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Abstract
In the last step of cellular respiration, electrons from metabolites are transferred to molecular oxygen, mediated by the
enzyme complexes of the respiratory chain. Some of these enzyme complexes couple these redox reactions to formation
of an electrochemical proton gradient across the cell membrane. The proton gradient is used e.g. by ATP synthase to drive
synthesis of ATP.

The terminal enzyme complex in the respiratory chain, cytochrome c oxidase (CytcO), catalyses reduction of O2 to
water. In this process it contributes to maintaining the electrochemical proton gradient by two separate mechanisms: (i)
by uptake of electrons and protons from the opposite sides of the membrane (for O2 reduction to water). (ii) by proton
pumping across the membrane. Protons used in the O2 reduction, as well as protons that are pumped, are taken up through
two different proton-uptake pathways, the D and the K pathways. In addition, a third proton-transfer pathway has been
suggested for the mitochondrial CytcOs, namely the H pathway. So far, the molecular mechanism by which CytcO pumps
protons has not been determined.

In this work we have studied proton- and electron-transfer reactions in aa3-type CytcOs, with the aim of understanding
the functional design of the proton-pumping machinery in CytcO. First, we studied structural variants of CytcO from
the bacterium Rhodobacter (R.) sphaeroides, where an amino-acid at position 425, previously shown to undergo redox-
induced conformational changes, was substituted. The results point to a link between redox-induced structural changes and
intramolecular proton-transfer rates through the D pathway. Second, we studied the electron distribution in the “activated”
oxidized (OH) state of CytcO, by using an electrostatic complex of CytcO and cytochrome c. We also investigated
electron-transfer reactions linked to proton pumping in structural variants of CytcO from R. sphaeroides and the yeast
Saccharomyces (S.) cerevisiae, with mutations in the proposed D and H proton-uptake pathways. The data indicate that
the S. cerevisiae mitochondrial CytcO uses the D pathway for proton uptake and pumping as the R. sphaeroides CytcO.
Lastly, we studied reactions linked to proton uptake and pumping in structural variants of CytcO from R. sphaeroides with
alterations in both proton-uptake pathways. The data elucidated the mechanism of proton transfer and gating in CytcO.
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Abbreviations and nomenclature 

Abbreviations 

ATP        adenosine triphosphate 

CytcO       cytochrome c oxidase  

cyt. c       cytochrome c 

N-side/P-side    the more negative/positive side of the membrane 

redox       reduction/oxidation   

PMF       proton-motive force 

PLS       proton loading site 

 

   

 

 

 

 

 

Nomenclature for CytcO 

If not otherwise indicated, amino-acid numbering is according to the sequence 

of the R. sphaeroides CytcO (subunit I), e.g. 

 

E286 or Glu286   denote glutamate 286 in subunit I 

E101II or Glu101II   denote glutamate 286 in subunit II 

Asn139Asp  denotes a substitution of asparagine 139 subunit I to 

aspartate   
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1 Introduction 

Every single task performed by living organisms requires energy. The field of 

Bioenergetics seeks to elucidate how the energy is obtained and transformed 

in order to carry out biological work. 

 

The primary biological energy production processes, i.e. photosynthesis and 

cellular respiration, both involve generation of a transmembrane                    

electrochemical gradient, that is converted to chemical energy in the form of 

adenosine triphosphate (ATP). 

 

During cellular respiration, enzyme complexes of the respiratory chain utilize 

the redox span between nutrients and the final electron acceptor, dioxygen 

(O2), to drive electron transfer that is linked to translocation of protons across 

the energy-transducing membrane. The process yields a transmembrane      

proton electrochemical gradient. One of these proton-translocating complexes 

is cytochrome c oxidase (CytcO). This enzyme complex is conserved within 

the different kingdoms of life and functions as the terminal electron acceptor 

of the respiratory chain. It catalyzes reduction of almost all of the oxygen   

consumed by living organisms and uses the energy to pump protons across the 

membrane 1. As a major contributor to the transmembrane electrochemical 

gradient, this enzyme plays a significant role in the energy balance of aerobic 

organisms. 

 

While the overall function of CytcO is quite well established, the detailed   

molecular mechanism by which it couples the energy acquired by the redox 

reactions to proton pumping remains elusive and is the subject of this thesis. 
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2 Cellular respiration and energy conversion 

The inner mitochondrial membrane in eukaryotes and the cytoplasmic       

membrane of bacteria constitute a group of so-called energy-conserving    

membranes in which enzyme complexes of the respiratory chain use exergonic 

transfer of electrons to maintain an electrochemical gradient of protons across 

the membrane (a proton-motive force, PMF) (Figure 1). The PMF consists of 

two components, an electrical potential across the membrane (Δψ) and a      

proton concentration difference across the membrane (ΔpH): 

 

PMF (mV) =  Δψ −  2.3
𝑅𝑇

𝐹
ΔpH                                                                      Eq. 1 

 

The PMF is, in turn, used by the ATP synthase (also referred to as complex 

V) to drive formation of ATP, the major common energy currency within the 

cell. The overall process is known as oxidative phosphorylation and was     

postulated by Peter Mitchell in the chemiosmotic hypothesis of oxidative and 

photosynthetic phosphorylation 2. This hypothesis postulates the PMF as a 

universal intermediate in all primary biological energy converting              

mechanisms. 

 

Electrons, harvested from metabolism of biological macromolecules, i.e.    

sugars, proteins and fats, are delivered to the respiratory chain in the form of 

nicotinamide adenine dinucleotide (NADH) to NADH-ubiquinone                  

oxidoreductase (Complex I) and/or by succinate to succinate dehydrogenase 

(Complex II). Electrons are then transferred further via the mobile electron 

carrier quinol (QH2) to cytochrome bc1 oxidoreductase (Complex III).       

Complex III reduces the water-soluble electron carrier cytochrome c (cyt. c) 

located on the more positively charged side (P-side) of the membrane, from 

where the electrons are delivered to CytcO (Complex IV), resulting in             

reduction of O2 to water.  

