I, III and IV (Paradies et al, 2014), and is also acting as “glue” for 

the supercomplexes (Zhang et al, 2002). There are also indications that cardi-

olipin is involved in the F1Fo ATP synthase oligomerization. Cardiolipin is 

known to bind to the c-ring subunit of F1Fo ATP synthase in E. coli (Laage et 

al, 2015). 

 



21 

Flight muscle mitochondria from Drosophila melanogaster, were cardiolipin 

synthase had been deleted, gave only trace amounts of cardiolipin and signif-

icantly reduced mitochondrial respiratory function. The mitochondria also 

showed an aberrant morphology and most of the F1Fo ATP synthase was found 

in the monomeric form. Moreover, cryoelectron tomography and two-dimen-

sional electrophoresis showed a substantial lack of the oligomeric form of the 

enzyme (Acehan et al, 2011). This study showed a connection to how the oli-

gomeric form of the dimeric F1Fo ATP synthase might be established, which 

is a crucial structural element for normal cristae structure. 

 

The exact mechanism or subunits involved in the F1Fo ATP synthase oligo-

mers are not yet elucidated, but cardiolipin has so far been indicated as a can-

didate, either through direct binding or due to its membrane bending abilities 

(Huang et al, 2006). Likewise, cardiolipin has been detected in highly curved 

areas of membranes in E. coli (Renner and Weibel, 2011).  

 

The mitochondrial inner membrane is not a static entity but is highly dynamic 

and fluid due to the properties of the lipids in the inner membrane. Cardiolipin-

which is a non-bilayer forming lipid, makes up 18% of the total lipid content 

and phosphatidylethanolamine (PE) makes up 34% of the IM lipid content. 

Both of these lipids are cylindrical shaped, enabling them to fit perfectly in 

curved regions of the cristae membrane (Ikon and Ryan, 2017). It is believed 

that these lipids, particularly cardiolipin, are relieving the stress imposed by 

the curvature, thereby stabilizing the membrane at the negatively curved part 

of the IM, while phosphatidylinositol, -serine and choline are more found at 

the matrix-facing part of the IM.  

 

Lateral proton gradient in the cristae membrane 
 

The mechanism for energy transduction and ATP synthesis has been a very 

important topic in biochemical research over the past 8 decades. Already quite 

early, it was known that the respiratory chain was sequential and that redox 

energy could drive ATP synthesis and the fact that it is dependent on oxygen 

consumption (Kalckar H, 1939).  It was believed that it existed a common high 

energy intermediate, termed the “squiggle”, that would provide the phosphate 

bond energy, which was theorized by Fritz Lipmann in 1941, (Kaplan and 

Kennedy, 1966). Albert Lehninger, Eugene Kennedy and colleagues, demon-

strated in 1948 that mitochondria are the site of the respiratory chain, together 

with the citric acid cycle and fatty acid oxidation (Ernster and Schatz, 1981). 
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The relationship between proton pumping and ATP synthesis was not estab-

lished until Peter Mitchell put forward the chemiosmotic theory in 1961, in 

which he proposed that electrical ion gradients are used as an intermediate 

energy form to connect electron transfer through the respiratory chain with 

ATP synthesis.  The driving force for ATP synthesis, according to his theory, 

is the combined force of the pH gradient and the membrane potential across 

the membrane, collectively termed the “proton motive force”  (pmf) (Mitchell 

P, 1961).  

 

The proton motive force can be explained by the following equation:  

 

𝛥𝑝(𝑚𝑉) = 𝛥𝛹 − 2.303( 𝑅𝑇/𝐹) 𝛥𝑝𝐻                    

 

Where R is the universal gas constant, F is Faraday’s constant, ΔΨ reflects the 

membrane potential and ΔpH is the pH difference across the membrane. 

Mitchell assumed that there are two bulk phases on the in- and outside of the 

membrane and that there is a steady proton motive force across the membrane 

giving rise to delocalized coupling, i.e. the protons are equilibrated with the 

bulk liquid phase before they are utilized by the proton pumps and consumers. 

Another prominent pioneer within the development of the chemiosmotic the-

ory at the time was R.J.P Williams, who agreed with Mitchell about the cou-

pling between proton pumping ATP synthesis, but in contrast to Mitchell, he 

stated that the protons are localized. William's theory postulated that the pro-

tons that are pumped out are instead of equilibrating with the bulk liquid 

phase, retained near the membrane, allowing diffusing along the inner mem-

brane surface of the protons (R.J.P Williams, 1978) (Fig 6).  

 

Williams’ concept has been supported by experiments with isolated mem-

branes from the purple bacterium Halobacterium salinarium, where the pro-

tons ejected from the light-powered bacteriorhodopsin would travel faster 

along the membrane surface than to a dye localized in the bulk phase (Heberle 

et al, 1994).   

 

For protons to be localized (to concentrate near the membrane surface), they 

have to be retained near the membrane surface. One idea is that such retention 

is supported by lipids with polar head groups, where the protons are retained 

through hydrogen-bonded interactions between the protons and water mole-

cules (in the form of hydronium ions) bonded to the lipid head groups. A study 

by Serowy et al, has estimated a diffusion distance of ~10 nm for protons at 
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biological membranes with the help of computer-based simulations (Serowy 

et al, 2003).  The difference between bulk pH and the pH near the membrane 

surface is established due to the interfacial potential energy barrier, which 

slows down the proton interchange between the two phases (Cherepanov et al, 

2004).  

 

A special role was proposed for cardiolipin that, with its second pK2 value  >8, 

it may act as a proton trap and can trap protons near the inner membrane sur-

face, thereby making the protons available for pumping and to be consumed 

during oxidative phosphorylation (Haines and Dencher, 2002). Based on this 

concept, the proton motive force would largely be consisting of the ∆Ψ, as the 

∆pH is diminished (the protons are now concentrated at the membrane instead 

of the bulk phase). The translocation of the protons would be driven by the 

∆Ψ, as the proton is moved as a charge across the inner membrane.  

 

This is in line with the observation that in E.coli, the major driving force for 

ATP production by the F1Fo ATP synthase is the ∆Ψ (Fischer and Gräber, 

1999). The trapped protons are thought to be diffusing through the Grotthuss 

mechanism, which enables proton hopping from one lipid head group to an-

other (Agmon N, 1995). Moreover, cardiolipin has been found to be part of 

the crystal structure of complex III, where it is thought to assists in the proton 

uptake, (Lange et al, 2001), and similar results were seen for complex IV, 

(Sedlak et al, 2006). Although it has to be mentioned, that there are studies 

where the ΔpH and the ΔΨ were showed to be of equal kinetic equivalence 

for ATP synthesis (Junesch and Gräber, 1991; Turina et al, 1991; Wieden-

mann et al, 2008). Soga et al, 2012, demonstrated that either the ΔpH alone or 

the ΔΨ alone could drive ATP synthesis, from Bacillus PS3. The ΔpH was 

created through acid-base transition and the ΔΨ was build-up by the addition 

of valinomycin with K+ diffusion. On the other hand, there are studies made 

on bacterial and mitochondrial F1Fo ATP synthase, were the sole driving force 

was constituted by the ΔΨ, which could drive efficient ATP synthesis (Malo-

ney et al, 1974; Nicholls and Ferguson, 2002).  

 

The situation is different in chloroplasts, where the major component for ATP 

synthesis is the ΔpH (Johnson and Ruban, 2014). It has been estimated that in 

chloroplasts, there is a ΔpH of 3 (Gräber and Witt, 1976). This has been ex-

plained by the counterions that are eliminating the membrane potential differ-

ence, for instance, Cl- ions, thus the pmf in chloroplasts is constituted almost 
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only by the ΔpH, leaving a small ∆Ψ (Kirchhoff et al, 2011; Kramer et al, 

2003).  

