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Abstract
Oxidative phosphorylation in mitochondria is performed by enzyme complexes and electron carriers that reside in the
inner membrane. It is now generally accepted that these respiratory enzyme complexes assemble into larger so-called
supercomplexes. However, it is presently not known why, under which conditions or how these supercomplexes form.

A number of factors of particular importance for the formation of supercomplexes have been identified, such as the
Respiratory supercomplex factors (Rcf1 and Rcf2) and cardiolipin. The work presented in this thesis is focused on the
characterization of cytochrome c oxidase (CytcO) in mitochondria from Saccharomyces cerevisiae strains in which these
components have been removed, with a particular focus on Rcf1. First, we concluded that Rcf1 has an impact on the activity
and ligand binding kinetics of CytcO, which upon genetic deletion of rcf1 leads to formation of sub-populations of CytcO
with different functionality. Second, we noted that the ability of CytcO to oxidize cytochrome c (cyt. c) depends on the
presence of Rcf1. Further, we observed that while CytcO in wild-type mitochondria displayed differences in the oxidation
kinetics of cyt. c from horse heart or S. cerevisiae, with the Δrcf1 mitochondria these differences were lost. This observation
suggested that Rcf1 interacts with cyt. c. Furthermore, the data showed that in CytcO from Δrcf1 mitochondria heme a3
was altered while heme a was intact.

Using proteo-liposomes of different lipid composition and size we also investigated the influence of lipid head groups on
the coupled activity of a quinol oxidase and ATP-synthase. Specifically, we addressed the question if protons are transferred
between proton “producers” and “consumers” via lateral proton transfer along the membrane surface or via bulk water.
Our data supported the principle of lateral proton transfer.

Lastly, we characterized the ligand binding of yeast flavohemoglobin and concluded that the flavohemoglobin has a
population that resides in the intermembrane space of mitochondria, not only in matrix and cytosol as previously suggested.
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Abstract 
 

Oxidative phosphorylation in mitochondria is performed by enzyme complexes and electron 
carriers that reside in the inner membrane. It is now generally accepted that these respiratory 
enzyme complexes assemble into larger so-called supercomplexes. However, it is presently not 
known why, under which conditions or how these supercomplexes form.  

A number of factors of particular importance for the formation of supercomplexes have been 
identified, such as the Respiratory supercomplex factors (Rcf1 and Rcf2) and cardiolipin. The 
work presented in this thesis is focused on the characterization of cytochrome c oxidase (CytcO) 
in mitochondria from Saccharomyces cerevisiae strains in which these components have been 
removed, with a particular focus on Rcf1. First, we concluded that Rcf1 has an impact on the 
activity and ligand binding kinetics of CytcO, which upon genetic deletion of rcf1 leads to 
formation of sub-populations of CytcO with different functionality. Second, we noted that the 
ability of CytcO to oxidize cytochrome c (cyt. c) depends on the presence of Rcf1. Further, we 
observed that while CytcO in wild-type mitochondria displayed differences in the oxidation 
kinetics of cyt. c from horse heart or S. cerevisiae, with the rcf1 mitochondria these differences 
were lost. This observation suggested that Rcf1 interacts with cyt. c. Furthermore, the data 
showed that in CytcO from rcf1 mitochondria heme a3 was altered while heme a was intact.  

Using proteo-liposomes of different lipid composition and size we also investigated the 
influence of lipid head groups on the coupled activity of a quinol oxidase and ATP-synthase. 
Specifically, we addressed the question if protons are transferred between proton “producers” 
and “consumers” via lateral proton transfer along the membrane surface or via bulk water. 
Our data supported the principle of lateral proton transfer.  

Lastly, we characterized the ligand binding of yeast flavohemoglobin and concluded that the 
flavohemoglobin has a population that resides in the intermembrane space of mitochondria, 
not only in matrix and cytosol as previously suggested. 
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Abbreviations 
 

  
Aac2 ADP-ATP translocator/carrier 
CI Complex I, NADH: Ubiquinone oxidoreductase 
CII Complex II, Succinate dehydrogenase 
CIII  Complex III, Coenzyme Q-cytochrome c oxidoreductase, cyt. bc1 
CIV  Complex IV, Cytochrome c oxidase, CytcO 
CV Complex V, ATP synthase 
CL Cardiolipin 
CytcO  Cytochrome c oxidase 
DOPA Dioleoylphosphatidic acid 
DOPC Dioleoylphosphatidylcholine 
DOPE Dioleoylphosphatidylethanolamine 
DOPG Dioleoylphosphatidylglycerol 
HIGD/Higd Hypoxia-induced gene domain  
IDP Intrinsically disordered peptide/protein 
IMM Inner mitochondrial membrane 
IMS Inter membrane space 
OM Outer membrane 
OXPHOS Oxidative phosphorylation 

Rcf Respiratory supercomplex factors 
SC Supercomplexes 
TM Transmembrane 
yHb Yeast flavohemoglobin  
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1 Main findings 
 

The papers presented in this Thesis deal with factors that may modulate cellular respiration as 
evaluated at the level of cytochrome c oxidase (CytcO) from mitochondria or the quinol oxidase 
from Escherichia coli. 

In paper I we investigated whether or not protons propagate along the membrane by means of 
lateral transfer, or via the bulk water. This problem was addressed by evaluating the influence 
of lipid composition on the coupled activity of co-reconstituted E. coli bo3 quinol oxidase and 
ATP-synthase. ATP synthesis was measured as a function of the protein-to-lipid ratio and the 
lipid composition, i.e. increasing amounts of dioleoylphosphatidyl-glycerol (DOPG), -
ethanolamine (DOPE), phosphatidic acid (DOPA) or cardiolipin (CL) added to 
phosphatidylcholine (DOPC) liposomes. Adding only 2.5 % of CL decreased the coupled 
activity to about 70 % of that obtained with only DOPC. We also noted that addition of 
negatively charged lipids (PG, PA or CL) resulted in a greater decrease in the ATP-formation 
rate than addition of the zwitterionic PE. Upon increasing the liposome size the rate decreased 
and was insensitive to the lipid composition. The sensitivity to lipids was partly restored by 
increasing the protein-to-lipid ratio. The data indicate that the average distance between the 
proton pump and ATP-synthase is important. We concluded that lipid composition determines 
proton-transfer rates and thereby influences the ATP-production rate.  

Because both the medium (lipid surface) and the distance between the proton pump and ATP-
synthase determines the ATP-synthesis rate, we concluded that protons are transferred via the 
membrane surface. 

In paper II we moved from the synthetic system of liposomes to mitochondria purified from 
various deletion strains of Saccharomyces cerevisiae. Results from earlier studies had 
established that supercomplexes (SC) of respiratory enzymes are held together by the so-called 
Respiratory supercomplex factors 1 and 2 (Rcf1 and Rcf2) as well as cardiolipin. The previous 
reports had shown that deleting these factors resulted in diminished activity of the respiratory 
enzymes, particularly that of CytcO. Thus, the work presented in paper II started with the 
question if it is the disruption of supercomplexes per se that influences the activity of the 
separate enzymes or if the activity was altered by other means by the removal of these factors. 
We aimed for a detailed characterization of CytcO after having deleted Rcf1 and Rcf2.  

We noted that deleting Rcf1 had the greatest influence on activity and ligand binding kinetics 
of CytcO. Hence, the studies were focused on Rcf1.  

We used the flow-flash and flash photolysis techniques to evaluate if the diminished activity 
originates from the entire CytcO population or if there are separate populations being differently 
influenced by the Rcf1 deletion. Our data point to the co-existence of different populations of 
CytcO as a result of the genetic deletion.   
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Furthermore, we investigated the coupled activity of cytochrome (cyt.) bc1 and CytcO, by 
measuring cyt. c reduction by cyt. bc1 and oxidation by CytcO. We used both horse-heart cyt. c 
and the native, S. cerevisiae cyt. c. To our surprise, and great enthusiasm, we observed 
significant differences in the cyt. c-reduction levels. While in wild-type mitochondria, CytcO 
discriminated between horse and S. cerevisiae cyt. c in terms of its ability to oxidize a reduced 
population of cyt. c, in mitochondria from the rcf1 strain, the species discrimination was 
essentially absent. This led us to conclude that Rcf1 is involved in the interaction between cyt. c 
and CytcO.  

Another feature of the rcf1 strain was the altered carbon monoxide (CO) recombination, seen 
as the appearance of an additional rapid kinetic component, not seen with the wild-type CytcO. 
This information, in combination with the diminished activity offered functional insights, but 
also new questions appeared. For example, is the catalytic site, or the immediate surrounding 
perturbed as a result of Rcf1 removal, or could heme a have lost one of its ligands to become 
able to bind CO (c.f. the rapid CO-recombination component)?  