 

Complexes I, III and IV, contribute to the PMF by translocating protons from 

the more negatively charged side (N-side) of the membrane and releasing 
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them on the P-side of the membrane while complex II contributes indirectly 

to the PMF since it is involved in reduction of the ubiquinone (Q) pool     

(yielding quinol (QH2)). 

 

The sequence of redox reactions within the respiratory chain not only results 

in production of ATP by means of oxidative phosphorylation, but also controls 

the redox state within the cell, mostly by re-oxidation of NADH. 

 

 

 
 

Figure 1. The aerobic respiratory chain and ATP synthase. Electrons donated by 

NADH and succinate are shuttled through the enzyme complexes of the respiratory 

chain and the mobile electron carriers, quinol (QH2) and cyt. c, to the final acceptor 

O2. The reactions catalysed by complexes I, III and IV are coupled to proton transfer 

(blue arrows) across the membrane, contributing to formation of the proton-motive 

force. ATP synthase uses the proton-motive force to produce ATP. 

2.1 A brief view on the thermodynamics in oxidative        

phosphorylation 

Oxidative phosphorylation can be viewed as an interconversion of free energy 

(ΔG) from one form to another, enabled by the energy-conserving membranes. 

The redox potential differences (ΔE) of the different components of the         

respiratory chain provide free energy to transfer protons against the PMF, 

maintaining a sufficiently high PMF to drive synthesis of ATP from ADP and 
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Pi by the ATP synthase. While ATP is constantly consumed by cytoplasmic 

ATP-requiring processes, the PMF is maintained by the respiratory chain. 

 

In this thesis the focus is on the final step of aerobic respiration, i.e. reduction 

of O2 to water catalysed by CytcO (complex IV). The high thermodynamic 

oxidation potential of O2 enables CytcO to harness the maximal amount of ΔG 

from the electron-transfer reactions of the respiratory chain with O2 serving as 

the final electron acceptor.  
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3 Proton transfer in biological systems 

Due to the hydrophobic interior of membranes they are impermeable to most 

ions, including protons. This property is essential for biological energy     

transduction as it prevents short-circuiting of the PMF.  

 

Active transport of protons across membranes requires energy. This driving 

force can be in the form of e.g. energy provided by ATP hydrolysis or by 

electron transfer from low-potential donors to high-potential acceptors, which 

is linked to proton transfer. The latter reaction must be gated through proton-

conducting pathways across the energy-conserving membranes. 

3.1 Proton pumps and redox loops 

As mentioned above, complexes of the respiratory chain (with the exception 

of Complex II), transport protons against the PMF. There are, however, two 

fundamentally different types of active proton transports that take place in the 

respiratory chain.  

 

In Complex III, protons are translocated across the membrane by a redox loop 

mechanism. Quinol (QH2), a neutral proton carrier produced by complexes I 

and II, acts to reduce the redox centers of complex III while releasing            

protons to the P-side of the membrane. Protons are taken up on the N-side of 

the membrane upon binding and reduction of quinone. The overall process is 

referred to as the Q-cycle. This way Complex III contributes to maintaining 

the PMF, however, not as a proton pump, since this mechanism does not         

involve direct transfer of protons against the PMF through proton-conducting 

pathways within the protein 3,4. 

 

Complexes I and IV function as proton pumps 5, that pump protons against the 

PMF. 
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3.2 Proton transfer within a proton pump 

Energy-driven transfer of protons through a protein requires                                

proton-conducting pathways. Furthermore, at least one gating element within 

the pathway is required to prevent back-leakage of protons that would        

short-circuit the PMF. A gating element can be e.g. a protonatable group with 

alternating contact with the two sites of the membrane resulting in modulation 

of the kinetic barriers for proton conduction in each direction 6. These changes 

in conformation can be linked to alternating proton affinity (pKa). 

 

Proton transfer within proton pathways is assumed to take place by the            

so-called Grotthuss mechanism (Figure 2) 7–9, where proton transfer occurs 

via hydrogen-bonded water molecules and/or protonatable amino acids that 

form a proton-conducting path. According to this mechanism, protonation (by 

a hydronium ion, buffer or water molecule) of a protonatable group at the     

orifice of a proton pathway causes re-organization of hydrogen-bonding      

pattern within the water chain, resulting in proton transfer along the chain and 

eventually proton release from the other end of the chain, towards a proton 

acceptor group. The acceptor group can be either the site of catalysis or a    

protonatable group with a pKa that can be tuned by e.g. an electric field (if 

redox reactions take place nearby) and/or local structural changes within close 

vicinity of the protonatable group. Even if the proton released is not the same 

proton as that taken up to the chain, the outcome is a net transfer of a proton. 

After releasing the proton, the polarity of the chain is reversed (turned) toward 

a proton donor again, in a step proposed to be rate-limiting for the proton 

transfer reaction 9.   

 

Organization of water molecules in a chain, like that described above,              

increases the rate of proton transfer extensively as compared to movement of 

a proton to a single water molecule, mainly because the stronger collective 

dipole field of the of the entire chain lowers the energy barrier for the proton 

transfer 10.  

 

Utilizing the Grotthuss mechanism for proton transfer relies on formation of 

hydrogen bonds in a strictly organized chain of water molecules (with an       

average distance of 2.5 Å between nuclei). This requirement makes the     

mechanism sensitive to relatively small local conformational changes within 

the protein, indicating a possible way of gating protons by altering distances 

and/or orientation of the water molecules 9.  



23 

 

An additional element found in the proton pump is the so-called proton      

loading site (PLS). The proton affinity of the PLS can be coupled to the redox 

state of the active site of the protein by electrostatic interactions between the 

two sites, facilitated by redox-coupled conformational changes. This         

mechanism would require the PLS to be situated close to active site where the 

exergonic chemistry takes place 6.  

 

The redox-driven proton pump CytcO encompasses all of the above             

characteristics of a proton pump. Energy for proton pumping is derived from 

transfer of electrons from cyt. c to the high-potential acceptor, O2. While the 

general conservation of energy via redox-coupled proton pumping in CytcO 

is quite well understood, the detailed mechanism of these coupled electron- 

and proton-transfer reactions remains to be elucidated.  