 

The respiratory chain complexes and the F1Fo ATP synthase are interdepend-

ent, i.e. the action of the former is driving the latter or, blocking of ATP syn-

thesis will slow down respiration. Protons taken up from the N-side of the 

membrane (matrix) by the respiratory chain complexes are ejected to the P-

side (IMS) where they are retained near the membrane surface, and diffusing 

along the membrane towards the ATP synthase (Morelli et al,  2019).  At the 

F1Fo ATP synthase, protons enter the half channel of subunit a and at the p-

side of the membrane and are transferred to a highly conserved acidic residue 

on the c-ring (10 c-ring subunits in yeast) (Symerski et al, 2012). An almost 

entire revolution is released through a second-half channel to the n-side. This 

sequence of events drives a full rotation of the rotor subunits within the cata-

lytic F1 part, yielding 3 ATP molecules per 10 H+ (yeast) transported. The 

number of c-ring subunits is species-dependent, as bacteria may have between 

10-15 c-ring subunits (Okuno et al, 2011), in the chloroplast, there are 14 sub-

units (Seelert et al, 2000) while in mammals 8 (Watt et al, 2010).  

 

The activity of the respiratory chain and the ATP synthase are coupled to-

gether, as an increase of ATP usage may lead to increased respiration and 

thereby an increased ATP synthesis, (G.C. Brown, 1992). For efficient respir-

atory coupling to occur, there are several factors that are playing in. The phos-

pholipid composition is of key importance, as there are lipid head groups that 

are known to be important or are facilitating proton translocation between the 

respiratory chain and the ATP synthase (Basu-Ball et al, 2018; Brändén et al, 

2006). The phospholipid head groups would retain or guide the protons near 

the enzymes of the respiratory chain, and also the membrane, thereby hinder-

ing the protons from entering the bulk phase. Another important factor is the 

relative proximity of the proton sources (CI, CIII and CIV) and the proton sink 

(F1Fo ATP synthase) (Davies et al, 2011).   

 

Kinetic coupling denotes the scenario when the pumped protons are staying 

near the membrane, and are translocated towards the F1Fo ATP synthase, pro-

vided that there are no proton leakages or that the ATP synthase can efficiently 

use the available protons for synthesis (Medvedev and Stuchebrukhov, 2013). 

Kinetic coupling within the membrane has been demonstrated through in vitro 

studies with purified and reconstituted enzymes from E. coli, (von Ballmoos 

et al, 2016; Sjöholm et al, 2017). In von Ballmoos et al, the bo3 oxidase from 
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E. coli was co-reconstituted with the F1Fo ATP synthase, and upon the addition 

of reducing equivalents efficient ATP synthesis was detected. Sjöholm et al 

showed that the ATP synthesis rate increased - the smaller the distance was 

between the bo3 oxidase and the F1Fo ATP synthase in giant unilamellar vesi-

cles. They also observed that the lipid composition affected the coupled activ-

ity between the enzymes when the anionic lipid; phosphatidylglycerol was 

present the coupled activity decreased.  It was also concluded that the maxi-

mum distance for proton transfer was ~80 nm, which interestingly is also co-

inciding with the average length of the cristae (Kühlbrandt W, 2015). 

 

As it was mentioned earlier, the F1Fo ATP synthase is powered by the pmf, 

which is composed of the ΔpH and the ΔΨ across the inner membrane. It has 

been shown in in vitro studies, that whenever one of the two components is 

decreased or increased the other one is compensating for the change so that a 

constant pmf is held within a constant range, (Setty et al, 1983). This has been 

demonstrated in E.coli cells with the uncouplers nigericin (dissipates the ΔpH) 

and valinomycin which decreases the ΔΨ, by carrying K+. The value of the 

membrane potential has been estimated to be within 100-140 mV in living 

cells (Mollica et al,  1998), whereas it is higher in isolated mitochondria, typ-

ically between 180-230 mV (Nicholls and Ferguson, 2002). In a recent work, 

it was shown that individual cristae within the same mitochondrion might have 

different ΔΨ, and also that there is a difference of the ΔΨ within the cristae 

(higher ΔΨ in the cristae than at the IBM) (Wolf et al, 2019).  

 

Different types of measurements on isolated mitochondria resulted with a pH 

gradient across the inner membrane which was between 0.5-1.2 (Santo-Do-

mingo and Demaurex, 2012). These measurements were often done based on 

fluorescent pH-sensitive dyes as BCECF and SNARF which cannot offer a 

local pH-measurement at a specific location near a certain enzyme, as they 

tend to diffuse freely in a given compartment. With the advent of the pH-sen-

sitive GFPs (see later section), the possibility to measure these values at de-

fined locations in vivo was possible. 

 

The application of the pH-sensitive GFPs enabled the investigation of the role 

of the dimeric ATP synthase in mitochondria.  Since the dimeric ATP synthase 

is involved in the formation and stability of the curved part of the cristae, it 

has been postulated that the arrangement of ATP synthases near the curved 

rim of the cristae, would enhance its synthetic action. The respiratory chain, 
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which is mainly localized at the flat sheet region of the cristae membrane (Vo-

gel et al, 2006), would pump protons into the cristae space. Combined with 

the fact that the charge density was estimated to be higher, at the curved parts 

of the membrane (Fig 6), this would increase the proton concentration near 

the F1Fo ATP synthase rows at the apex, yielding a locally larger pmf (Strauss 

et al, 2008).  

 

 

 

 

Figure 6: The F1Fo ATP synthase dimers are bending the cristae membrane and the 

oligomers are stabilizing the curvature. It has been estimated by field-strength calcu-

lations that at the most curved part of the cristae membrane, more positive charges 

can be retained. Based on this finding, a hypothesis was made that there might be a 

lateral proton gradient of the intra cristae space, with more protons found at the rim 

of cristae, where the F1Fo ATP synthase dimers are found. This, in turn, might benefit 

the enzymatic action of the F1Fo ATP synthase of mitochondria.  

 

 

Theoretically, this assumption is suggesting a lateral pH gradient along the 

cristae membrane with increasing pH from the rim of the cristae towards the 

IMS. However, this hypothesis was challenged by the findings of Rieger et al,  

where they applied the super ecliptic green fluorescent protein (sEcGFP), and 

fused it to complex IV of the respiratory chain (subunit 8a) to measure the 

local pH at the enzyme. In another HeLa cell-line, the sEcGFP was fused to 

the dimeric F1Fo ATP synthase (subunit e) in a way that the sEcGFP was fac-
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ing the intra cristae space, enabling local measurement of the proton concen-

tration (Rieger et al, 2014).  The cells were cultured with galactose medium 

with glutamine, which is known to allow respiration in HeLa cells (Reitzer et 

al, 1979). While they did not find a decreased pH at the ATP synthase, they 

found a lateral pH gradient with increasing proton concentration towards the 

proton pumps, i.e. at complex IV, the local pH value was 0.3 pH units lower 

than at the dimeric F1Fo ATP synthase.  

 

The authors concluded that this was in line with a steady proton flow from the 

proton pumps to the proton sink (F1Fo ATP synthase) during the active respi-

ration of the cells. Additionally, they found that during active respiration, the 

pH gradient was challenged by the addition of the protonophore CCCP or the 

ATP synthase inhibitor oligomycin. CCCP dissipated the pH gradient and ol-

igomycin caused local acidification near the F1Fo ATP synthase, as oligomy-

cin is blocking the movement of protons back to the matrix. In the next series 

of experiments, the growth media was changed from galactose with glutamine 

to glucose, where the cells are relying on glycolysis, with minimal respiratory 

activity. Indeed, the lateral pH gradient between F1Fo ATP synthase and com-

plex IV disappeared and the pH increased uniformly at both locations meas-

ured. The finding from Rieger et al, represents a significant insight into the 

local pH values during respiration inside the cristae compartment. However, 

their experimental approach using plasmid-borne protein expression has sev-

eral drawbacks, e.g. the authors did not asses for a possible ultrastructural al-

teration due to expression of the tag (sEcGFP) or the fact that HeLa cells are 

a tumor cell line with numerous mutations and possibly altered energy metab-

olism (Wu and Zhao, 2013). Furthermore, it would have been interesting to 

measure the matrix pH value or the pH at the cristae junction that would offer 

an estimation of the pH gradient from the cristae junction, down to the dimeric 

F1Fo ATP synthase, at the rim of cristae. 