The results described in paper II led us to the work described in paper III, where cyanide was 
used to block heme a3 yielding CytcO that would be unable to bind CO. Thus, if in the presence 
of cyanide the rapid kinetic component remained, this would support the hypothesis that heme 
a was altered. However, interpretation of the ligand binding in the presence of cyanide was not 
straightforward and unfortunately did not offer a simple answer. Interestingly, in measurements 
based on reduction/oxidation and spectral properties, we noted that heme a3 of the rcf1 strain 
was less blocked by cyanide than heme a3 in wild-type CytcO. We interpreted this observation 
in terms of “electron leakage” resulting from an altered catalytic site in CytcO from rcf1 
mitochondria. 

In paper IV we characterized CO ligand binding to both CytcO and yeast flavohemoglobin 
(yHb). Using this approach, we identified a population of yHb in the IMS, which had previously 
remained undiscovered. Also, we characterized differences in the CO-recombination 
absorbance changes between yHb and CytcO in order to be able to discriminate between signals 
originating from these mitochondrial proteins.  

We also compared the single turnover reaction with oxygen of CytcO from the two S. cerevisiae 
strains, BY474 and W303, and found them to display similar reaction kinetics.    
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2 Cellular energy conversion 
 
2.1 The mitochondrion 
 

Cellular energy conversion takes place largely in the mitochondrion. This organelle 
accommodates the machineries for oxidative phosphorylation (OXPHOS) and the citric acid 
cycle. Glycolysis, on the other hand, takes place in the cytosol. Mitochondria undergo constant 
morphological changes to accommodate the energetic requirements of the cell. The 
mitochondrion is composed of two membranes, an outer and an inner membrane (OM and 
IMM, respectively) (Fig. 1). Thus, the internal volume of the mitochondrion is separated into 
two compartments; the intermembrane space (IMS) and the matrix. While the outer membrane 
contains porins that allow passage of fairly large molecules, the inner membrane is impermeable 
to most molecules, including protons, which thus require specific transporters to be translocated 
over the membrane. This property of the IMM, which allows a proton gradient to be established, 
underpins energy conversion. Here, electrons extracted from e.g. foodstuff are transferred 
through a number of membrane-protein complexes, which couple this process to proton 
translocation. The inner membrane is highly curved, which increases the surface area of the 
inner mitochondrial membrane.  

Another interesting feature of the mitochondrion is that it harbors its own genome (mtDNA) 
which, though small, includes genes that encode some of the subunits of OXPHOS enzymes. 
Thus, respiratory enzymes of mitochondria are assembled of peptides of dual genetic origin, 
some of which are synthesized within the mitochondrion and others that are imported from the 
cytosol.    

 
2.2 Oxidative phosphorylation 
 

Energy conversion is more efficient when using oxidative phosphorylation (OXPHOS) than 
glycolysis. The OXPHOS system, or electron transport chain (ETC), is in most organisms 
composed of five protein complexes (four in S. cerevisiae), situated in the inner mitochondrial 
membrane through which electrons are transferred to their final target, molecular oxygen (Fig. 

1) (see e.g. [1, 2] for reviews on the mitochondrial ETC). In mammalian mitochondria electrons 
delivered in the form of NADH enter at complex I (CI, NADH: ubiquinone oxidoreductase) 
and FADH2 at CII (succinate dehydrogenase). From there they are transferred to CIII 
(coenzyme Q-cytochrome c oxidoreductase, cyt. bc1) via ubiquinone and onwards through cyt. 
c to CIV (CytcO) where molecular oxygen is reduced to water. Electron transfer through the 
IMM is coupled to vectorial proton translocation at CI, III and IV. The established 
electrochemical proton gradient is used by CV (ATP synthase) to produce ATP. S. cerevisiae 
mitochondria lack CI.   



8 

 

 

 

Figure 1. Schematic of cristae and the respiratory enzymes of S. cerevisiae. Respiring cells form cristae 
to a larger extent than non-respiring cells do. CII to IV are positioned along the flat surface while the 
ATP-synthase is found at the base of the curve. The secluded nature of cristae produces a 
microenvironment with a somewhat lower pH than the rest of the IMS due to the proton translocation. 
CII; succinate dehydrogenase, CIII; cyt. bc1, C; cyt. c, CIV; CytcO, CV; ATP-synthase, Aac2; ADP-
ATP carrier, Pic; phosphate carrier, TCA; citric acid cycle, Succ.; succinate, Fum.; fumarate, Q; 
ubiquinone, OM; outer membrane, IMM; inner mitochondrial membrane, IMS; intermembrane space, 
P-side; positive side, N-side; negative side.   

 

Two transporters, ADP-ATP translocator (ANT or Aac) and the phosphate carrier (Pic) are used 
to transport ATP out of, and ADP and Pi into the mitochondrial matrix. The ADP-ATP 
translocator also binds to the proton-translocating complexes of OXPHOS [3–5].  

 

2.3 To respire or ferment, that is the question 
 

S. cerevisiae has an outstanding ability to use the carbon source that is offered and adapt to 
different metabolic conditions. Fermenting sugar is a way to survive at low oxygen 
concentrations, while respiration on, for example, glycerol or ethanol is preferred when oxygen 
is available. S. cerevisiae is a so-called Crabtree-positive organism [6], which means that it can 
ferment even in the presence of oxygen. Hence, when grown in the presence of oxygen, growth 
by fermentation or respiration is determined by the carbon source, specifically the glucose level, 
which represses respiratory genes [7]. Galactose is a respiro-fermenting carbon source on which 
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cells can both ferment and respire. During the fermentative phase, respiratory carbon sources 
such as ethanol, glycerol or lactate, which are products, build up [8]. When the fermentative 
carbon source is consumed, the cells shift to respiration, if oxygen is available. This is called 
the diauxic shift. A culture at stationary phase primarily respires but, more importantly, should 
not be regarded as a homogenous population in senescence [9]. Rather, many sub-populations 
of cells are present with different proteome and mitochondrial ultrastructure and metabolism. 
After the diauxic shift, the volume of mitochondria in relation to total cell volume, increases 
from approximately 3 % in fermenting cells to 10 % in respiring cells [10]. But after the diauxic 
shift, many populations that are more or less respiring are likely to co-exist [9]. The morphology 
of the mitochondria also changes in response to respiratory conditions, by for example increased 
formation of cristae (Fig. 1) [10, 11].  
 
Another feature that distinguishes fermenting cells from respiring is the iron content, or rather, 
if iron is bound in heme molecules, complexed to proteins, or as non-heme iron species. While 
in respiring mitochondria almost the entire iron population is found in proteins, during 
fermentation as much as 75 % is in the free form as various non-heme species [10]. 
 
What determines, or influences, the level of heme proteins in mitochondria? 
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3 Heme, heme proteins and yeast strains 
 

The regulation of the diauxic shift lies mainly at the transcriptional level [6] where the heme 
activator proteins, Hap1 and Hap2/3/4/5, have key roles [12]. If the oxygen tension drops below 
a certain level, heme synthesis cannot pursue, as it requires oxygen [13, 14]. Thus, when oxygen 
tension is sufficient, heme is synthesized, which in turn activates heme-activator proteins that 
regulate the expression of an array of proteins, many of which have various roles during 
oxidative phosphorylation [15]. Among the genes regulated by Hap1, cyc1 (cyt. c isoform-1), 
cyc7 (cyt. c isoform-2) and yhb1 (yeast flavohemoglobin) are found. It is worth mentioning that 
one of the strains used in our laboratory, BY474, is a daughter strain of S288c which has a 
mutation in the Hap1 gene. It has been argued that daughter strains of S288c might not be the 
most optimal for work on OXPHOS enzymes, due to low expression levels of these enzymes 
[16]. Also, previous studies that compared the reaction of CytcO with O2 in strains BY474 with 
W303 (also used in our laboratory), had suggested a functional difference [17]. Although the 
expression level of respiratory enzymes does differ between the two strains (higher in W303), 
it appears not to be associated with the Hap1 mutation and also did not influence our data. Work 
done in the laboratory of Winge showed that introducing the wild-type Hap1 gene into BY474 
did not alter the levels of CytcO or supercomplex formation [18]. In the work presented in 
paper IV, we set out to compare the kinetics of oxygen reduction by CytcO in the BY474 and 
W303 strains. Contrary to the results of Trouillard et al., [17] our results did not indicate any 
significant difference in oxygen reduction between the two.  
 