 

 

 
 
Figure 2. A schematic illustration of proton transfer through a hydrogen-bonded 

water chain according to the Grotthuss mechanism. The four water molecules within 

the chain are all ordered the same way for simplicity. Water molecules interconnected 

via hydrogen-bonds (dashed lines) are shown in (1). A proton (red) enters the chain 

forming a hydrogen-bond to a water molecule at the end of the chain (2), resulting in 

rapid transformation of hydrogen-bonds to covalent bonds (a proton hop) throughout 

the chain, resulting in a proton release (purple proton) at the other end of the chain 

(3). In the last step, all water molecules turn (4) to restore the original orientation 

(5/1). 
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4 Cytochrome c oxidase 

Cytochrome c oxidase is the terminal electron acceptor in respiratory chains 

of mitochondria and aerobic bacteria. This membrane-bound protein catalyses 

the reduction of oxygen to water and uses the free energy released in the          

reaction to generate and maintain an electrochemical gradient across the  

membrane. The electrochemical transmembrane gradient is not only          

maintained by the electron-driven vectorial pumping of protons across the         

membrane, but also by the consumption of electrons and protons on the         

opposite sides of the membrane, namely the P- and N-sides, respectively    

(Figure 3).  

 

 
 

Figure 3. Generation of an electrochemical transmembrane gradient by CytcO. 

CytcO functions as a proton pump that pumps protons across the membrane. In         

addition, the electrons and protons that are consumed in the O2-reduction reaction 

originate from the opposite sides of the membrane, resulting in a charge separation 

that contributes to the electrochemical transmembrane gradient. 

 

CytcOs from mitochondria and many bacteria belong to the A-type family of 

heme-copper oxidases 11. Among the best characterized A-type heme-copper 

oxidases are the mitochondrial aa3 CytcOs from bovine (Bos (B.) taurus) heart 
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and Saccharomyces (S.) cerevisiae as well as the bacterial aa3 CytcOs from 

Rhodobacter (R.) sphaeroides and Paracoccus (P.) denitrificans. These 

CytcOs are referred to as aa3 oxidases after their redox-active heme a              

cofactors.  

 

The proton-pumping stoichiometry of the A-type CytcO is one proton per 

electron transferred to the catalytic site, i.e. four protons are pumped for each 

O2 that is reduced to water. The electrons tunnel between the redox-active   

cofactors of the enzyme while the protons are transferred through two (or    

possibly three) specific proton-conducting pathways.  

4.1 Structure of aa3 CytcO 

The aa3 CytcOs contain three membrane-spanning core subunits (subunits I-

III) that are highly conserved, both regarding sequence and structure. These 

core subunits mainly consist of α-helical secondary structures while the         

hydrophilic domain of subunit II also consists of β-sheets (Figure 4A). Subunit 

I holds three of the redox-active cofactors involved in electron transfer, 

namely a low-spin, six-coordinated heme a, a high-spin five-coordinated 

heme a3 and a copper ion (called copper B or CuB), along with a functionally 

relevant redox-active tyrosine residue (Figure 4B). The heme a3 and CuB       

cofactors together with the tyrosine residue form the catalytic site of the 

CytcO. The CuB ion is ligated by three histidine residues, one of which is     

covalently bound to the redox-active tyrosine residue (Tyr288 in                           

R. sphaeroides). The hydrophilic domain of subunit II holds the di-nuclear 

CuA site, which is the primary electron acceptor of the CytcO (Figure 4B). 

 

Subunit III does not contain any redox-active cofactors, but has been shown 

to be required to maintain a rapid flow of protons to the catalytic site 12–15. 

CytcO with removed subunit III inactivates irreversibly upon turnover in a 

process known as suicide inactivation, resulting in a loss of the CuB redox-

active cofactor 14,16,17. Subunit III has also been suggested to have a role in 

dioxygen diffusion towards the catalytic site 18–20. 
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Figure 4. Structure of CytcO from R. sphaeroides. (A) The overall crystal structure 

of CytcO from R. sphaeroides (PDB entry 1M56) and the approximate position of the 

membrane (grey lines). The four subunits are colored as follows: subunit I, green; 

subunit II, blue; subunit III, red and subunit IV yellow). (B) Organization of the redox-

active cofactors and the two proton-transfer pathways within CytcO from                       

R. sphaeroides. Amino acids (mentioned in the text) lining the two proton-uptake       

pathways are indicated while water molecules are shown as blue dots.  Electron- and 

proton-transfer pathways are indicated by red and blue arrows, respectively.            

The figure was prepared using PyMOL software 21. 

 

 

The presence and number of additional (supernumerary) subunits of CytcOs 

vary between different organisms. CytcOs from S. cerevisiae and bovine        

(B. taurus) heart mitochondria have, in addition to the three conserved                   

mitochondrially-encoded core subunits, nine and ten nuclear-encoded super-

numerary subunits, respectively 22–24. The sequence identity of the equivalent 

supernumerary subunits in S. cerevisiae and B. taurus varies while their     

structure as well as composition within the oxidase is quite similar between 

the two organisms. Some of the supernumerary subunits have been suggested 

to be involved in assembly, stabilization and regulation of the oxidase 20,25–28 

as well as mediation of contacts in components of multi-complex assemblies 

of the respiratory enzymes known as respiratory supercomplexes 23,24,29.  

 

The main part of this thesis is focused on CytcO from the α-proteobacterium     

R. sphaeroides. The R. sphaeroides CytcO has one supernumerary subunit, 

subunit IV, which consists of a single transmembrane helix with an unknown 



28 

function 30. Six conserved phospholipids are embedded within the                       

R. sphaeroides CytcO structure 30, two of which are bound by conserved       

residues within a cleft between subunit I and two bundles of helices from     

subunit III. The other four phospholipids mediate indirect contact between 

subunit IV and core-subunits I and III 5,30–32. Interestingly, a comparison of 

crystal structures of R. sphaeroides CytcO in the reduced and oxidized states, 

respectively, revealed redox-induced conformational changes as well as         

rearrangement of water molecules in the close vicinity of the catalytic site 33,34 

(see section 6.2).    