 

Yeast cells are offering a more controlled metabolism, as it is possible to 

switch from respiration to fermentation by just switching the type of carbon 

source (glycerol and ethanol are utilized through OXPHOS while glucose is 

metabolized through glycolysis). This offers an advantage compared to cancer 

cell lines, where it is not possible to rule out that the ATP produced is only 

produced by one metabolic pathway (Zheng J, 2012). The main advantage of 

the application of yeast cells for pH measurement during active respiration, is 

the fact that the yeast cells are not cancer cells, as many cancer cell lines have 

defective mitochondria to a certain level. These defects might be mutations in 
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the mitochondrial DNA and even a reduced copy number of the mitochondrial 

DNA in many cancer cells (Chandra and Singh, 2011).  

 

Previously, there had been in vivo pH measurements done in yeast cells (Sac-

charomyces cerevisiae), for example, Orij et al (2009) successfully measured 

the matrix and cytosolic pH by using the ratiometric GFP; pHluorin. They 

could see a clear relationship between the type of nutrient used and the intra-

cellular pH. Both the cytosolic and the matrix pH were lower in media that 

enabled active respiration compared to in glucose, where the values were 

higher. However, the ΔpH between the IMS and the matrix has not been meas-

ured in yeast before.  

 

 

Measurement of local in vivo pH values: 

 

With the advent of different types of fluorescent proteins (Porcelli et al, 2005) 

it was possible to measure the pH inside the intermembrane space compart-

ment of respiring HeLa cells. This was performed by fusing a mutated form 

of the green fluorescent protein, enhanced yellow fluorescent (EYFP), to glyc-

erol-phosphate dehydrogenase, as its C-terminal tail is protruding into the 

IMS. EYFP has a pKa value of 7.1, which is optimal as the authors suspected 

a neutral pH value in that compartment. They also managed to measure the 

pH of the matrix and in the cytosol by transiently expressing it in those com-

partments. They obtained the following values: 6.88±0.09 in the IMS, 

7.78±0.17 in the matrix and 7.59±0.01 in the cytosol. The authors pointed out 

that, for the first time it was showed that the IMS pH is significantly more 

acidic than the cytosolic pH. They explained that the higher acidity is stem-

ming from the respiratory chain activity, where protons are pumped out from 

the matrix into the IMS.  

 

A photo-stable green fluorescent protein (GFP) (~28 kDa) was engineered in 

1995 in the laboratory of Roger Tsien, from the jellyfish Aequorea victoria. 

This protein has a bimodal excitation spectrum at 395 nm and at 475 nm, with 

a peak emission wavelength at 509 nm (Heim and Tsien, 1996). It is an inval-

uable tool in modern science as it is easily expressed and cloned into various 

organisms. Numerous studies have been made where it has served as an indi-

cator for gene expression, protein localization, protein interactions and many 

more. It can be fused to target proteins, either C- or N- terminally (Palmer and 
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Freeman, 2004) and has the advantage of not requiring any co-factor for the 

folding of the protein or fluorescence emission (Heim et al, 1994).  

 

The X-ray crystallography structure has shown that GFP is a β-barrel protein, 

with a central chromophore (Fig 7), which consists of Ser65/Thr65 to Tyr66 and 

Gly67 (Örmo et al, 1996). When it is protonated it absorbs light at 395 nm and 

at 475 nm while deprotonated. Light is emitted through a cyclization reaction 

between Ser65 and Gly67, followed by oxidation of a critical bond to Tyr66 (α-

β bond). The mutations enabled the GFP to switch between the protonated and 

deprotonated conformations, which is triggered by changes in the electrostatic 

environment at the chromophore. 

 

The emission intensity of the native GFP is slightly pH-sensitive, although 

today there are numerous pH-sensitive engineered variants of the GFP, among 

these are the ecliptic and ratiometric pHluorin. The pH-sensitive GFPs were 

created by Miesenböck et al, 1998, through PCR directed mutagenesis of the 

native GFP. Seven key amino acids, known to be part of the proton relay net-

work of the chromophore, where mutated (these amino acids are exchanging 

protons with the aqueous environment surrounding the GFP). Interestingly the 

exact mechanism of how the pH sensitivity is conferred to them is not known, 

only which amino acids that are involved with the proton translocation at 

Tyr66, which is a residue near the chromophore. The pH-sensitive GFP mu-

tants were created through random mutagenesis based on a histidine substi-

tuted mutant which showed initial changes in excitation spectra and pKa 

shifts. The following amino acid substitutions were made in the ratiometric 

pHluorin: S202H, E132D, S142E, N149L, K166Q, I167V, R168H, and 

L220F. The ecliptic pHluorin contains different mutations than the rati-

ometric, where it gradually decreases its fluorescence as the pH decreases and 

below pH 6.0 turns completely non-fluorescent.  

 

The ratiometric pHluorin has the major advantage of being independent of 

factors that could affect the fluorescence output, like the temperature and elec-

trostatic interactions, or the concentration of the GFP itself. The accuracy is 

achieved from the way of interpreting the fluorescence, where a ratio between 

the two emission intensities when excited at 395 nm and at 475 nm is plotted 

against pH.  The emission intensity at acidic pH values are decreasing when 

excited at 395 nm, while the emission when excited at 475 nm is increasing 

with increasing bulk pH. It can give an accurate excitation spectrum between 

pH 5.4 to 8.4.  
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The application of the ratiometric pHluorin has increased over the last dec-

ades, due to its numerous advantages. It is highly applicable as it has no tox-

icity, unlike the chemically based pH sensors that were used before (BCECF 

or SNARF) with these compounds potentially giving rise to ROS, which is 

harmful to the cells (Santo-Domingo and Demaurex, 2012). In addition, these 

fluorescent dyes also have the drawback of not being able to be targeted to 

different cellular locations, in contrast to the GFP, which can be specifically 

targeted as a fusion protein or by the fusion of a targeting sequence in front of 

the GFP (de Giorgi et al, 1999). Moreover, it is possible through mutagenesis 

to alter the pKa of the GFP, which is an important quality as the pKa value is 

ideally matching the pH of the environment where the pH measurement is to 

be done, since the pH readout will be the most accurate around the pKa value 

(Martinière et al, 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. X-ray structure of the green fluorescent protein (wild type) (PDB: 

4KW8) from Barnard et al, 2014.  
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Cytochrome c  
 

Cytochrome c is a small soluble protein involved in the electron transport in 

the respiratory chain (Fig 1). It is also a key initiator of apoptosis and has a 

role in peroxidase scavenging due to its peroxidase activity (Kagan et al, 

2009). The electron transport occurs between ubiquinone-cytochrome c oxi-

doreductase (CIII) and cytochrome c oxidase (CIV) (Lenaz and Genova, et al, 

2012) in the intermembrane and intra cristae space. In addition, it is also able 

to accept electrons from lactate dehydrogenase (Mourier et al, 2008).  Cyto-

chrome c is associated with the inner membrane through electrostatic interac-

tions between positive lysine residues and the negatively charged head groups 

of cardiolipin (Ott et al, 2002).   

 

Cytochrome c has one covalently attached heme group (Barker and Ferguson, 

1999) and in yeast, there are two isoforms; Cyc1 which is expressed during 

normoxia and Cyc7 which is expressed during hypoxia (Downie et al, 1977). 