Hemes are produced in a consecutive order, starting with heme b from which hemes c or o can 
be synthesized, and then heme a is synthesized from heme o [19, 20]. Heme b is farnesylated 
by farnesyl transferase (Cox10) to heme o. Heme o in turn undergoes hydroxylation by the 
monooxygenase Cox15 together with ferredoxin (Yah1) and ferredoxin reductase (Arh1) to 
produce the formyl characteristic of heme a [21] (Fig. 2). In eukaryotes, CytcO is the only heme 
a-containing protein. In paper IV, we characterized CO-recombination to yHb by the use of a 
yah1 null mutant strain lacking CytcO, but with heme-b containing proteins, such as yHb, intact.  
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Figure 2. Heme synthesis. Heme b is farnesylated to form heme o by Cox10. One of the methyl groups 
of heme o is oxidized to a formyl by Cox15 and Yah1, which results in heme a. Structures of hemes b, 
o, a and c are based on PDB 3WG7, 1FFT, BBI46762-mmc3 and 1CHH, respectively [22–25]. 
 
When the general heme levels are low, proteins having heme b, heme c or heme o are produced 
to a larger extent than those containing heme a [20, 26]. This is a result of the extra steps 
required to synthesize heme a from protoporphyrin IX. These steps involve addition of a 
farnesyl and a formyl by enzymes having a lower affinity for heme than those involved in 
producing the other hemes [20]. Therefore, under conditions of low heme levels, leading to less 
heme a, CytcO is found at a lower relative concentration compared to the other heme proteins.  
 
 
This brings us to CytcO and its activity.  
 

 

 

 

 

 

 

 



12 

 

4 Cytochrome c oxidase 
 

4.1 Reaction with oxygen  
 
CytcO catalyses reduction of O2 to H2O, linked to proton pumping across the membrane.  
 
O2 + 4 cytc2+ + 8H+

n  2H2O + 4 cytc3+ + 4H+
p 

 
The sub-scripts p and n refer to the positive and negative sides of the membrane, respectively. 
  
Four of these protons are transferred to O2 while the other four are pumped. The reduction of 
O2 is exergonic and the free energy of the reaction contributes to maintaining the proton 
electrochemical gradient by means of charge separation and the proton pumping. CytcO 
contains four redox-active cofactors; CuA, hemes a and a3 and CuB. The latter two form the 
catalytic site (CS) also called the binuclear centre (Fig. 3). 
 

 
 

Figure 3. CytcO, front and side view. The subunits that are discussed in the text are indicated. The 
approximate path for oxygen binding is shown. The figure is based on the yeast model BBI46762-mmc3 
[24] which is based on the structure of bovine CytcO.  
 
 
Electrons are transferred from of cyt. c to CytcO at CuA, in the soluble part of Cox2. Upon 
reduction of CuA the electron is transferred perpendicularly to the membrane to heme a and 
onwards to the catalytic site, parallel to the membrane (for reviews see e.g. [27, 28]). 
Upon reduction of the catalytic site, O2 is bound (denoted RA), with a time constant of ~10 µs 
at 1 mM O2, and becomes reduced by the electrons that reside at heme a3, CuB and Tyr244 
(bovine CytcO numbering), resulting in scission of the O-O bond (AP) with a time constant 
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of ~30 µs. This reaction is followed in time by slower reactions that involve electron transfer 
from CuA and heme a to the catalytic site where two protons are taken up and one proton per 
electron is also translocated to the positive side of the membrane (PF and FO with time 
constants of approximately 100 s and 1 ms, respectively). 
 
Before we discuss ligand binding of CytcO, we go through the tools at our disposal to 
investigate them and what information we retrieve from studying ligand binding. 
 

4.2 Flash photolysis and flow flash  
 
In flash-photolysis experiments, the sample is incubated in an anaerobic environment 
containing CO in a closed cuvette. Under these conditions CO binds to the pre-reduced catalytic 
site. The cuvette is placed in a spectrophotometer at a wavelength that is selected depending on 
the co-factor that is investigated, and absorbance changes are recorded. Laser-flash-
illumination of the CytcO-CO complex results in dissociation of the ligand, which enters the 
bulk solution and then rebinds (Fig. 4). No electron transfer can occur after flash photolysis of 
CO from the fully reduced enzyme. The information retrieved from the rate of recombination, 
number of kinetic components and their respective amplitudes offers structural information on 
the catalytic site, which in turn may determine the kinetics of oxygen binding. 
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Figure 4. Flash photolysis. A. Experimental setup. The wavelength is chosen with the monochromator. 
The monochromatic light illuminates the sample, the transmitted light is detected by the photomultiplier 
tube (PMT) and transformed into voltage that is amplified and monitored using an oscilloscope. The 
laser flash dissociates the CO ligand from the catalytic site, which alters the spectral properties (see red 
trace). B. Illustration of heme a and the catalytic site (heme a3 and CuB) starting with pre-bound CO at 
the catalytic site. The laser flash induces CO-dissociation (2) and CO then rebinds, via CuB (3), seen as 
the decrease in signal. Structure based on BBI46762-mmc3 [24].  

 
 
The spectral properties of heme a3 are determined by the redox state, whether or not it interacts 
with ligands and the identity of the ligand. CuB is spectrally silent. However, because the CO 
ligand is transferred from heme a3 via CuB, if there is a perturbation at CuB, it is likely to be 
displayed in altered CO-binding kinetics. The CO-recombination in rcf1 mitochondria 
(papers II and III) might involve an altered or even lost CuB, since recombination via an intact 
CuB was expected to be slower. 
 
The laser flash induces an instant initial absorbance peak from un-ligated, reduced, heme a3 at 
445 nm. The following CO recombination to heme a3, via CuB, is seen as a decrease in 
absorbance to the base level (Fig. 4). The amplitude of the signal corresponds to the 
concentration of the population that reacts with CO. Thus, the amplitudes of different kinetic 
phases emanate from kinetically distinct populations, likely having structurally different 
catalytic sites. Quantification of these populations is complicated by a potentially altered, 
unknown, absorbance coefficient of the novel states.  
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The flow-flash technique is used to characterize electron transfer in the oxidative phase of a 
single turnover reaction with oxygen (Fig. 5). Here, the CO-bound anaerobic sample is mixed 
with an oxygenated solution just before the laser flash releases CO, after which oxygen binds. 
The reaction proceeds as electrons are transferred via the redox centers to oxygen. The 
associated absorbance changes, recorded at wavelengths corresponding to each redox center, 
are used to identify the reactions and to determine their rate constants.  
 

 

 
 

Figure 5. The flow-flash technique. Illustration of the experimental set-up used in a flow-flash 
experiment, which is used to determine electron transfer rates between the different redox centers. The 
anaerobic sample of CytcO-CO is mixed with an oxygenated buffer after which the laser flash releases 
the CO-ligand and oxygen binds. Structure based on BBI46762-mmc3 [24].  

 
4.3 Ligand binding 
 

4.3.1 Hemes a and a3  

The iron ion of hemes can interact with six ligands, of which four sites are occupied by nitrogens 
of the protoporphyrin. The remaining two axial positions are often occupied by imidazoles of 
histidines (His). In heme a, both of these sites are occupied by His residues and the iron is in a 
hexa-coordinated, low-spin state. In heme a3, only one of these sites is occupied by His, and 
the iron is thus penta-coordinated, with the iron in a high-spin state (Fig. 6). O2 binds at the free 
position where other ligands, such as CO, NO or CN- also can bind [29].  
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Figure 6. Heme a and the catalytic site. Hemes a and a3 in red, the iron in brown and CuB as orange 
sphere with their respective ligands indicated. Structure based on BBI46762-mmc3 [24].  
 
 
Why is heme coordination relevant for this work? Because a hexa-coordinated heme can in 
principle loose one of its axial ligands rendering it able to bind an external ligand. In paper II 
we characterized the ligand binding of CytcO in wild-type and rcf1 mitochondria. In the rcf1 
mitochondria, our probe for ligand binding to the catalytic site, CO, bound approximately 100 
fold faster than to the wild-type CytcO. The rapid CO-recombination originated from a fraction 
of the CytcO, while the kinetics of the other population was the same as that of the wild-type 
CytcO. The CO-recombination to these two populations is referred to as the “initial fast phase” 
and the “slow phase”, respectively. Data presented in an earlier publication suggested that, upon 
addition of Higd1a (a protein which belongs to the hypoxia inducible gene domain family), the 
mammalian homologue of Rcf1, to bovine CytcO, heme a turned penta-coordinated [30]. 
Therefore, in paper III we explored the hypothesis that heme a had lost an axial ligand and 
was able to bind CO. To this end we used CN- as a tool. Cyanide binds to oxidized heme a3 
with high affinity [31] possibly by bridging heme a3 and CuB [32]. In this way, heme a3 is 
locked in its oxidized state and unable to bind oxygen or CO. Thus, if the fast phase remained 
upon addition of CO it would suggest that another heme than heme a3, was able to bind CO.  
 