 

Because of the homology of the core subunits within the A-type CytcOs, the 

bacterial as well as the S. cerevisiae mitochondrial variants are adequate 

model systems for the mammalian oxidases. 

4.2 Function and energetics of CytcO 

Electrons are delivered to CytcO by the water-soluble electron carrier             

cyt. c on the P-side of the membrane. Docking of the reduced cyt. c is               

facilitated by electrostatic interactions between positively charged lysine     

residues on the surface of cyt. c and negatively charged carboxylate residues 

at the hydrophilic domain of subunit II of the CytcO 35,36. The initial electron 

acceptor of CytcO, the di-nuclear CuA cofactor, receives one electron at a time, 

which is sequentially transferred via the heme a cofactor to the catalytic site. 

The catalytic site of CytcO catalyses the reduction of O2 to water by providing 

the four electrons (and at least one proton) required for binding, splitting and 

reduction of the dioxygen molecule. The oxygen-reduction reaction also        

requires uptake of four protons (referred to as substrate protons) from the       

N-side of the membrane, resulting in a charge separation that is equal to a net 

transfer of one positive charge across the membrane per electron transferred 

to O2. Additionally, the exergonic reduction of the dioxygen drives proton 

pumping from the N-side of the membrane to the P-side during each of the 

four electron-transfer steps, resulting in an overall charge translocation of 

eight charges per O2 consumed or two charges per electron transferred to O2:  

 

O2 + 4e-
P + 8H+

N → 2H2O + 4H+
P                                                             Eq. 2 

 

where the subscripts P and N refer to the two sides of the membrane. The 

accessible free energy of the reaction catalysed by CytcO (see Eq. 2) is            
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determined by the redox potentials of the electron donor and the acceptor, that 

is cyt. c and O2, respectively. The individual redox potentials are, however, 

governed by the concentrations of these molecules, i.e. the fraction reduced 

cyt. c and the concentration of O2. 

 

In mitochondrial CytcOs, the free energy available per electron transferred to 

O2 is approximately 500 mV (the difference in midpoint potentials (Em,7) of 

the O2/H2O couple (~750 mV) and cyt. c (~230 mV)) 37. The work required to 

move two charges (per electron transferred to O2) against a 220 mV proton-

motive force (positive out membrane potential) is thus equal to 440 mV, which 

renders the CytcO very efficient in transforming the chemical energy released 

from the oxygen-reduction reaction into a proton-motive force 6.  

4.3 Electron transfer  

Electron transfer in proteins such as CytcO takes place by quantum                 

mechanical electron tunnelling between the redox cofactors. One electron at a 

time tunnels from one redox-active cofactor (electron donor), through       

chemical bonds and through space within the protein matrix, towards another 

redox-active cofactor (electron acceptor). The rate constant of an electron-

transfer reaction decreases exponentially with increasing distance between the 

donor and acceptor 38, while according to Marcus theory for electron transfer, 

it also depends on the reorganization energy and the difference in redox          

potentials of the cofactors involved 39–42. 

 

In CytcO, each of the four electrons (delivered by cyt. c) follow the same route 

of electron tunnelling as described above. However, while the rate of the initial 

electron-transfer reactions to and from the CuA cofactor rely only on electron 

tunnelling, further electron transfer towards the catalytic site is coupled to   

proton transfer from the N-side of the membrane 43,44. 

4.4 Proton transfer pathways  

Transfer of a proton from a water solution into the hydrophobic environment 

of a protein interior requires energy. Also, due to the large mass of protons, 

which is ~2000 times than that of electrons, they are unable to tunnel over 

distances longer than ~1 Å on a biologically relevant time scale 45,46. Proton 

transfer over larger distances requires proton-conducting pathways within the 
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protein matrix, allowing transfer by means of the Grotthuss mechanism        

(described in section 3.2). 

 

In CytcO there are two proton-transfer pathways that lead from the N-side of 

the membrane towards the vicinity of the catalytic site. These two pathways 

are denoted by the letters D and K after the conserved amino-acid residues 

Asp132 and Lys362 (R. sphaeroides), respectively 30,47–50. A third proton       

uptake pathway, the H pathway, has been proposed for the mitochondrial 

CytcO 22,51. The proton-uptake pathways are well characterized in extensive 

mutational, crystallographical and computational studies, as outlined below. 

4.4.1 D pathway 

The D pathway transfers all protons that are pumped across the membrane, 

two of the substrate protons taken up in the oxidative phase of the catalytic 

cycle and possibly one substrate proton taken up in the beginning of the           

reductive phase (see section 4.5 on the catalytic cycle). Protons enter the   

pathway at a highly conserved aspartate residue (Asp132), located in a water 

cavity near the N-side surface of the membrane, and proceed (according to the 

Grotthuss mechanism) along ~10 water molecules and several conserved polar 

amino-acid residues (see Figures 4 and 5) towards a highly conserved            

glutamate residue (Glu286) 52.  

 

Glutamate286 

The Glu286 residue is located ~25 Å from the entrance of the D pathway in 

the membrane-spanning domain of the oxidase and ~12 Å from the catalytic 

site. Mutational studies on Glu286 and Asp132 along with different time-      

resolved spectroscopic methods established the functional importance of 

Glu286 as an internal proton donor within the D pathway 52–56. Additional     

experimental and computational investigations on functionality of Glu286 

confirmed its role as a branching point of the proton conductance from the      

D pathway. From Glu286, the protons can proceed by either of two routes; 

towards the PLS, from which the protons are released through an exit pathway 

to the P-side of the membrane (“pumped protons”) or towards the catalytic 

site to be used upon reduction of O2 to water 30,48,55,57–62.  