It is synthesized in the cytoplasm and is later translocated into the mitochon-

dria where it is hemylated by the enzyme cytochrome c heme lyase in the 

intermembrane space. After the heme group attachment, cytochrome c is 

trapped in the intermembrane space (Mayer et al, 1995). Cytochrome c is also 

necessary for CIV assembly, as mutant strains devoid of any forms of cyto-

chrome c has a substantial decrease in assembled CIV and cytochrome c has 

to be hemylated in order to support CIV assembly (Barrientos et al,  2003).  

 

Cytochrome c is loosely bound to the supercomplexes through electrostatic 

interactions between subunit cyt c1 of CIII and Cox2, near Cua in CIV (Mi-

leykovskaya et al, 2012; Shimada et al, 2017; Lange and Hunte, 2002). Cyto-

chrome c is thought to be diffusing randomly along the membrane and in the 

IMS, with a distance of 6 nm within the supercomplexes (Mileykovskaya et 

al, 2012).   

 

It is speculated that it exists two types of pools of cytochrome c, with one pool 

bound loosely through electrostatic interactions, enabling cytochrome c to be 

soluble. The other pool, where it is bound through hydrophobic interaction, 

between the acyl chains of cardiolipin in the IM and a hydrophobic channel in 

cytochrome c (Tuominen et al, 2002) this results with a stronger binding to 

the IM and a firmer interaction with the enzymes of the respiratory chain (Kal-

anxhi and Wallace, 2007). The highest diffusion rate of cytochrome c is at 

100-150 mM of physiological ionic strength, in a three-dimensional mode, but 
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at the same time, it is also interacting the least with the IM when the diffusion 

rate is the highest, enabling maximum collision efficiency between CIII and 

CIV (Gupte and Hackenbrock, 1988).  

 

Cytochrome c, on the other hand, is bound covalently to supercomplexes in 

Paracoccus denitrificans (Berry and Trumpower, 1985). In contrast to eukar-

yotes, some prokaryotes, like the purple nonsulfur gram-negative Rhodobac-

ter species, have a soluble mobile cytochrome c as well as a membrane-an-

chored variant (Fig 8) (Daldal et al, 2003). Depending on the growth condi-

tions, they can either have aerobic, anaerobic respiration or anoxygenic pho-

totrophic growth. The electron transport chains are branched after the quinone 

pool. During photosynthesis, the electron transfer starts from the reaction cen-

ter and goes to the cyt bc1 complex via the ubihydroquinone. The reaction 

center is then re-reduced by a cytochrome, which in the case of R. capsulatus 

is either the membrane-bound cytochrome cγ or a mobile cytochrome c2 (Yun 

et al, 1990).  

 

On the other hand, in R. sphaeroides, only the soluble form, cyt c2, is able to 

participate in photosynthesis. Interestingly, there are multiple differences be-

tween the membrane-anchored and the soluble cytochrome c variants, and also 

between the membrane-anchored versions from the two species, and which 

type of cytochrome c oxidase they utilize (Zannoni and Daldal, 1993). R. 

sphaeroides has both a cbb3-type oxidase and an aa3-type (Toldeo-Cuevas et 

al, 1998), while in R. capsulatus there is only a cbb3-type (Gray et al 1994). 

The aa3 type is expressed mainly during high O2 tension, while the cbb3 type 

is occurring at microaerobic conditions, favoring phototrophic growth mode 

in R. sphaeroides (Shapleigh et al, 1992).  

 

Membrane-anchoring of cytochrome c is achieved by an N-terminal subdo-

main composed of an unprocessed signal-sequence like stretch of hydrophobic 

amino acids and a linker domain of about 70 amino acids, predominantly made 

of prolines and alanines (Myllykallio et al,  1997). The C-terminal domain 

represents a globular cytochrome c, which is homologous to the mitochondrial 

variant. The linker segment is enabling the attached cytochrome c domain to 

be flexible, but is also restricting it to be close to the membrane (Jenney and 

Daldal, 1993).  

 

Moreover, the linker segment length is also different between the cyt cγ vari-

ants. The linker segment from R. capsulatus is longer than the one from R. 
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sphaeroides (Myllykallio et al, 1999), which is one of the factors that could 

explain why the cytochrome cγ from R. capsulatus is capable of participating 

in both respiratory growth and phototrophic.  

 

The electron turnover rate is also different between the two types of cyto-

chromes. While the turnover rate for cyt c2 is τ ½ 250 µs to the reaction center, 

it is only τ ½ 100 µs for cγ in R. capsulatus (Jenney et al, 1994; Prince et al, 

1986). The difference in isoelectric point between the R. sphaeroides cγ (pI: 

4.74) and R. capsulatus cγ (pI: 7.76) could explain why the cγ from R. 

sphaeroides does not interact with the photoreaction center. In R. capsulatus 

it has been observed that in the absence of the cyt bc1 complex, there is strong 

down-regulation of cytochrome cγ (Jenney et al, 1994).  

 

 

 

 

 

 

 

 

 

 

Figure 8: Illustration of the membrane-anchored cytochrome cγ with a flexible linker 

segment allows it to be mobile in relation to the respiratory chain (illustrated here), 

in Rhodobacter sphaeroides. PDB ID: 2FYN (Esser et al, 2006), for bc1 complex from 

Rhodobacter sphaeroides, and 1M57 (Svensson-Ek et al, 2002) for cytochrome c ox-

idase.  

 

 

A functional fusion hybrid between cyt bc1-cγ was created in R. capsulatus 

(Lee et al, 2008). The fusion consisted of a linker sequence between the mem-

brane-anchored cytochrome cγ and the cyt bc1 complex. This fusion complex 

was shown to be stable and enabled the strain for phototrophic growth. This 
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strain could be used to determine the shortest distance required for the cou-

pling between the cyt bc1 complex and the cytochrome cγ. It was concluded 

that the shortest distance is about 45 amino acids, while a linker shorter than 

that did not support phototrophic growth (Lee et al, 2008).  

To summarize, some bacterial species, due to their versatile growth abilities 

with a branched electron chain, have developed a mode of control at the level 

of their cytochrome c. This results in either a freely diffusible cytochrome c, 

which is highly alike the mitochondrial, but also a membrane-anchored variant 

that is restricted in the membrane.  

 

Interestingly, Ricketssia prowazekii, which is phylogenetically very close to 

mitochondria, has only a membrane-anchored variant of cytochrome c (An-

dersson et al, 1998). It is unclear when in evolution a solely soluble cyto-

chrome c was favored in eukaryotes. Presumably, this has to do with the fact 

that during apoptosis, in higher eukaryotes, cytochrome c is released and ac-

tivates a proteolytic cascade (see Apoptosis section). 

 

Apoptosis  

 

Apoptosis is a natural mechanism that regulates the number of cells by remov-

ing unwanted, potentially harmful cells. It is a controlled way of cell death. 

For a time, it was thought to only occur in multicellular organisms but it was, 

later on, discovered to also happen in yeast (Madeo et al, 1997). It is intriguing 

why a single-celled organism like yeast is capable of apoptosis. However, one 

has to bear in mind that although yeast is a single-celled organism, yeast cells 

do communicate with each other as they most often form biofilms. Further, 

some yeast strains might have killer toxins, encoded by RNA viruses, which 

might induce apoptosis as a means for competition over nutrients (Schmitt and 

Reiter, 2008), or simply as an altruistic action of damaged cells to leave more 

nutrients for the younger cells (Herker et al, 2004). 

 

Apoptosis has two ways of initiation, an extrinsic pathway, which starts on the 

cell surface, and an intrinsic pathway, which is initiated from intracellular 

events. Both pathways are culminating in the activation of caspases, proteases 

that cleave proteins at an aspartate residue (Elmore S, 2007). There have been 
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orthologues of metazoan caspases discovered in yeast, one of them is 

Yca1/Mca1, a metacaspase (Fig 9) which instead cleaves at arginine or lysine 

residues. Yca1 is involved with yeast apoptosis induced by ROS, during 

chronological aging (Madeo et al, 2002). In addition, common apoptotic fea-

tures in the animal kingdom are also seen in yeast apoptosis, for example, 

DNA fragmentation, phosphatidylserine externalization, and accumulation of 

ROS (Falcone and Mazzoni, 2016).  