Changes in the spin-state are reflected in changes in absorbance spectra. For example, the peak 
at 424 nm of oxidized bovine CytcO shifts to 428 nm upon CN- binding, reflecting the shift 
from high- to low spin state [33]. However, binding of a ligand does not necessarily result in a 
shift of the spin state, nor is it always easily visible in the UV-Vis spectra.  
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4.3.2 CO-binding to other hemes  

There are challenges associated with investigating an altered ligand binding to CytcO in 
mitochondria. One obstacle is the many spectrally active co-factors present, which makes a 
subtle alteration difficult to detect. Also, if there is indeed a structural alteration around heme 
a, this is likely to alter its spectral properties, i.e. the absorption coefficient. 
 
As mentioned above, there are other heme proteins in mitochondria that may also bind CO 
thereby complicating the data interpretation. One is the heme b-containing yHb (Fig. 7). The 
presence of yHb in the IMS resulted in observation of kinetic components associated with very 
slow CO-recombination, much slower than that with CytcO. Characterization of the location of 
yHb and kinetics of CO ligand binding to the protein is presented in paper IV. On this note, 
yHb was previously shown to be located in the cytosol and mitochondrial matrix [34]. However, 
we found that the protein is also located in the IMS (paper IV). 
 
   

 
 

Figure 7. Structure of yHb (PDB 4G1V) [35]. Heme b in red and the FAD co-factor in green.  
 
 
We will now look at the different subunits of CytcO and their functions.  
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4.4 Structure and function of cytochrome c oxidase  
 

Cytochrome c oxidases from different organisms are composed of a variable number of subunits 
ranging from three to thirteen. The S. cerevisiae CytcO has eleven subunits (see Table 1 for 
their nomenclature). Eukaryotic CytcOs have dual genetic origin with the core subunits (Cox1-
3) encoded by the mtDNA and translated on mito-ribosomes while the others are imported from 
the cytosol. In the following description, the subunits are referred to according to S. cerevisiae 
numbering as Cox1-13, and the mammalian homologues in Roman numerals, CoxI-VIII. 
Subunits of bacterial homologues are denoted SU (subunit) I-IV. The residue numbering refers 
to the equivalent numbering in S. cerevisiae yeast. 
 
 

Table 1. Subunit composition of S. cerevisiae and bovine CytcO. 
(Numbering as in [24]) 
 
 

S. cerevisiae 

(Cox nr) 

Bovine 

(roman numeral) 

1 I 
2 II 
3 III 
4 V b 
5a IV/1 
5b IV/2) 
6 Va 
7 VIIa (VIIa-1 and VIIa-2) 
8 VIIc 
9 VIc 
12 VIb (VIb-1 and VIb-2) 
13 VIa (VIa-1 and VIa-2) 
- VIIb 
- VIII 
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4.4.1 Cox1 

This mitochondrially-encoded core subunit has 12 transmembrane (TM) -helices and a 
molecular weight of about 59 kDa. It is the first subunit to be assembled and holds the catalytic 
site, the D proton pathway as well as most of the K-pathway residues. The entry site for the D-
pathway starts at the interface of Cox1 and Cox3 [36, 37] whereas the K-pathway starts at a 
residue located in Cox2 [38]. 
  
4.4.2 Cox2  

Cox2 has two TM -helices with the N-and C-terminals positioned in the IMS where the redox 
center CuA is situated. CuA is composed of two copper ions. Their insertion requires a large 
number of assembly factors, among them Cox17 and Sco1 (Suppressor of cytochrome oxidase 
deficiency 1) [39]. CuA is ligated to two cysteines, two histidines, one methionine and one 
glutamate (Fig. 8).  
 
 

 
 
Figure 8. CuA with ligands. The figure is based on the bovine CytcO structure PDB 3WG7 [40], 
colors according to atom code. 
 
 
The interaction between cyt. c and CytcO is mainly mediated by Cox2, primarily via 
electrostatic interactions [41] and important residues are aspartates and glutamates (Fig. 9) [42, 
43]. 
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Figure 9. CytcO and cyt. bc1. Illustration of the cyt. bc1 (dimer) – CytcO complex and the approximate 
path for electron transfer, mediated by cyt. c between cyt. c1 and CuA (dotted black line). Conserved 
Cox5/IV residues proposed to mediate the cyt. bc1 - CytcO interaction inside black circle. Charged 
CytcO residues (based on bovine structure) proposed to interact with cyt. c shown as surface in red [43]. 
CuA as orange spheres indicated with white arrow. The figure is based on bovine CytcO (PDB 3WG7) 
[40] and cyt. bc1 (1BGY) [22].  Note that CytcO subunits VIIb and VIII that are lacking in S. cerevisiae 
have been removed. 

 

4.4.3 Cox3 

This subunit has been ascribed a large number of different functions, but these have not been 
well characterized. It is one of the core subunits, but still one of the first to detach upon detergent 
treatment, together with Cox13/VIa, Cox12/VIb and VIIa. It is proposed to provide structural 
support to the catalytic site via bound lipids that are important for the interaction between 
Cox1/SUI and Cox3/SUIII. In the R. sphaeroides CytcO these are PE [44] while in the bovine 
CytcO they are PG, suggested to function as proton traps close to the D-pathway orifice [45]. 
SUIII also presumably forms the putative oxygen channel [46]. In the context of yeast 
mitochondrial supercomplexes, Cox3 is found to associate strongly with Rcf1 [3–5]. In the 
bovine respirasome, which includes CI, Cox3 is situated at the interface between cyt. bc1 and 
CytcO [47]. 
  

4.4.4 Cox5 

Cox5 is the largest mammalian and least conserved [48] of the nuclear-encoded subunits. It has 
only one TM -helix and the C-and N-terminals are found in the IMS and matrix, respectively. 
In S. cerevisiae Cox5 has normoxic and hypoxic isoforms (5a and 5b, respectively) that are co-
expressed with cyt. c isoforms 1 and 2, respectively. Cox5 and cyt. c isoforms are regulated on 
the transcriptional level by oxygen [49], heme [50] as well as NO [51]. On the proteome level, 
Cox5 isoforms are regulated by proteolytic cleavage of the “wrong” isoform [52]. The oxygen-
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dependent isoform expression of Cox5 is why this subunit has been ascribed a central role in 
the regulation of OXPHOS [53]. 
 

 
 
Figure 10. S. cerevisiae CytcO. Cox1 and Cox5 are indicated. Note the proximity of Cox5 (blue) and 
the TM -helices XI and XII of Cox1 (green). C-terminal residues of Cox5 in orange circle. The figure 
is based on BBI46762-mmc3 [24]. 
 

The TM -helix of Cox5 is juxtaposed to TM -helices XI and XII  of Cox1 (Fig. 10) and also 
harbors an ATP-binding site close to TM10 of Cox1 [13]. The C terminus is highly conserved 
between the two Cox5 isoforms and a CytcO lacking the last 10 residues in the C terminus of 
Cox5 is completely inactive [13]. This finding implies that the functional difference does not 
originate from the C-terminal residues. Cox5 is one of the subunits that may undergo 
posttranslational modifications, such as phosphorylations. Residues that undergo 
phosphorylations are primarily N-terminal serines situated in the matrix [54]. In addition, ATP 
binding to bovine CytcO increases the Km for cyt. c [55] mediated by Cox5/IV [56].  
  
Support for a functionally important role of Cox5  comes from FTIR experiments in which CO-
ligation to the catalytic site of CytcO having either Cox5a or Cox5b was investigated [57]. 
CytcO with 5a was found to have two distinct populations, while the one with Cox5b was 
homogenous (see the section on “Populations of CytcO”).  
 