 

The dual function of the D pathway, that is transferring both pumped and     

substrate protons, imposes challenges for understanding the molecular      

mechanism of the proton-pumping machinery. As a result, several theories on 
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regulatory function of Glu286 have been proposed (see section 6.1 on the     

proton-pumping mechanism of CytcO), some of which involve                        

conformational changes of the Glu286 side chain, selectively allowing rapid 

proton transfer from the D pathway towards the catalytic site or the PLS        

during the course of the catalytic cycle 50,57,63–65. Additionally, Heitbrink           

et al. 66 proposed a mechanism for proton conduction beyond Glu286 in which 

conformational changes in the vicinity of Glu286 were synchronized to       

transitions between the oxygen intermediates of the catalytic cycle i.e. that 

Glu286 is dynamically linked to changes at the catalytic site.  

 

Uncoupled CytcO variants 

Variants of CytcO which have structural alterations of residues aligning the 

water-filled D pathway have given valuable insight to the pumping             

mechanism of the enzyme. Among these variants are the so-called uncoupled 

structural variants, i.e. variants that are able to reduce O2 to water but are      

unable to pump protons across the membrane. These uncoupled CytcO          

variants have shown to be particularly important. Some of these uncoupled 

variants have unaltered or even higher catalytic activity than the wild-type 

CytcO, while others have lower catalytic activity, as compared to the wild-

type enzyme 67–70.    

 

The Asp132Asn variant is an example of an uncoupled variant with a              

dramatically decreased turnover activity 53. For this mutant, the effect was        

explained in terms of slowed proton uptake to the D pathway due to loss of 

the acidic residue at the beginning of the pathway 15,54. The uncoupled CytcO 

variants with substitution of Asn139, which is located close to Asp132 (Figure 

5), display a steady state catalytic activity close to that of the wild-type    

CytcO 60,67,69,71,72. One of these variants, Asn139Asp, has proven to be             

extremely valuable in the studies aimed at unravelling the proton-pumping 

mechanism. The Asn139Asp mutation causes a complete elimination of       

proton pumping by the CytcO, while the catalytic activity is about two-fold 

higher than that of the wild-type CytcO 69. This effect facilitates investigation 

of the proton-pumping mechanism because in the mutated CytcO variant      

proton transfer through the D pathway does not lead to net protonation of the 

PLS.  
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Figure 5. Positioning of the Asp132, Asn139 and Glu286 amino acid residues in 

CytcO from R. sphaeroides. The D pathway starts at Asp132, located close to the 

membrane surface, and continues via at least 10 water molecules (cyan spheres) and 

several conserved polar amino-acid residues (e.g. Asn139), to Glu286. The distances 

between the three residues are indicated. The figure was prepared using PyMOL   

software 21 (PDB entry 1M56).  

 

Many different explanations have been offered on the decoupling of proton 

pumping in the Asn139Asp variant: (i) Long-range structural interactions      

between the residue at position 139 and Glu286, resulting in an increase in the 

apparent pKa of the Glu286 from ~9.4 73 to >11 71, suggested to impair proton 

transfer from Glu286 towards the PLS. These long-range structural                    

interactions have been suggested to be mediated by alterations via hydrogen-

bonds. As a result both the pKa and/or the metastable conformational           

isomerization of the Glu286 side chain would be affected 57,60,74–77, resulting 

in protonation of only the catalytic site. (ii) Electrostatic interactions caused 

by introduction of a charged residue at position 139, that would alter the       

proton affinity of the Glu286 residue 78. (iii) A back-leakage of protons from 

the PLS, via Glu286, towards the catalytic site 74 or to the N-side solution 79.  

 

Siegbahn and Blomberg suggested 79 that the effect of the mutation is local, 

leading to an alteration in the energy levels of the resting states associated with 

proton uptake (as opposed to the energy barrier of the transition state that 
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would supposedly be located close to Glu286), resulting in a redox-dependent 

back-leakage of protons from the PLS to the N-side solution 79,80.    

 

It should be noted that an electrostatic control of the pKa of Glu286 is               

considered unlikely because a neutral substitution (Asn139Thr) also resulted 

in uncoupling of the proton pump, which was linked to a drop in the pKa of 

Glu286 to about 7.6 81. Collectively, the data indicate that structural changes 

around position 139 affect the dynamics of the Glu286 side chain                   

isomerization as well as Glu286 re-protonation kinetics 6,10,68.  

 

The functional significance of the Glu286 residue and its pKa value was        

supported by time-resolved spectroscopic studies on a double mutant 

Asn139Asp/Asp132Asn CytcO. The results from these studies showed that in 

this double mutant CytcO the apparent pKa of Glu286 was lowered from ~11 

to ~9.4 and proton pump was restored 82. 

4.4.2 K pathway 

The K pathway is named after a highly conserved lysine residue (Lys362) in 

the middle of the pathway. This pathway starts at a conserved glutamate        

residue (Glu101) in subunit II on the N-side of the membrane 83 and then        

extends through several amino-acid residues (in subunit I) and two water     

molecules toward the highly conserved Tyr288 residue, which is covalently 

bound to one of the three histidine ligands of CuB and serves as an electron 

donor in the O2-reduction reaction at the catalytic site.  

 

The K pathway is used for transfer of one to two protons to the catalytic site 

upon reduction of the catalytic site of CytcO (see section 4.5 on reductive 

phase of the catalytic cycle) 84,85. Lys362 presumably rotates towards the       

catalytic site during proton transfer in order to establish a hydrogen-bonded 

network to Thr359 and Tyr288 50,86,87 (Figure 6). The function of the                   

K pathway as a proton transfer pathway is supported by mutagenesis studies 

on specific residues lining the pathway 88–90 as well as by kinetic                    

measurements (see section 5.1) which revealed proton release from the           

catalytic site via the K pathway 91.  
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Figure 6. Positioning of the Lys362, Thr359 and Tyr288 amino acid residues in 

CytcO from R. sphaeroides. The catalytic site consisting of heme a3 (pink), CuB          

(yellow sphere) and Tyr288, along with Thr359 and Lys362 are shown from different 

angles. The histidine residues involved in ligating the CuB and heme a3 redox-active 

cofactors are shown in orange. PDB entry 1M56. 

 

The K pathway is also used for charge compensation upon electron transfer 

from heme a to the catalytic site in the oxidative part of the catalytic cycle.   