 

 

 

Figure 9: Apoptosis of a yeast cell and the main players in yeast apoptosis are shown 

in this cartoon. Some of the common features of apoptosis are DNA degradation, ROS 

production, cytochrome c release (in some cases), the release of AIF1 and activation 

of YCA1. Arrows are indicating the affected apoptotic regulators or the effect of the 

specific trigger.  

 

 

There are other homologs to mammalian inducers of apoptosis found in yeast, 

like Aif1 (Wissing et al, 2004), Ndi1 (Li et al, 2006) and Nuc1 (Büttner et al, 

2007) (Fig 9). Aif1 is located in the mitochondria during normal conditions, 

but upon an apoptotic stimulus it translocates to the nucleus and degrades 

DNA. Ndi1 is an NADH ubiquinone oxidoreductase without proton pumping 

activity in yeast mitochondria. It has been shown that the addition of ROS can 

activate the N-terminal cleavage of Ndi1 and let it translocated to the nucleus, 

and initiates apoptosis (Ciu et al, 2012). Nuc1 is a nuclease, translocates also 

to the nucleus, and it has endonuclease activity.  
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More importantly, the expression of the human protein Bax (key inducer of 

apoptosis) also induces apoptosis in yeast, through the release of cytochrome 

c, which is a hallmark event in metazoan apoptosis (Eisenberg et al, 2007).  

 

Apoptosis might also be induced in haploid cells upon failure to mate, induced 

by pheromones secreted by the opposite mating type, which are external trig-

gers of apoptosis in yeast (Severin and Hyman, 2002). It is also possible to 

induce apoptosis by the addition of H2O2 (Madeo et al, 1999) or acetic acid, 

in a dose dependent manner, with higher concentrations usually leading to ne-

crosis instead (Fig 9) (Ludovico et al, 2001). Acetic acid induction of apopto-

sis is associated with the release of cytochrome c, which is a key hallmark 

event in metazoan apoptosis.  

 

In metazoans, when cytochrome c is released from mitochondria  it is involved 

with the establishment of the apoptosome, a large heptameric complex in the 

cytosol ultimately activating pro-caspase 9 which induces the caspase cascade 

(Li et al, 1997).  

 

The involvement of cytochrome c release is controversial in yeast apoptosis, 

as there are studies showing the induction of apoptosis despite the lack of con-

comitant release of cytochrome c from mitochondria (Guaragnella et al, 

2010). The authors created different yeast strains, some devoid of both forms 

of cytochrome c (Cyc1 and Cyc7) or the metacaspase Yca1, where they could 

conclude that apoptosis could be induced in the absence of cytochrome c as it 

was deleted from the genome.  

 

The exact mechanism of how cytochrome c is released is not known, but it is 

believed to exit through the permeability transition pore, formed on the OM 

of mitochondria. It also has to be noted, that yeast lacks the apoptosome 

formed during the intrinsic pathway seen in mammals, as no Apaf-1 homo-

logue have been discovered so far, which is required for the apoptosome for-

mation (Mazzoni and Falcone, 2008). Cytochrome c release could, therefore, 

be an evolutionary event that later on evolved to participate in apoptosis. In-

terestingly it is only in vertebrates that the cytochrome c release is directly 

involved in apoptosis, in D. melanogaster it is still controversial, while cyto-

chrome c is not released in C. elegance (Oberst et al, 2008). But the question 

arises; why is cytochrome c released in vertebrates? Apaf-1 is activated by 

cytochrome c, after that it oligomerize and forms the apoptosome, which is 
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the main caspase activator, initiating apoptosis (Li et al, 1997). It has been 

suggested that apoptosis could have evolved as a mechanism to get rid of in-

tracellular parasites. Apaf-1 has some sequence similarities to some innate im-

mune receptors, like the NOD-like receptors, in vertebrates (James and Green, 

2002). Maybe cytochrome c got released upon this immune response, and 

evolved to be recognized by these NOD-like receptors, known as Apaf-1 to-

day. This signaling event might have been developed later in evolution, in 

chordates (Oberst et al, 2008). Although, apoptosis has been observed to occur 

without the involvement of either Apaf-1 or caspase-9 in mammalian cells 

(Marsden et al, 2002). This hints at the possibility that the role of mitochondria 

in apoptosis is to amplify the caspase cascade (Finkel E, 2001).  

 

Cristae remodeling in apoptosis 

 

As mentioned above, apoptosis is characterized by a series of events. Among 

these are shrinkage of the cell, decrease of the membrane potential, increase 

of the Ca2+ concentration in the cytoplasm and in mitochondria, fragmentation 

of mitochondria and the release of cytochrome c from the intra-cristae space 

into the cytoplasm (Fig 9) through the formation of a mitochondrial outer 

membrane permeability channel (MOMP) (Yamaguchi and Perkins, 2009). 

Prior to these events, electron microscopic studies have shown that the cristae 

structure is altered during apoptosis, where the cristae junction is widened and 

the cristae membranes are fusing together (Scorrano et al, 2002). Most of these 

studies have been made on mammalian cells, however, and less is known 

about the molecular mechanisms in yeast.  

 

It has to be stressed that the complete molecular mechanisms behind cristae 

remodeling are not fully understood. Many different cytosolic and mitochon-

drial proteins are involved, but nevertheless, some of the most important path-

ways will be discussed here.  

 

The mitochondrial fragmentation is brought about by proteins involved with 

mitochondrial fission. One key player in the mitochondrial fragmentation pro-

cess is DRP1, a cytosolic protein that translocate to the mitochondria during 

apoptotic conditions (Frank et al, 2001). Moreover, DRP1 forms punctate 

structures along fission sites, together with the pro-apoptotic protein Bax. Bax 
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is known to be able to oligomerize and to generate pores on the outer mem-

brane, which might also require the adenine nucleotide translocator and the 

voltage-dependent anion channel together with Bax to interact (Zamzami and 

Kroemer, 2001). How the cristae junctions are widened could be explained in 

part by the fusion protein OPA1 (Mgm1 in yeast), which has GTPase activity 

and is regulated by the protease PARL (Frezza et al, 2006).  

 

OPA1 occurs both as a soluble form, residing in the IMS, and a membrane-

bound form in the IM. The soluble form of OPA1 is generated through prote-

olytic cleavage of the membrane-bound form. An oligomeric structure is 

formed by the oligomerization of these two forms at the cristae junction. The 

oligomerization is one key modulator of the cristae junction diameter, as upon 

apoptosis, the OPA1 oligomer dissociates, leading to cristae junction widen-

ing and subsequent release of cytochrome c from the intra cristae space to the 

IMS (Olichon et al, 2003).  

 

Another protein involved with the complete release of cytochrome c is the pro-

apoptotic protein Bid. After activation by a caspase proteolytic cleavage, it 

becomes tBid after Bax oligomerization, causing cristae remodeling and the 

complete release of cytochrome c, through increasing the permeability transi-

tion pore openings transiently (Scorrano et al, 2002). The action of tBid is 

suggested to be triggered by increased levels of ROS (Ding et al, 2004), but 

the exact mechanism of cristae remodeling of tBid is not completely eluci-

dated. As tBid is known to have membrane bending abilities (Epand et al,  

2002), it is conceivable that ROS leads to oxidation of the lipids in the IM, 

which could then affect the action of tBID on membrane curvature, resulting 

in cristae remodeling by reverting the curvature. The recruitment of tBid to 

mitochondria has been shown to be dependent on cardiolipin (Lutter et al, 

2000).  

 

In addition, lipid peroxidation, especially of cardiolipin, has been shown to 

play a pivotal role in cytochrome c release during apoptosis as oxidized car-

diolipin has a lower affinity for cytochrome c (Petrosillo et al, 2001) and ele-

vated ROS levels is one key initiator of apoptosis (Fleury et al, 2002). 