Intriguingly, during CytcO assembly Cox5 is incorporated just after Cox1, even before the core 
subunits Cox2 and Cox3 [58, 59]. It has also been shown that in a yeast strain lacking CL the 
fraction of supercomplexes was decreased, as was the CytcO expression level and the CytcO 
was less active. Addition of an expression vector with Cox5a restored the level of CytcO, its 
activity and association into supercomplexes [18]. It must be mentioned that in a model of the 
yeast supercomplex, Cox5 mediates the interaction between cyt. bc1 and CytcO [60]. 
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Importantly, in a study that compared the activity of CytcO having either one of the two yeast 
Cox5 isoforms showed no effect of Cox5 substitution under aerobic conditions and when the 
genetic conditions were such that  expression levels were similar [61]. The authors did, 
however, measure a more than two-fold increase in oxygen-reduction rate of CytcO with 
Cox5b, compared to Cox5a, when the genetic conditions were such that Cox5b was less 
expressed compared to Cox5a. In this strain, Cox5a and Rox (the suppressor of Cox5b under 
normoxic conditions) were genetically deleted, allowing an unmodulated expression of Cox5b 
under its own promoter (otherwise placed under the promoter of Cox5a). The authors discussed 
their finding in the context of supercomplex formation and they speculated that formation of 
supercomplexes and Cox5 isoform expression could potentially go hand in hand. This 
conclusion was also supported by results from other studies [51, 56]. From a structural point of 
view, this conclusion does not seem unlikely, given the position of Cox5 at the interface in the 
yeast supercomplex [60].  
 
One intriguing feature of CytcO having Cox5b is its reported ability to reduce nitrite to nitric 
oxide at low oxygen tension or anoxia [51]. This makes nitrite an alternative electron acceptor 
for CytcO when oxygen is absent, thereby enabling a continued energy conversion. In addition, 
the product nitric oxide functions as a signaling molecule which up-regulates the expression of 
hypoxic genes, such as CYC7 (cyt. c isoform-2) [51], which is co-expressed with Cox5b. Thus 
a feed-back mechanism is established to further promote the expression of hypoxic genes. NO 
which is toxic is kept at low levels by yHb.  
 

4.4.5 Cox12 (VIb) 

Cox12 is small, highly conserved [48], completely IMS-located and, in crystal structures, it 
provides a dimerization-site for CytcO monomers, together with Cox13 [43, 63]. Cox12 is 
easily lost during purification or upon removal of CL [64]. The resulting CytcO does not appear 
to be inhibited in any way, apart from losing its ability to dimerise. The residues that interact 
with the other monomer are found in a loop of conserved residues, one of them being glycine 
47 (Gly47) which is found in all taxa [48]. If, however, Cox12 is genetically deleted, the CytcO 
level is severely diminished, presumably due to an impaired assembly [65]. In support of a role 
during assembly, Cox12 was found to be involved in copper insertion into Cox2 [66]. 
Interestingly, Cox12 appears to be an interaction partner for cyt. c [3, 4, 43, 48] which would 
not be surprising given that Cox2 and Cox12 are found next to each other in the CytcO structure 
(see Fig. 9). That the association between Cox12 and cyt. c could be functionally relevant finds 
support in the identification of a testes-specific Cox12/VIb-T isoform [67] suggested to be co-
expressed with a testis-specific isoform of cyt. c [68], the only mammalian cyt. c isoform [69]. 
The mammalian cyt. c isoforms differ primarily in their C-terminal regions. This tissue-
specificity of cyt. c suggests a potential adaptation to environmental conditions of CytcO, 
manifested via changes in Cox12.  
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4.4.6 Cox13 (VIa)  

This subunit has been shown to be particularly important for formation of the tetrameric 
supercomplex composed of III2/IV2 [3-5]. Purified yeast CytcO was found to exist in two 
populations, defined by the presence or absence of Cox13 [4]. Cox13, in turn, is lost upon 
genetic removal of Rcf1 [4]. Cox13 is not required for the assembly of CytcO [70, 71] but 
mediates, together with Cox12, its dimerization, though the details of this are elusive [63]. The 
first N-terminal residues of bovine Cox13/VIa mediate the interaction with Cox1 on the other 
monomer, but only one of these residues is well conserved [48]. Bovine Cox13/VIa requires 
CL to associate with CytcO [57, 58, 66]. In terms of regulation, CytcO can be both activated 
and inhibited by ATP in ways suggested to involve Cox13/VIa [71]. A cluster of conserved 
residues in the cytosolic region are suggested to form the ATP-binding motif [48]. 
 
It is worth noting that the gene for Cox13 contains a conserved binding site for the 
transcriptional regulator Hap4, involved in up-regulation of nuclear-encoded genes needed for 
the diauxic shift [12]. In line with this, Cox13 is up-regulated by the respiratory carbon source 
glycerol [73]. 
 

4.4.7 Populations of CytcO 

Distinct populations of CytcO having different ligand binding kinetics and spectral properties  
have been described for different organisms [28, 69, 70, 71, 72, 74]. The two populations are 
in the oxidized enzyme termed pulsed/resting or fast/slow, defined based on the kinetics of 
cyanide inhibition. The populations of the reduced enzyme are characterized by their different 
spectral properties when bound to CO and called conformers I and II [13]. The various forms 
are suggested to result from a structural flexibility around the catalytic site [77].  
 
 
Let us continue on our path into the IMS and cytochrome c.  
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5 Cytochrome c  
 

Cytochrome c is a small protein with a molecular weight just below13 kDa. In mitochondria 
cyt. c is a hub that links OXPHOS, apoptosis and mitochondrial protein import linked to 
oxidative folding. Cytochrome cs across species have a number of highly conserved residues 
[79], which include lysines that mediate the interaction of cyt. c and CytcO [41] (Fig. 11 A). 

Heme c is distinguished from other hemes in that it is covalently attached to the peptide via 
conserved cysteines [79]. The heme axial ligands are methionine and histidine. Note that the 
heme molecule resides in a cavity near the interacting surface which places the methionine and 
the cysteines that co-ordinate the heme molecule close to the area of protein-protein interaction. 

 

Figure 11. S. cerevisiae cyt. c isoforms-1 and 2. A Surface structure. Positive residues (lysine or 
arginine) important for the interaction with CytcO in blue, the fungi-specific N-terminal residues in light 
grey, the isoform-2 specific first N-terminal residues in dark grey and the C-terminal in light green. B 
Sequence alignment of isoforms 1 and 2. Cysteines in yellow (the first two make the covalent attachment 
of heme to the protein and the third, Cys102, is specific for isoform-1). Heme axial ligands His18 and 
methionine 80 (Met80) in cyan. The N-terminal residues in light and dark grey are the same as in A. 
Black arrow indicates the first residue in other species. Structures from PDB 1CHH (isoform-1) [25] 
and 3CXH (isoform-2) [80].  

 

As already discussed above, S. cerevisiae has two oxygen-dependent isoforms of cyt. c (co-
expressed with Cox5a or 5b, respectively) that differ primarily in their N-terminal regions 
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where isoform-2 has four residues that are not present in isoform-1 (Fig. 11 B). The N-terminal 
residues that are found only in isoform-2 were proposed to explain (at least in part) the selective 
ubiquitin-mediated degradation of apo-cyt. c isoform-1, which is not involved in the 
degradation of isoform-2 [81]. Also, isoform-1 has a cysteine 102 (Cys102) in the C-terminal 
which makes it more prone to dimerize [41]. Interestingly, the nine N-terminal residues just 
mentioned are specific for fungi.   

Synthesis of cyt. c and CytcO are intimately connected. Cells that lack cyt. c cannot assemble 
CytcO [82]. Intriguingly, the mechanism appears to be structural, rather than functional. This 
conclusion was illustrated by using a “catalytically dead” cyt. c mutant where a highly 
conserved residue, tryptophan 65 (Trp65) necessary for electron transfer, was replaced by a 
serine. While a cyt. c null mutant completely lacked heme a, the redox-inactive mutant was 
able to partially support CytcO assembly. Also, expression of CytcO did not require 
stoichiometric amounts of cyt. c. 

  

5.1 Cytochrome c and Rcf1 
 
In paper II we argued that Rcf1 is involved in the interaction between CytcO and cyt. c. The 
basis for our conclusion was primarily the finding that a greater fraction of cyt. c was oxidized 
when Rcf1 was genetically removed, despite CytcO showing a decreased oxygen-reduction rate 
in the rcf1 strain. We observed that in the presence of Rcf1, after addition of quinol, the cyt. 
c pool was reduced and remained reduced. This behavior was interpreted in terms of an initial 
reduction of the cyt. c pool by cyt. bc1 after which electrons were transferred via a pre-bound 
cyt. c directly to CytcO. In the absence of Rcf1, after an initial reduction of the cyt. c pool by 
cyt. bc1, cyt. c was re-oxidized by CytcO. Hence, the data indicate that Rcf1 binds cyt. c. 
  