An internal vectorial proton-transfer reaction, shown to originate within the           

K pathway 92, was kinetically linked to electron transfer from heme a to the      

catalytic site without being accompanied by proton uptake from solution. As 

indicated above, this charge compensation was proposed to originate from     

repositioning of the positively charged side-group of Lys362 toward the        

catalytic site, facilitating reduction of the catalytic site 50,86,90,92,93. However, 

this vectorial charge-transfer reaction, has also been attributed to internal     

proton transfer from Glu286 to the PLS, prior protonation of the catalytic site,         

suggested as part of the proton pumping mechanism 56 (see section 6.1;        

Proton-pumping mechanism).  

 

Lysine362 

The Lys362 residue within the K pathway has previously been shown to be 

essential for activity of the CytcO, as substitution of this residue to a non-polar 

residue, such as methionine, resulted in abolishment in the catalytic turnover 

activity of the enzyme 88. The lack of activity in a Lys362Met variant was 

explained in terms of impeded reduction of the heme a3 cofactor 89,90, which 
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in turn was linked to slowed proton transfer through the K pathway that          

accompanies its reduction 86,88,89,94–96. Despite the significantly slowed             

reduction of the Lys362Met variant, oxidation kinetics as well as proton          

release during reaction of the fully reduced enzyme with O2 was the same as 

for the wild-type CytcO 49,88,97. Furthermore, the turnover activity of the 

Lys362Met variant using hydrogen peroxide (H2O2) as a substrate, also known 

as peroxidase activity, was comparable to that of the wild-type enzyme 98.   

Single-turnover measurements also revealed that the peroxidase activity was 

coupled to proton pumping across the membrane, as detected in vesicle-          

reconstituted CytcO 98. Since H2O2 delivers the two protons needed for the 

reduction of the catalytic site, the authors concluded that using H2O2 as a       

substrate allowed for by-passage of proton uptake through the K pathway    

during reduction of the enzyme 98. The Lys362Met substitution gave even    

further support for the role of the K pathway in reduction of CytcO when    

photoreduction was used to inject electrons into the enzyme to study          

membrane potential formation during the reductive phase 84,99. The results 

from those studies showed diminished membrane potential formation in the 

Lys362Met variant as compared to the wild-type CytcO 84,99.  

 

Together, the observations of the Lys362Met variant discussed above indicate 

that the K pathway is responsible for uptake of substrate proton(s) during              

reduction of the CytcO (i.e. in the reductive phase, see section 4.5 on the        

catalytic cycle) while the D pathway is still required for taking up the pumped 

protons 98. 

4.4.3 H pathway 

On the basis of analyses of crystal structures and experimental work on CytcO 

from bovine heart mitochondria 22,51,100,101, a third proton pathway, the                 

H pathway, has been suggested to conduct pumped protons in these CytcOs. 

This pathway is named after a partially conserved histidine residue (His413 in 

B. taurus CytcO, His456 in R. sphaeroides CytcO), located at the entrance of 

the pathway at the N-side of the membrane. The H pathway proposedly spans 

the entire subunit I, through numerous protonatable residues and water         

molecules towards the P-side of the membrane. Unidirectional proton transfer 

through the H pathway is suggested to be achieved by a peptide bond between 

Tyr440 and Ser441 residues (B. taurus CytcO, subunit I), located close to the 

heme a cofactor. In this way, the hydrogen-bonding network of the pathway 

is disrupted by the means of enol-keto tautomerization of the peptide bond 102.  
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Redox-induced conformational changes in Asp51 (B. taurus CytcO, subunit 

I) close to the P-side of the membrane as well as in the water-containing cavity 

in the lower part of H pathway (close to the N-side), depending on interaction 

of Ser382 (B. taurus and S. cerevisiae CytcO, subunit I; Ser425 R. sphaeroides 

CytcO, subunit I) with hydroxyfarnesyl-ethyl group of heme a 103, further    

supported the H pathway as the pathway conducting pumped protons in    

mammalian CytcOs. 

 

Discussion on H pathway functionality 

A hybrid bovine/human mutagenesis system was used to introduce site-          

directed mutations designed to block proton transfer through the H pathway 

of mammalian CytcOs 103. The results showed abolishment of proton pumping 

without affecting the O2-reduction activity, indicating that the H pathway and 

not the D pathway was used for proton pumping in mammalian CytcOs.    

However, despite the partially conserved structure of the H pathway within  

A-type CytcO of both mitochondria and bacteria, the pathway is presumably 

not functional in the bacterial CytcOs (104, Papers I and III). In fact, results 

from mutagenesis studies in CytcO from R. sphaeroides and P. denitrificans, 

strongly argue against the involvement of the H pathway in proton-           

pumping in these bacterial CytcOs 104,105.  

 

The above described differences between the mammalian and bacterial 

CytcOs indicate a fundamentally different mechanism of proton pumping. In 

Paper III, a mitochondrial CytcO from the yeast S. cerevisiae was used to 

investigate the function of the D and H proton-transfer pathways. This            

mitochondrial CytcO has nine supernumerary subunits, in addition to the three 

core subunits, and offers a feasible system for exploration of structural          

variants of the mitochondrial CytcOs.  

 

Previous studies on CytcO from S. cerevisiae, where the conserved glutamate 

residue at the end of the D pathway (Glu243 in subunit I of S. cerevisiae 

CytcO, Glu286 in the R. sphaeroides CytcO) was replaced by aspartate, 

showed a decrease in the rate constants of reaction steps associated with       

proton transfer through the  D pathway 106. The structural variants of the            

S. cerevisiae CytcO with a modified D pathway, presented in Paper III, show 

effects comparable to those of the bacterial oxidases, i.e. impaired internal 

electron-transfer steps linked to proton uptake and pumping, while the               

H pathway structural variants were unaffected.  
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In Paper I, a structural alteration was introduced at residue Ser425, located 

on helix X, positioned between the two hemes of the CytcO (Figure 7). This           

residue had previously been shown to undergo redox-induced conformational 

changes (see section 4.6) in the R. sphaeroides 33,34 as well as in the B. taurus 

mitochondrial CytcOs 103,107, where it was suggested to play a role (within the 

H pathway) in the proton-pumping mechanism 108. The results in Paper I          

indicate that the structural alteration introduced at position 425, i.e. the 

Ser425Ala mutation, modulates the midpoint potential of the heme a cofactor 

as well as the apparent pKa of Glu286 in a reaction step linked to proton     

pumping, i.e. the P3 → F3 reaction step (see relation of the P3 → F3 reaction 

step and the apparent pKa of the Glu286 residue in section 6.1.2). No effects 

were seen on the F3 → O4 reaction step, which involves simultaneous electron 

and proton transfer to the catalytic site linked to proton pumping. 