 

 



39 

Creatine kinase, dual roles as an energy buffer and 

shaping the mitochondrial inner membrane  

 

In tissues with high energy demand, like neurons, retina or heart tissues, ATP 

can quickly be used up, meaning that the cells must be able to replenish the 

ATP to meet the demand for energy. An efficient buffering system for ATP is 

the creatine phosphate shuttle system, composed of creatine kinase (CK), the 

voltage-dependent anion channel (VDAC)  and the adenine nucleotide trans-

locator (ANT). CK catalyzes the reversible transfer of an N-phosphoryl group 

to creatine, forming the high energy molecule phosphocreatine (Wallimann et 

al, 1992). The creatine kinase energy buffering system only exists in verte-

brates, while for example, insects have arginine kinase (Wyss et al, 1995).  

 

CK is spatially organized in the cell, there is a dimeric cytosolic version of the 

enzyme and a mitochondrial version (Mi-CK), which can be either dimeric or 

a higher oligomeric form, an octamer, in mitochondria. The cytosolic variant 

is in turn divided up into MM-CK, found in muscle tissue, BB-CK in brain 

tissue and MB-CK, which is in heart muscle (Schlegel et al, 1988). The mito-

chondrial isoform in striated and cardiac muscle is called sarcomeric, while 

the ubiquitous forms are found in other parts of the body, like neural, epithelial 

and kidney tissues (Schlattner et al, 2006). The mitochondrial enzyme is found 

in the intermembrane space compartment and in the intra cristae space, where 

it is bound to the IM as shown by immunogold electron microscopy (Kottke 

et al, 1994).   

 

Tissues expressing the mitochondrial version are also expressing the cytosolic 

version of the enzyme, as they are tightly connected. At sites of ATP produc-

tion in the mitochondria, like OXPHOS, one phosphate group from ATP is 

transferred to creatine, which becomes phosphocreatine. Phosphocreatine is 

then leaving the mitochondria through VDAC and enters the cytosol (Fig 10). 

In the cytosol, the cytosolic CK transfers the phosphate group to ADP to re-

generate ATP, at sites where it is needed, e.g. ATPases in the sarcoplasmic 

reticulum in muscle tissue (Wallimann et al, 1992; Wegmann et al, 1992). As 

mentioned before, the mitochondrial enzyme is found as a dimer (84 kDa), 

which can oligomerize into a tetramer that is further forming an octameric 

(328 kDa) cube-shaped structure (Wyss et al,  1990) of approximately 10 nm 

in length (Fritz-Wolf et al,  1996).  
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Figure 10: Depiction of how the mitochondrial and cytosolic creatine kinases are 

connected in the cell. Mitochondrial creatine kinase catalyzes the transfer of a phos-

phate group of ATP and regenerates phosphocreatine. The phosphocreatine is then 

leaving the mitochondria through the VDAC. In the cytosol, cytosolic creatine kinase 

is then transferring a phosphate group to ADP, thus regenerating ATP at sites of ATP 

consumption. 

 

 

Most of the CK is found in the octameric form and there are several factors 

influencing in which form it is occurring. Availability of substrates (creatine 

and ATP), the pH and protein concentration are affecting the ratio between 

dimer to octamer conversion (Marcillat et al, 1987). The octameric form of 

the enzyme is believed to stabilize the mitochondrial contact sites, areas where 

the IM and OM are in close contact, but also between opposing cristae mem-

branes and in the IMS, giving rise to the narrow 9 nm space between these 

membranes (Adams et al, 1989).  

 

It has been speculated that it is creatine kinase that induces the characteristic 

lamellar cristae structure of mitochondria, in some tissues, expressing the 

ubiquitous form of the mitochondrial enzyme, where CK is crosslinking the 

IM and gives rise to tightly opposed cristae membranes in these tissues (Fig 

11) (Schlattner et al,  2009). At these contact sites, there is a strong enrichment 

of the octameric CK, ANT, and VDAC, and these sites are also dynamic and 

regulated by the energetic state of the mitochondria (Knoll and Brdiczka, 
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1983). This crosslinking of the IM could aid in the compartmentalization of 

the IMS and the mitochondrial CK might be an additional factor besides the 

MICOS complex, in establishing the cristae junctions (Schlattner et al, 2009). 

The mitochondrial enzyme has also been demonstrated to be able to bind to 

lipid monolayers and to crosslink these membranes (Rojo et al, 1991), where 

the octameric form had a significantly higher ability to bind to the lipid mon-

olayers. This interaction of the octameric creatine kinase and the membranes 

is largely mediated through electrostatic interactions with cardiolipin, as the 

C-terminal tail of the monomers contains three critical lysine residues (Lys-

369, Lys-379, Lys-380), which are basic amino acids enabling electrostatic 

interactions with the anionic head group of cardiolipin (Schlattner, et al,  

2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Octameric creatine kinase of mitochondria, in relation to VDAC and the 

adenine nucleotide transporter, which act in concert. It is believed that the octameric 

creatine kinase has a duel function; both to buffer ATP in the cell but also to crosslink 

and stabilize areas of the inner membrane.  

 

These residues have been shown to be important for the interaction with car-

diolipin, as mutated versions of the sarcomeric CK had a decreased affinity 

for cardiolipin. The mitochondrial CK has also some connections to apoptosis. 

As mentioned, cytochrome c is released during apoptosis, and for that to oc-

cur, the cristae junctions have to be widened. One possible way of how the 

Mi-CK could be involved with this process is through the oxidation of cyste-

ine residues known to be needed for optimal enzymatic activity and also for 



42 

the maintenance of the octameric species (Schlattner et al, 2009). When there 

is less or no octamer left, the crista junctions might widen (Whittington et al, 

2018), aiding in the liberation of cytochrome c and in the initiation of apopto-

sis.   
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Summary of the papers:  

Paper I 

Mitochondria are the powerhouses of the cell as the majority of the ATP is 

produced there. Mitochondria have a characteristic double-membrane struc-

ture, an enclosing outer membrane and an inner membrane that hosts the pro-

teins of the respiratory chain and the import machinery of nuclear-encoded 

proteins. Cristae are invaginations of the inner membrane, with most of the 

F1FO ATP synthase dimers situated at the curved rim, while the proteins of the 

respiratory chain (complexes III and IV) are located at the flat sheet of the 

cristae membrane (CM). The cristae membranes are connected to the inner 

boundary membrane (IBM), which is opposed to the outer membrane. The 

protein import machinery of the inner membrane (Tim23) is harbored at the 

IBM. The function of the cristae membrane had been questioned before, and 

one of the theories suggested that they might serve as a reservoir for the pro-

tons pumped by the respiratory chain, enhancing the activity of the F1FO ATP 

synthase dimers, by concentrating the protons at the rim of the cristae. To test 

this hypothesis, we applied a pH-sensitive green fluorescent protein (pHGFP), 

to measure the local pH inside the matrix, cytosol, IBM and at complex IV 

and the F1FO ATP synthase dimers. The measurements did not reveal a sub-

stantial lateral pH gradient inside the cristae space, indicating that the cristae 

are not acting as proton reservoirs. Also, the ΔpH over the intermembrane 

space was very small, both in wild type yeast cells as well as in a mutant strain 