Binding of Rcf1 to cyt. c is also supported by recent solution NMR studies [83] (Fig. 12 B). 
Other (unpublished) FCS (fluorescence correlation spectroscopy) data from our laboratory 
show a physical interaction between cyt. c and Rcf1. In those experiments Rcf1 was 
reconstituted in GUVs (giant unilamellar vesicles) with cyt. c added. Although cyt. c did bind 
to the vesicles in the absence of Rcf1, the interaction was greatly increased in the presence of 
Rcf1. 
In yet another unpublished study CytcO from the rcf1 strain was reconstituted into liposomes 
and purified Rcf1 was introduced. The activity of the otherwise less active CytcO was restored 
to wild-type level, though the mode of interaction remains to be resolved. Collectively these 
data present strong support for an interaction between Rcf1 and cyt. c.  
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Our conclusions also find support in another publication that compared the oxidation of cyt. c 
by CytcO where cyt. c was either wild-type or modified at tyrosine 48 (Tyr48) [84]. In these 
experiments the involvement of Rcf1 in the oxidation of cyt. c by CytcO in yeast wild-type or 
double Rcf1/Rcf2 null mutant strains were studied. Furthermore, the authors performed 
experiments where mammalian Higd1a or Higd2a was added to purified bovine CytcO where 
they noted an increased oxidation of cyt. c by CytcO. The effect was greater with the 
unmodified cyt. c. Hence, these data also point to Rcf1/Higd proteins as modulators of CytcO 
activity in a way that involves Tyr48 of cyt. c. Data from the Stuart laboratory showed that in 
a truncated variant of Rcf1, lacking the large C-terminal, the effect of Rcf1 on supercomplex 
formation was mediated by the conserved Hig-domain [3] (see Fig. 12 A for a schematic of 
Rcf1) 
To summarize, (i) Rcf1 may be involved in the assembly of CytcO [85], (ii) cyt. c is structurally 
essential for assembly of CytcO [82] and (iii) Rcf1 binds cyt. c [83]. When combining these 
findings one may speculate that Rcf1 and cyt. c together participate in the biogenesis of CytcO. 

   

Figure 12. Structure of Rcf1. A Predicted structure having two TM -helices and the C-terminal as an 
IDP (intrinsically disordered protein). The predicted orientation was also supported biochemically [3].      
B Structure as determined by solution NMR, with 5 TM helices and three charged residues in the last 
soluble domain proposed to be part of the interaction with cyt. c. (modified from [83]). 

 

As mentioned above, cyt. c is also involved in import of proteins destined for the IMS that go 
via the Mia40 pathway, another mitochondrial electron transport chain we will have a glimpse 
at now.   
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5.2 Cytochrome c in oxidative folding 
 

Mitochondria have different pathways for protein import, depending on their target location. 
One is the Mia40 pathway, which employs so-called oxidative folding for import of IMS-
targeted soluble proteins that have a twin-cysteine motif (either CX9C or CX3C) [48, 79, 87]. 
Briefly, Mia40 oxidizes the substrates by creating disulfides between the cysteines of the motif. 
The disulfides, at the same time, assist in folding the proteins and capture them in the IMS. The 
Mia40 pathway is influenced by the oxygen level, and requires the activity of respiratory 
enzymes [86]. After Mia40 has oxidized its substrate, it is re-oxidised by Erv1 (Essential for 
respiration and vegetative growth protein 1). This is an essential flavin-containing sulfhydryl 
oxidase which delivers the electrons from Mia40 to either oxygen directly or, more commonly 
under physiological conditions, via cyt. c to either CytcO or cyt. c peroxidase [53, 87, 88]. Note 
that among the proteins imported via this route several CytcO assembly factors e.g. Cox17, 
Sco1 and cmc1 (Cx9C mitochondrial protein necessary for full assembly of cytochrome c 
oxidase) are found. The soluble IMS located subunit Cox12, is also imported via the Mia40 
pathway [89].  
In yeast, but not in higher eukaryotes, a ternary complex of Mia40, Erv1 and cyt. c has been 
described and shown to be anchored to the IMM via Mia40 [53, 87]. This places cyt. c and 
CytcO in a really exciting cellular context because they define the intersection where the 
electron transfer-chains of OXPHOS and oxidative folding physically converge.  

Before we continue with respiratory supercomplexes we discuss the mitochondrial membrane, 
which is at the core of respiration with influence on both the stability and activity of the 
respective proteins and their propensity to form larger assemblies.  
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6 The membrane  
 
The lipid composition determines, for example, membrane fluidity, thickness, surface charge, 
packing and intrinsic curvature [90]. Lipids can be cone-shaped to various degrees, which make 
them more or less prone to form bilayers. Cone shape also positively correlates with membrane 
fluidity [90] and influences protein mobility [91]. The protein/lipid ratio of the IMM around 
cristae, is 75%/25%, where respiratory enzymes may constitute up to 80% of total protein 
content [92]. The crowded nature of the IMM is sometimes considered a reason for assembly 
of respiratory enzymes into supercomplexes. This argument is however refuted by others 
because e.g. beef heart mitochondria, which have a higher protein density than yeast 
mitochondria, maintain their respiratory enzymes as separate entities to a larger extent than 
yeast does. Roughly 20% of mammalian CytcO is found in supercomplexes, while in S. 

cerevisiae, almost the entire population is in complex with cyt. bc1 [93].  

Cardiolipin is unique in terms of structure, charge, cellular location and synthesis, let us 
therefore explore it some more.  

 
6.1 Cardiolipin  
 

CL is a cone-shaped lipid, which results from the four unsaturated acyl chains that take up more 
space in relation to the smaller head group, which makes it so-called non-bilayer forming. Cone- 
shaped lipids put a strain on the membrane that at the same time supports the embedded proteins 
[94, 95]. The stabilizing role is particularly important for oligomeric integral proteins that 
switch between conformations where the transition between conformations may be induced by 
the lateral pressure of the membrane [95, 96].  Estimating a pKa to the two ionizable phosphates 
of the head group is difficult. Recent titration assays indicate that CL is a di-anion at 
physiological pH [97]. In the presence of di-valent cations (e.g. Ca2+), which reduce repulsive 
forces of the negatively charged head groups, CL can form higher order structures, such as 
inverted hexagonal phases [98] suggested to facilitate fusion and fission of mitochondria [90]. 
In fact, in proteo-liposomes of high CL content and low CytcO content, CL would associate 
into the inverted hexagonal phase when exposed to Ca2+. This is counteracted by increased 
amount of the integral membrane protein [98].  

Cardiolipin is plentiful in tissues with high energetic demands, such as beef heart mitochondria, 
from where it was first characterized. Specifically, CL resides in the energy-transducing highly 
curved IMM where it constitutes 5-25% of the total lipid content (data varies between sources 
[99, 100].  

In yeast cultures the CL content is altered according to metabolism such that it is mostly 
synthesized during the mid-exponential phase and its steady-state level is highest during early 
stationary phase, which is when cells respire [101, 102]. The requirement of CL for the activity 



29 

 

of CytcO differs between organisms. While in mammalian cells lack of CL influences activity 
and structure of CytcO, in R. sphaeroides [103] or S. cerevisiae [104, 105], it is not required. 
In yeast, however, lack of CL induces elevated levels of PG for compensation and yeast cells 
that lack both CL and PG are not viable [104]. Although CL, PE or PG are not required for 
viability under normal conditions, when placed under stress-conditions, the need for specific 
lipids to retain structure and function increases [106]. Like CL, PE is a non-bilayer forming 
lipid, the most common in yeast, but unlike CL it is zwitterionic [90] (Fig. 13 B).  

Either CL or PE is required to maintain an intact mitochondrial membrane potential [94, 107]. 
Interestingly, the activity of CL synthase (Crd1), which is a membrane protein situated on the 
inner leaflet of the IMM [108], is dependent on the electrochemical potential [101]. The activity 
of CytcO lacking CL is reduced to the extent that the proton gradient is diminished, which 
impairs membrane potential dependent protein import [94]. 

 
Now I would like to introduce the concept of lateral proton transfer, a mechanism by which 
protons can move between proton “producers” and “consumers”.  
 

6.2 Lateral proton transfer  
 

Lateral proton transfer via protonatable groups at the surface [109] provides a pathway for the 
protons along the surfaces of both membranes and proteins. Protonatable groups on the protein 
surface allow faster proton transfer to pathways that are used for proton translocation, as shown 
for R. sphaeroides CytcO [110, 111]. But protonation of protein residues is also influenced by 
the surrounding environment, as seen in the increased rate of protonation on CytcO residues 
near the membrane interface when reconstituted in a membrane, as compared to a detergent-
solubilized enzyme [112].  
 