 

An equivalent structural alteration in the S. cerevisiae CytcO, where Ser382 

(S. cerevisiae CytcO subunit I numbering) was replaced with alanine (Paper 

III), did not reveal any effects on the F3 → O4 reaction step. 

 

 

 
 

 

Figure 7. Redox-induced conformational changes in S425 CytcO from  

R. sphaeroides. Alignment of X-ray crystal structures of oxidized (hemes in pink, 

Ser425 in blue, PDB entry 2GSM) and reduced (hemes in red, Ser425 green, PDB 

entry 3FYE) forms of CytcO from R. sphaeroides reveals redox-induced                      

conformational change of S425 31. Histidine residues involved in ligating heme a are 

shown in orange and Glu286 is shown in cyan.  

 

Taken together, the results presented in Paper III indicate that the D pathway, 

and not the H pathway, is involved in proton uptake and pumping in                     



38 

S. cerevisiae CytcO, suggesting a common general proton-pumping            

mechanism for the bacterial R. sphaeroides CytcO and the mitochondrial          

S. cerevisiae CytcO.  

 

This conclusion brings the focus back on functionality of the hydrophilic H 

pathway. One hypothesis is that the H pathway is not a proton-conducting 

pathway, but rather functions as a dielectric well with arrays of charged groups 

capable of reorienting cooperatively (polarize) in response to nearby       

charge-transfer reactions 109. This hypothesis is further supported by computer 

simulations on the 13-subunit bovine enzyme as well as on a the smaller core 

(including only subunits I – III) 110.  

4.5 Catalytic cycle 

As already mentioned above, CytcO reduces oxygen to water using four      

electrons that are delivered one-by-one by a soluble cyt. c. When performed 

“in solution”, these reduction steps involve formation of the toxic compounds, 

superoxide (O2
•/-), hydrogen peroxide (H2O2) and the hydroxyl radical (OH•), 

collectively termed reactive oxygen species (ROS). However, in CytcO, the 

O2-reduction reaction is catalysed in a series of reaction steps that minimize 

the release of these ROS by donation of the four electrons from the catalytic 

site in one step, after binding of oxygen to the reduced heme a3                            

cofactor 5,10,99,111,112. In the following reaction steps of the catalytic cycle of 

CytcO, the four electrons are restored by electron transfer from cyt. c, one at 

a time.  

 

Several intermediate states are formed during catalytic turnover of CytcO. 

These states are commonly described according to the different redox states 

of the catalytic site and denoted by one-letter codes with superscripts referring 

to the number of electrons delivered to the catalytic site (Figure 8). Redox 

states of the other two redox-active cofactors, heme a and CuA, are not              

included in the description since they provide the electron transfer pathway 

rather than being directly involved in the O2-reduction reaction at the catalytic 

site. 
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Figure 8. Catalytic cycle of CytcO. The different intermediate states formed during 

catalytic turnover of CytcO are shown in the grey dashed boxes denoted by one-letter 

codes with superscripts referring to the number of electrons at the catalytic site.      

Proton pumping from N to P side of the membrane is indicated with blue arrows.      

See main text for details of this reaction scheme. 

 

Reductive phase 

In the reductive phase of the catalytic cycle, the oxidized enzyme, in state O0, 

is reduced with two electrons before binding of O2. A reduced, state R2, is 

formed by two subsequent transfers of electrons and substrate protons to the 

catalytic site via a one-electron-reduced intermediate state E1. The two          

transitions of the reductive phase (O0 → E1 and E1 → R2) are each coupled to 
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proton pumping across the membrane 99,113. During the reductive phase, two 

proton uptake pathways are used. The K pathway is used for uptake of the       

one to two substrate protons to the catalytic site 47,84,88,98,114, while the                  

D pathway is used for uptake of the pumped protons 47,97,99 and possibly one 

substrate proton. 

 

Oxidative phase 

Oxygen binding to the heme a3 iron in the R2 state results in formation of state 

A2 with a time constant of ~10 µs at 1 mM O2 concentration 115,116. After O2 

binding, a total of four electrons, and one proton are required to split the O-O 

bond, resulting in formation of state P2 (also referred to as state PM) 116,117. 

Two of the electrons are supplied from heme a3 (Fe2+-O2 → Fe4+=O2-), one 

from CuB (CuB
+ → CuB

2+-OH-) and one from a conserved tyrosine residue 

(Tyr288) that also supplies the proton required for the O-O bond scission    

(Tyr-OH → Tyr-O•) 33,118,119. Formation of a tyrosyl radical at the catalytic site 

has been suggested to be essential for the pumping mechanism, by tuning the 

electron affinity of the catalytic site during the four reduction steps 120. 

 

In a reaction of the fully reduced CytcO with O2 (see section 5.2 on the Flow-

flash method), the Tyr288 residue only supplies a proton during the oxygen 

bond scission, while the fourth electron is supplied by the reduced heme a 

cofactor. The resulting state P3 is commonly referred to as the PR state 121,122. 

The optical absorption spectra of the PM and PR states are indistinguishable 

from one another, indicating a similar structure of the catalytic site in these 

states 122. However, the time constants of their formation differ (~50 µs            

(A → PR) and ~200 µs (A → PM)) 116. Subsequent electron transfer to PM and 

proton transfer to the catalytic site results in formation of the F3 state, which 

is coupled to proton pumping across the membrane 73,116. Next, additional  

electron and proton transfer to the catalytic site accompanied with proton 

pumping across the membrane results in the formation of the O4/0 state 73,116. 