devoid of normal cristae structure. When the measured values were applied in 

proteoliposomes to analyze if the pH values could drive ATP synthesis, only 

a small amount of ATP was synthesized. However, when the E. coli enzyme 

cytochrome bo3 oxidase was co-reconstituted with the yeast F1FO ATP syn-

thase, the ΔpH value was negligible, and greater amounts of ATP was pro-

duced. In conclusion, this study showed that the existence of cristae mem-

branes does not serve a function as a proton reservoir for the F1FO ATP syn-

thase, but to increase the surface area for the respiratory chain enzymes and to 

allow efficient coupling between proton-pumping enzymes and ATP synthe-

sis.  
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Paper II 

Apoptosis is programmed cell death, it is a form of death that is regulated and 

can be triggered by various factors, both by intrinsic and external factors. A 

key hallmark of apoptosis is the release of the soluble electron carrier cyto-

chrome c, which participates in the initiation of apoptosis by activation of the 

apoptosome. The apoptosome is an oligomeric protein complex that activates 

executioner caspases, which in turn initiates apoptosis in the cell. Saccharo-

myces cerevisiae (Baker’s yeast) cells are capable of apoptosis, despite being 

a unicellular organism. The release of cytochrome c in this species is also ob-

served in some instances, although there is no apoptosome formation in this 

species. In this study, a yeast strain was created with a membrane-anchored 

cytochrome c (CYCMA). This was achieved by genetically fusing a transmem-

brane segment resembling those in some bacterial species that have an immo-

bile cytochrome c, to yeast the cytochrome c. This enabled the investigation 

of the importance and role of cytochrome c release in yeast apoptosis, as there 

was no soluble freely diffusing cytochrome c in this strain. By rendering cy-

tochrome c immobile, the CYCMA cells were more susceptible to apoptosis 

when aged, as well as when apoptosis was induced. Elevated levels of reactive 

oxygen species (ROS) were also detected compared to wild type cells, origi-

nating from mitochondria. It was also concluded that it was the elevated levels 

of ROS that was the probable cause of the apoptosis induction. In addition, 

the mitochondrial network of this strain had also an altered morphology, with 

fewer branching points and instead of elongated mitochondria, circular mito-

chondria could be seen in aged cells. Immunoblotting and native electropho-

resis did not show any gross alterations in the levels and composition of the 

respiratory chain of this strain in relation to the wild type. In contrast, the ac-

tivity of complex IV of the respiratory chain was reduced in the CYCMA strain, 

as an effect of rendering cytochrome c immobile. This decrease in complex 

IV activity got compensated in aged cells and served a cytoprotective effect 

in aged cells. When cellular respiration got inhibited, the amount of cell death 

in the CYCMA strain increased in aged cells. In summary, this study showed 

that the release of cytochrome c in yeast cells is not essential for apoptosis, 

and anchoring cytochrome c to the mitochondrial inner membrane actually 

sensitized the cells towards apoptosis, by decreasing the efficiency of the res-

piratory chain and elevating ROS levels. A possible explanation for the in-

creased apoptosis in the CYCMA strain might be due to an altered level of car-

diolipin peroxidation in the IM by anchoring cytochrome c to the IM which 

could affect the activity of complex IV of the respiratory chain.  
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Paper III 

 
The energy in the cell needs to be constantly replenished in order for the cell 

to be able to survive, and there is a fine balance between energy consuming 

and producing processes. One such molecular mechanism is the creatine ki-

nase shuttle system. This mechanism is found in higher eukaryotes and is 

based on a mitochondrial and a cytosolic form of the enzyme creatine kinase 

that catalyzes the reversible phosphorylation of creatine from ATP, to form 

phosphocreatine. The ATP is consumed up at locations of energy-requiring 

processes, for instance by ATPases, while the majority of the ATP is made in 

the mitochondria, by the respiratory chain. Mitochondrial creatine kinase is 

situated in the inner membrane of mitochondria and regenerates phosphocre-

atine, which is transported through the voltage-dependent anion channel 

(VDAC), to the cytosol, where the cytosolic creatine kinase regenerates ATP 

at sites of energy consumption, and thereby maintains a stable ATP/ADP ratio. 

During industrial applications of yeast for the production of certain chemicals 

(weak acids) of pharmacologically relevant proteins, the intracellular ATP 

levels might drop. This is due to the action of ATPases that consume ATP by 

expelling H+, in order to maintain an optimal intracellular pH, as certain com-

mercially relevant chemicals are acting as weak acids, that are produced by 

the cells. Therefore, a yeast strain that could regenerate the intracellular ATP, 

would confer a great advantage. The human mitochondrial creatine kinase was 

expressed in yeast mitochondria, from a plasmid. The expression was stable, 

and the high molecular form of creatine kinase was obtained, which is the 

active version of the enzyme in mitochondria. It also located to the inner mem-

brane of mitochondria and was shown to be enzymatically active. The growth 

was delayed on respiratory media, although no alterations were detected in the 

respiratory chain, by the expression of creatine kinase. This meant that by ex-

pressing the cytosolic creatine kinase together with the biosynthetic pathway 

for creatine, a complete system for ATP regeneration would be established in 

yeast strains where the ATP levels are required to be adjusted. Ultimately, this 

would potentially benefit the production of certain industrially relevant chem-

icals.  
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Paper IV 

 
Cytochrome c (cyt c) is a mobile electron carrier between the bc1 complex and 

cytochrome c oxidase (CytcO), of the respiratory chain. It is diffusing in a 

three-dimensional manner along the inner membrane of mitochondria. It is 

delivering the electrons from Cyt c1 of the bc1 complex to subunit Cox2 of 

CytcO. The bc1 complex and the CytcO is found as supercomplexes within 

the yeast species Saccharomyces cerevisiae, either as III2IV or as III2IV2. The 

diffusion distance for cyt c, within the supercomplexes, is estimated to be 

around 40-70 Å. This distance is seemingly far too long for a single cyt c to 

diffuse directly between the complexes. This would indicate that there is no 

substrate channeling within the supercomplexes. It is also believed that the 

supercomplexes have their own cyt c pools, but the smaller pools can mix with 

a common larger pool of cyt c. Cyt c is not fixed to the supercomplexes, as an 

integral part of the supercomplexes of yeast or bovine mitochondria. This sit-

uation is in contrast to some bacterial species, were cyt c is indeed an integral 

part of the supercomplexes. It seems that in Mycobacterium smegmatis, there 

is actual substrate channeling occurring. To gain insight into the diffusion 

mechanism of cyt c in yeast supercomplexes, we engineered a yeast strain, 

where cyt c was fused to Cyt c1. The yeast strain from paper II, with the mem-

brane-anchored cyt c, was modified so that a linker sequence was introduced 

between Cyt c1 and the membrane-anchored cyt c. This yeast strain showed a 

functional respiratory chain, correct assembly of all the complexes as well as 

the presence of supercomplexes. By fusing cyt c to the bc1 complex, the dif-

fusion distance is shorter for cyt c, but would require CytcO to be in the vicin-

ity for electron transfer to occur. Through disruption of the supercomplexes 

by genetically altering parts of the Cor1 and Cox5a subunits, the distance of 

diffusion for cyt c would increase, which in turn would further decrease the 

electron transfer efficiency. The application of this strain for further studies 

will provide an understanding of how the cellular bioenergetics would be af-

fected by the loss of proper cyt c interaction within the supercomplexes. 
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Future perspectives:  

 
In paper I, it was showed that the main role of the cristae membrane is to 

provide an optimal environment of coupling between the respiratory chain and 

the F1Fo ATP synthase. What would be of interest, is to find out whether a 

similar scenario exists in mitochondria of higher organisms, for instance in 

bovine mitochondria or human cell types. The ultrastructure of higher eukar-

yotes is also more diverse, and tissue-specific. The other main remaining ques-

tion is what the pH values would be if one would attach a pH-sensitive fluor-

ophore at the target protein that could allow us to estimate the local pH at the 

protein itself. The GFP is being rather big, and the extra linker segment be-

tween the protein subunit and the GFP is also adding a little bit of space. This 

means in essence, that we were not able to measure the pH values directly at 

the protein surface. It could very well be the case that the local pH values are 

different between the protein surfaces and the rather bulk pH that was meas-

ured in this study. As many studies are pointing at, the ejected protons from 

the respiratory chain are retained at the membrane surface, rather than in the 

bulk solution.  