In paper I we asked if protons move between membrane-bound proton “producers” and 
“consumers”, by lateral transfer along the membrane surface, or in exchange with the bulk. This 
problem was addressed using proteo-liposomes of different lipid composition with co-
reconstituted E. coli bo3 quinol oxidase and ATP synthase, and measuring the ATP-production 
rate (Fig. 13 A). Introducing CL into the liposomes had greatest effect on the ATP-production 
rate followed by DOPG and DOPA.   
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Figure 13 A. Experimental system used to investigate lateral proton transfer (paper I). B Structures of 
lipids used in the study. Acyl chain length and number of unsaturations vary greatly both between and 
within species. PC and PE are zwitterionic (neutral), PA and PG are negatively charged (-1) and CL has 
the ability to form either one or two negative charges, depending on pH. (Structures are from Avanti 
Polar Lipids web page: Avantilipids.com).  

 
We will now continue for a discussion on supercomplexes and their assembly, where lipid 
composition also plays a role.  
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7 Respiratory supercomplexes 
 
We have now arrived at the respiratory supercomplexes, whose existence for long was debated. 
With new techniques to visualize them, the questions asked today do not relate to their existence 
but rather why they exist and what mediates their formation. 
 
Respiratory enzymes are highly conserved, yet their assembly into supercomplexes varies 
between organisms. The need for and mechanisms of metabolic adaptation differ between 
organisms and also vary between tissues of higher eukaryotes. Recently, structures of  
mammalian respirasomes have shed some light on their organization [113–115]. A model of S. 

cerevisiae supercomplex based on single particle cryo-EM fitted with structures of yeast cyt. 
bc1 and bovine CytcO is also available [60] (Fig. 14).  

 

 

Figure 14. Model of the tetrameric CIII2CIV2 supercomplex of S. cerevisiae. Position of complexes 
based on [60]. Upper panel “front view”, bottom panel “top view”. CytcO is based on BBI46762-mmc3, 
[24] and cyt. bc1 on PDB 1BGY [22].  
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The function and role of the supercomplexes has long been debated. Some suggested roles 
include: substrate channeling, minimization of so-called ROS, kinetic advantages, stability of 
individual complexes [116, 117]. Supercomplexes have also been proposed to form under 
metabolic stress conditions [118]. The argument of protein stability primarily refers to 
mammalian CI that requires CIII and CIV for its stability [68]. In human and bovine muscle 
cells, 95% of CI is found in SCs. Importantly, CytcO is the only OXPHOS enzyme with 
adaptive isoforms [119] making it the central player, with which the other complexes associate. 
This role of CytcO is emphasized in the title of a review by Susanne Arnold: “The power of 

life- cytochrome c oxidase takes center stage in metabolic control, cell signaling and survival” 
[120]. 

 
In mammals, different metabolic requirements are manifested at the level of tissue or 
developmental stages, which they meet by expressing specific isoforms of CytcO [93] or by a 
flexible organization into supercomplexes. Mammalian CytcO appears mainly as free enzymes 
with around 20% in SC [121] but endurance exercise, where oxygen consumption is high, and 
the resulting oxygen level low, results in redistribution with less free CytcO and more in SC 
[122].  
 

Yeast may undergo more swift adaptations in response to, for example, a change in carbon 
source or altered oxygen tension. The organism meets these changes in conditions on several 
levels, from altered transcription profile to spatial reorganization of respiratory enzymes. In 
contrast to mammalian CytcO, the yeast CytcO is primarily found in complex with a dimer of 
cyt. bc1. The stoichiometry of complexes III and IV is a response to the environmental 
conditions. Respiratory growth on lactate or glycerol produces mostly the tetrameric III2/IV2 
SC, while growth on glucose to a larger extent results in a III2/IV1 stoichiometry and free cyt. 
bc1 dimers [93]. The III2/IV1 stoichiometry is also seen in rcf1 cells [3–5] and  cells lacking 
CL [123], both of which exhibit a dysfunctional respiration.  

 

7.1 Factors related to supercomplexes 
 

7.1.1 Rcf1  

Rcf1 is an 18 kDa peptide of 159 amino acid residues with two predicted transmembrane helices 
located in the IMM [3–5]. The N-terminal first 96 residues of Rcf1 form the Hig-domain which 
is highly conserved throughout the kingdoms of life (discussed above and illustrated in Fig. 

12). Its C-terminal, on the other hand, is fungi-specific and, according to predictions, an 
intrinsically disordered peptide (IDP) with a very high content of charged residues. There is no 
consensus on the role of Rcf1 as being an assembly factor for supercomplexes or for CytcO. 
The latter is suggested based on the observation that Rcf1 is required for formation of the fully 
assembled CytcO [85, 118].  
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Rcf1 interacts with both cyt. bc1 and CytcO, but binds stronger to CytcO [4, 5]. Cells having a 
truncated version of Rcf1, consisting only of the Hig-domain, still have functional CytcO and 
supercomplexes, indicating that independently of the role of the C-terminal, it is not required 
for activity of supercomplexes or CytcO [3]. Deletion of Rcf1 appears to put the cell in a 
respiratory-deficient mode, as manifested in the vastly reduced growth rate of the rcf1 strain 
on glycerol as compared to galactose [5] (and our unpublished data) and the diminished CytcO 
activity of the rcf1 strain [3, 4, 124].  

 

But the function of Rcf1 reaches beyond its role in CytcO assembly and function; it also 
associates with the ADP-ATP translocator Aac2, via its conserved Hig-domain. Their 
association persists when OXPHOS enzymes are removed, as concluded from work on rho0 
mutants lacking mitochondrial DNA (mtDNA) and thereby the OXPHOS enzymes [3, 125]. 
The function of the soluble fungi-specific domain remains to be determined. Even though the 
data collectively point to the Hig-domain as the functional unit, the observation that cyt. c 
isoform-2 also has an extended tail, present only in fungi, suggests that a putative interaction 
should be investigated. 

 

7.1.2 Rcf2 

Another member of the Hig-family of proteins is the fungi-specific Rcf2, which has also been 
implicated in formation of supercomplexes. However, genetic removal of Rcf2 does not 
influence CytcO to the same extent as removing Rcf1 [3– 5, 118]. In paper II we also 
characterized the effects on CytcO activity and ligand binding upon genetic deletion of Rcf2 as 
well as the double deletion of Rcf1 and Rcf2. In these experiments the deletion of Rcf2 did not 
influence CytcO to the same extent as was seen in the rcf1 strain. This observation was in 
agreement with results from previous studies [3, 4]. Therefore, our work was primarily focused 
on Rcf1. 

 

7.1.3 Aac2  

Although in the work presented in this thesis we did not investigate the ADP-ATP translocator 
Aac2, I have chosen to discuss it here. The reason is the involvement of Aac2 in supercomplex 
formation and its physical association with Rcf1, both of which are topics of this thesis. The 
expression of Aac2 is induced by oxygen and regulated by Hap2/3/4/5 [126], that also 
upregulate Cox13. Aac2 is responsible for the export of produced ATP and import of ADP, 
used as substrate by ATP synthase, and requires CL for function [127]. The transporter utilizes 
the electrochemical proton gradient for ADP/ATP transport.  

Aac2 associates with supercomplexes and specifically associates with Rcf1 in CIII2/CIV2 
supercomplexes [4, 121, 128]. Upon its removal fewer tetrameric SC are formed, while the 
trimeric form remains [4, 121]. Deletion of Aac2 also leads to impaired synthesis of CytcO 
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subunits Cox2, Cox4 and Cox5 [125]. Hence, lack of CytcO  potentially explains the decrease 
in tetrameric supercomplexes. The complex of Aac2 with respiratory supercomplexes has also 
been shown to include the inner mitochondrial membrane translocase, Tim23 [125], which 
facilitates protein import in a membrane potential-dependent manner [16].  

Hence, by removing Rcf1, an interaction partner for several proteins (cyt. c, CytcO, Aac2 and 
also the translocase Tim23) active in processes of energy conversion and protein import, is lost, 
with potential downstream effects we have yet to understand. 

 

7.1.4 Cardiolipin  

The distribution of small or large supercomplexes correlates with the CL content. This has been 
shown in yeast [123] and studies on synthetic systems [129]. Supercomplexes composed of 
III2/IV2 from S. cerevisiae were found to associate with around 50 CL molecules. These 
molecules were of the same acyl chain composition as the general CL population in the IMM, 
which suggested that the interaction does not require a specific CL species [60]. CL mediates 
supercomplex interaction by binding to lysines or arginines found at the cyt. bc1- CytcO 
interface [130]. Despite the stabilizing function of CL on CytcO, it is not essential for either 
fermentative or respiratory growth [123]. As mentioned, PE is a zwitterionic non-bilayer 
forming lipid [90] found in all membranes of the cell. Interestingly, PE and CL have opposing 
effects on SC stability, where PE rather stabilizes the complexes in their free form [94]. The 
CL/PE double mutant is lethal [131].  

 

 
 

 

 

 

 

 

 

 

 



35 

 

8 Questions and speculations 
 

In this section I would like to discuss some points mentioned above that I find particularly 
intriguing and thought-provoking. But, again, my thoughts on these issues go beyond the 
boundaries of the papers included. Still, I take the opportunity provided with this chapter to 
elaborate some on them. 

 

8.1 Heme synthesis and distribution of respiratory enzymes 
Recall that the heme synthesis is related to metabolism and the oxygen tension. At conditions 
of low heme levels, less CytcO is produced, not only in absolute numbers, but also relative to 
the other respiratory enzymes. Given that the amount and stoichiometry of supercomplexes 
seemingly relate to the level of fully assembled and functional CytcO, it is tempting to speculate 
that under conditions of low heme synthesis formation of supercomplexes is a way to direct 
electron transfer to those CytcO that are fully assembled and functional by linking these fully 
assembled CytcO with cyt. bc1.  

 

8.2 The Mia40 pathway, OXPHOS and the two-faced cyt. c 
I find the multi-tasking role of cyt. c to be particularly interesting, being involved in three 
seemingly unrelated processes. The Mia40 pathway, which facilitates import of small soluble 
IMS-located proteins, including Cox12 and several CytcO assembly factors, uses cyt. c as an 
electron mediator, which in turn delivers the electrons to CytcO. As mentioned above, Cox12 
has been found to be required for CytcO formation and suggested to participate in the assembly 
of Cox2. Importantly, the activity of the fully assembled CytcO is not impaired when Cox12 is 
lost. In addition, cyt. c is structurally required for synthesis of CytcO. The communication 
between the Mia40 pathway and OXPHOS deserves further investigation.  

 
8.3 Rcf1, cyt. c and Cox5 
There are a few points that may very well be completely circumstantial, but intriguing. As 
discussed above, there is support for an interaction between Rcf1 and cyt. c. Also, specific 
isoforms of cyt. c are co-expressed with the equivalent isoforms of Cox5. While the Hig-domain 
is well conserved between species, the C-terminus is fungi-specific. N-terminal residues of cyt. 
c isoform-2 are also fungi-specific. These fungi-specific termini of both Rcf1 and cyt. c are 
found externally. Rcf1 is implicated in formation of supercomplexes. In structures of 
supercomplexes, Cox5 is found where CytcO and cyt. bc1 interact. Collectively there appears 
to be a link/interaction between Rcf1, cyt. c and Cox5.  
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9 Populärvetenskaplig sammanfattning 
 

Barriärer är en förutsättning för liv. I cellen utgörs barriärer (membran) av ett tunt lager fett 
(lipider). Membraner skapar en avgränsning av olika rum vilken medför att passage av olika 
molekyler, ofta joner, kan regleras där enbart de med behörighet tillåts, eller ens kan, passera. 
Med membraner följer även att koncentrationen av en viss molekyl kan vara större på ena sidan, 
jämfört med på den andra, det vill säga, en gradient kan byggas upp.  

Ett av cellens många rum, mitokondrien, omvandlar energi vi får i oss med maten till en för 
cellen tillgänglig energi-molekyl, ATP. Det som extraheras ur maten för att ombildas till energi 
i form av ATP är elektroner (negativ laddning). Grunden för ATP-produktion baseras på att 
protoner (positiv laddning) pumpas av biologiska maskiner, enzymer, från ett rum i 
mitokondrien till ett annat. Denna pumpning drivs med hjälp av elektroner från maten. 
Slutstationen för elektronerna är syret vi andats in. Den protongradient som byggts upp, vilken 
kan jämföras med ett batteri som laddats, kan cellen sedan vid behov använda sig av. Processen 
följer samma princip som vattenflödet i ett kraftverk. Vatten som ansamlats kommer när porten 
öppnats att driva en turbin med resultatet att energi omvandlas till en för oss användbar form. 
Med samma princip kommer flödet av protoner, när de släpps tillbaka genom ATP-syntas (som 
syntetiserar ATP) få ATP-syntaset att snurra och ATP att bildas. Processen som omvandlar 
energi på detta vis kallas oxidativ fosforylering och utförs av fem proteinkomplex, numrerade 
komplex I-V. I det fjärde komplexet, cytokrom c oxidas, omvandlas syre, elektroner och 
protoner till vatten. Elektronerna transporteras mellan komplex III och IV med hjälp av ett litet 
protein, cytokrom c. Komplex IV kan även binda andra molekyler, såsom kolmonoxid eller 
cyanid. Denna förmåga är användbar när man undersöker dess egenskaper på molekylär nivå.   

Proteiner som sitter inbäddade i membraner påverkas av membranets egenskaper. I 
avhandlingens första artikel undersökte vi huruvida de pumpade protonerna som rör sig mellan 
de olika komplexen gör det nära membranets yta eller om de sprids ut i den omgivande 
lösningen. För detta skapade vi membran med olika ytladdning där vi satte in komplex IV och 
V samt varierade avståndet dem emellan. Våra data, som visade att de pumpade protonerna 
påverkades av dessa parametrar, var till stöd för teorin att protonerna rör sig i membranytans 
absoluta närhet.    

Många fundamentala biologiska processer skiljer sig förvånansvärt lite åt mellan till synes vitt 
skilda organismer. Bakjäst, Saccharomyces cerevisiae, är en encellig organism som uppvisar 
stora likheter med däggdjur. Detta, samt att den enkelt kan manipuleras med genteknik, gör den 
till ett effektivt forskningsverktyg. I arbetet som presenteras i artiklarna II-IV använde vi oss 
av bakjäst. 

Under senare år har kunskap om interaktionerna mellan de proteiner som tillsammans utför 
oxidativ fosforylering ökat. Man har noterat att komplexen går samman i så kallade 
superkomplex samt identifierat ett fåtal aktörer med betydelse för denna samverkan. Dessa är 
främst små proteiner som heter Rcf1 och Rcf2 (eng. Respiratory supercomplex factor) samt en 
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för mitokondrien unik fettmolekyl, kardiolipin. Eliminering av dessa, framförallt Rcf1, har visat 
sig ha betydande negativ inverkan inte bara på komplexens förmåga att interagera, utan även 
på cytokrom c oxidasets aktivitet.  

I den andra artikeln undersökte vi betydelsen av Rcf1 och Rcf2 för elektronöverföringen till 
och i cytokrom c oxidaset. Vi noterade att borttagande av dessa resulterar i bildandet av olika 
populationer, vilka skiljer sig åt i flera hänseenden. Tillsammans pekar våra data på att det 
område i oxidaset där syret omvandlas till vatten får en annan struktur när Rcf1 tas bort. Vidare 
fann vi att elektronernas väg från cytokrom c till syret, det vill säga genom cytokrom c oxidaset, 
påverkas av Rcf1. Vår tolkning är att Rcf1 är involverad i interaktionen mellan cytokrom c och 
cytokrom c oxidaset. 

I den tredje artikeln undersökte vi närmare hur cytokrom c oxidasets struktur ändras när Rcf1 
tas bort. Vi använde oss av cyanid som binder till samma plats som syre men ”låser” oxidaset i 
en inaktiv form. När oxidaset är ”låst” kan inte syre binda och elektroner kan inte heller passera. 
Våra data visar att när Rcf1 tas bort, förmår cyanid inte låsa oxidaset såsom förväntat. Detta 
antyder att strukturen där syre binder på något vis förändras när Rcf1 tas bort.  

Slutligen karakteriserade vi ett annat enzym, flavohemoglobin, samt identifierade dess 
fördelning i mitokondrien. Vidare jämförde vi reaktionen med syre hos cytokrom c oxidas från 
två olika jäststammar som skiljer sig åt i sin arvsmassa.  

Sammantaget har våra studier lett till ökad kunskap om samspelet mellan olika aktörer som 
utför oxidativ fosforylering och bidrar därmed till en djupare förståelse för de molekylära 
mekanismerna bakom denna energiomvandling.     
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