 
A non-mobile cytochrome c (cyt c) was created in a yeast strain, in paper II, 

to analyze the outcome of only having a membrane-anchored cytochrome c. 

Surprisingly, this strain indeed showed the characteristics of apoptosis and had 

an actual increase in apoptosis compared to the wild type strain. By tethering 

cyt c to the IM, the respiratory chain was still active and no major alterations 

were seen in the assembly of the respiratory supercomplexes. Oxygen con-

sumption measurements indicated a slightly decreased coupling between the 

bc1 complex and cytochrome c oxidase in isolated mitochondria, and elevated 

oxygen consumption when analyzed in whole cells. Moreover, in the mem-

brane-anchored cyt c strain, increased levels of ROS could be detected and 

these could be stemming from the elevated oxygen consumption seen in this 

strain. Remaining analyses would be to decipher whether it is cardiolipin pe-

roxidation that was the cause of the increased apoptosis in the mutant strain, 

as it has been shown previously that cardiolipin peroxidation is enhancing the 

release of apoptogenic factors, additionally also decreasing the activity of cy-

tochrome c oxidase, in bovine mitochondria. It would be also very interesting 

to see how the situation would be if a similar strategy would be applied in 

mammalian mitochondria, where the release of cytochrome c is a necessary 

mechanism for apoptosis.  
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In paper III, we investigated the expression of a human mitochondrial protein; 

the ubiquitous creatine kinase in yeast. Creatine kinase has several isoforms, 

a mitochondrial and cytosolic, also tissue-specific ones, and its role is to re-

generate the ATP levels in tissues of high energy demand. The yeast Saccha-

romyces cerevisiae does not encode any of the creatine kinase genes. The idea 

was to express the mitochondrial form in yeast mitochondria and to investigate 

if a functional form of this enzyme is possible to be obtained at the correct 

location, the mitochondrial inner membrane. Further remaining aims of the 

study would be to express the cytosolic isoform of the enzyme, as well as the 

biosynthetic pathway of creatine, in yeast. Then it would be possible to estab-

lish the whole creatine kinase system and regenerate ATP in vivo in yeast. 

This strain could be used as a genetic background for commercial yeast 

strains, where the level of ATP might be consumed up during the production 

process. By having a functional ATP level buffering system, the cells would 

not suffer an energy shortage, and there would be less losses in the product 

yields.    

 

 
In Paper IV, we aimed at creating a yeast strain which could enable us to in-

vestigate the diffusion distance of the mobile electron carrier cytochrome c 

(cyt c). This strain would allow us to investigate the cyt c kinetics in the res-

piratory chain, whether it has the rate-limiting step in the respiratory chain. It 

will additionally also allow us to analyze the dynamics of the respiratory su-

percomplexes, in terms of assembly and interactions within the IM.  
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Populärvetenskaplig sammanfattning  

Alla organismer behöver energi för att kunna växa, föröka sig och för att 

reparera skador. Energin i cellen återfinns i form av en molekyl som förkortas 

ATP, som kan liknas vid pengar, det är den tillgängliga formen av energi som 

kan användas för att driva processer i cellen. Den bildas främst i cellens 

energikraftverk, som kallas för mitokondrier. Mitokondrierna är enskilda små 

enheter inuti cellen, som tros varit fristående bakterier långt tillbaka i tiden, 

som har blivit uppslukade av cellen, för att ingå i ett slags symbios. Till formen 

är mitokondrier som små bönor och avgränsas av ett lipidbaserat hölje som 

och består av ett yttre samt ett inre membran. Det inre membranet har en 

karakteristisk struktur, som är organimsspecifik samt vävnadsspecifikt. 

Innermembranet är veckat och buktar inåt inom mitokondrierna.  Både i ytter- 

och innermembranet sitter det proteiner (enzymer), i yttermembranet sitter det 

främst transportproteiner medan innermembranet har proteiner involverade i 

andningskedjan. Andningskedjan är en process där det mesta av energin från 

maten vi äter, omvandlas till ATP som kan användas för andra processer som 

kräver energi. Inom andningskedjan har man fyra membranbunda 

proteinkomplex och transporten av elektroner mellan dem driver 

translokeringen av protoner över det inre membranet vilket resulterar i en pH-

skillnad över membranet som driver det femte enzymet; ATP-syntaset. Vid 

sidan av pH-skillnaden finns även en laddningsskillnad över membranet som 

tillsammans med pH skillnaden utgör drivkraften för det femte enzymet som 

syntetiserar ATP: et.   

 

Det första projektet i avhandlingen hade som mål att ta reda på huruvida 

innermembranets karakteristiska struktur fungerar som protonreservoar i 

mitokondrierna, som vidare skulle kunna underlätta andningskedjans aktivitet. 

Genom att mäta pH-värdet inne i levande jästceller inne i cellen samt i olika 

områden inuti mitokondrierna, kunde vi konstatera att så är inte fallet. Det 

förefaller som att innermembranets karakteristiska struktur är till för att 

maximera ytan för andningskedjeproteinerna, samt att proteinerna ska kunna 

vara ”kopplade” till varandra. Proteinerna skulle då vara lokaliserad på ett 

optimalt avstånd från varandra så att deras respektive reaktioner ska gå 

optimalt.  

 

Det andra projektet undersökte betydelsen av ett fritt diffunderande protein 

inom andningskedjan. Detta är ett litet protein som transporterar en elektron 

mellan två proteiner inom andningskedjan, och kallas för cytokrom c. Det 

diffunderar längs innermembranet, och har även en avgörande roll för 
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apoptos-initieringen hos högre organismer. Apoptos är programmerat 

självmord som cellen begår, det kan initieras pga. åldrande, DNA skador eller 

triggas av vissa gifter. Cytokrom c, frisläpps ut från mitokondrien under 

apoptosen, och aktiverar andra proteiner inom apoptosen. För jästceller är det 

inte klarlagt huruvida frisläppandet av cytokrom c är viktig för aktiveringen 

av apoptos. Genom att genetisk modifiera genomet för jästen kunde vi erhålla 

en stam som hade en membranankrad cytokrom c, som inte kunde lämna 

mitokondrierna. Effekten av detta blev en förhöjd nivå av apoptos, reaktiva 

syreradikaler samt en kortare livstid för denna jäststam, jämfört med 

ursprungstammen.  

 

I den tredje projektet, uttryckes ett mänskligt protein i jästen. Proteinet var 

kretinkinas, och är ett protein som medverkar i ATP regenereringen cellen. I 

högre organismer, återfinns detta protein både i cytosolen (vattenhaltiga delen 

i cellen) samt i mitokondrierna. Den formen som finns i mitokondrierna binder 

till innermemrbanet, och fosforylerar ADP till ATP, och på det sättet 

återställer ATP nivån. Det ATP som tillverkas i mitokondrien transporteras ut 

till cytosolen, där det används i processer som förbrukar ATP. Det uttryckta 

kreatinkinaset bildade de högmolekylära formerna som det även bildar i 

mänskliga celler och var stabilt uttryckt, samt visade enzymaktivitet inne i 

mitokondrierna. Jäststammen som uttrycker kreatinkinas kan tillämpas inom 

industrin, där jästceller används för produktion av olika ämnen, där 

produktionen medför en stor förbrukning av ATP. Att uttrycka detta enzym 

skulle kunna tillåta en ATP återhämtning i dessa jästceller.   

 

I det sista projektet, konstruerades en jäststam som skulle kunna ge mer 

förståelse för hur diffusionen av cytokrom c går till för cytokrom c i 

andningskedjan. Stammen från andra studien modifierades genom att en 

fusion mellan en subenhet från ett ut av proteinerna från andningskedjan och 

det membranankrade cytokrom c:t skapades. Detta medförde att 

diffusionsavståndet begränsades till angränsande proteiner i andningskedjan 

och skulle kunna tillåta en insyn i hur cytokrom c diffunderar emellan 

andningskedjeproteinerna.  
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