The protons needed to form intermediates F3 and O4/0, as well as the protons 

pumped across the membrane during P3 → F3 and F3 → O4/0 transitions are 

taken up through the D pathway 48,49,97,113,123. 
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4.5.1 Metastable state of the catalytic site  

The four-electron reduction of O2 to water at the catalytic site of CytcO has 

an overall redox potential difference of ~2.2 eV 124 which is adequate for   

moving eight charges against a constant PMF of ~220 mV. Each one-electron 

reduction step supplies free energy depending on the midpoint potential of the 

specific cofactor within catalytic site that receives the electron. 

 

The initial binding and four-electron reduction of the O2 molecule during the 

R2 → A2 → P2 transitions are virtually isoenergetic, while the remaining           

reduction reactions of the catalytic cycle i.e. the PM → F, F → O, O → E and 

E → R transitions, are highly exergonic and each coupled to proton uptake 

and pumping across the membrane 99. Nonetheless, early studies of isolated 

mitochondria and mitoplasts indicated that the majority of the total free energy 

of the O2 reduction by CytcO was coupled to the PM → F and F → O             

transitions of the oxidative phase of the catalytic cycle 125. 

 

This discrepancy between the free energy distribution and the proton-pumping 

reactions of the catalytic cycle led to the postulation of the metastable “high-

energy” oxidized state (OH state) of the catalytic site 113, formed during            

catalytic turnover of the CytcO under adequate supply of electrons 99.             

Reduction of the OH state would result in formation of a “high energy” E-state 

(EH state). Part of the free energy released during the PM → F and F → OH 

transitions would be conserved in the OH state, resulting in more evenly        

distributed free energy among the four electron-transfer steps, enabling proton 

pumping in the reductive part of the catalytic cycle, i.e. during the OH → EH 

and EH → R transitions 99.  

 

However, upon exhaustion of electron donors (i.e. cyt. c2+), the metastable OH 

state would relax to a “low-energy” catalytically inactive oxidized state (the 

“as-isolated” O state), reduction of which is not linked to proton pumping 

(Figure 9). The inability of proton pumping from the O state was suggested to 

result from thermodynamic restrictions caused by a low midpoint potential of 

the CuB cofactor at the catalytic site 10,99 and/or loss of water molecules, 

formed by the oxygen reduction reaction, from the cavity above Glu286,         

resulting in perturbation of the water wires between Glu286 and the PLS 10.  

 

Although the OH and O states are spectroscopically indistinguishable 126 it has 

been suggested that, in the former state, the midpoint potential of the CuB      

cofactor is elevated as compared to the O state 127,128. This suggestion is              
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supported in part by theoretical studies and in part by a study, in which time-

resolved spectroscopic and electrometric techniques were used to track           

oxidation kinetics of four-electron reduced CytcO, using a photoactivatable 

ruthenium bispyredyl to deliver an additional electron to the enzyme 129.           

A prediction of the elevated midpoint potential of the CuB cofactor in the OH 

state, is that one-electron reduction of this state would result in re-reduction 

of essentially only the CuB cofactor.  

 

 

 
 

 

Figure 9. A simplified catalytic cycle of CytcO. Transitions between the different      

intermediate states formed during catalytic turnover of CytcO are indicated by green 

arrows. The different intermediate states are denoted by one-letter codes. The          

subscript H refers to the metastable “high energy” states of the intermediates.               

A decay of the metastable OH intermediate is shown by a red arrow and the following 

reaction sequence when starting from state O is also indicated by red arrows. Proton 

pumping is indicated with blue arrows.  

 

However, preparation and investigation of the OH state by different                   

experimental approaches have not shown any indication for elevated midpoint 

potential of the CuB cofactor in in the OH state as compared to the O state 126,130 

(Paper II). On the contrary, time-resolved spectroscopic investigation of the 

OH state in an electrostatic complex of CytcO and cyt. c, did not reveal any 

elevation in the midpoint potentials of neither CuB nor heme a3 cofactors of 
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the catalytic site (Paper II). The cyt. c-CytcO electrostatic complex, formed 

under low-ionic strength conditions, enables introduction of a fifth electron to 

the system, that is to the heme c cofactor in the cyt. c-CytcO electrostatic     

complex. Four electron reduction of O2 to water by the CytcO renders the    

enzyme in the oxidised state (presumably in the OH state) with the final fifth 

electron equilibrating between the redox-active cofactors of the electrostatic 

complex.  

 

The results in Paper II show that in the majority (~90 %) of the CytcOs within 

the cyt. c-CytcO electrostatic complex in the OH state, the fifth electron was 

found at the cyt. c, CuA and heme a cofactors, with the largest fraction at heme 

a (~60 %). The fraction reduced CuB and heme a3 cofactors was only ~3 % 

and ~6 %, respectively. 
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5 Experimental methods 

Identification of specific reaction steps within the catalytic cycle of CytcO is 

essential for understanding the mechanism of proton pumping. Hence, in order 

to resolve these specific reaction steps in time, a rapid mixing method and/or 

a method to rapidly initiate the reaction is required.  

 

Time-resolved optical absorption spectroscopy allows for detection of            

absorbance changes during redox reactions of the metal cofactors of CytcO 

with a microsecond time-resolution. The CuA cofactor absorbs at around 830 

nm, while the two heme groups, heme a and heme a3, absorb light in both the 

ultraviolet and the visible regions of the spectrum. The absorbance spectrum 

of the heme groups depends on the redox state of the central heme iron         

molecules, the electrostatic environment surrounding the heme groups as well 

as type and occupancy at the central iron (here heme a3). 

5.1 Flash photolysis 

The flash photolysis method is used to examine the catalytic site as well as 

proton conductivity of the K pathway 131.  

 

Incubation of a fully reduced CytcO, under an anaerobic CO atmosphere,      

results in binding of the CO to heme a3, i.e. the site where oxygen binding 

normally takes place. As binding of a ligand to heme a3 alters its spectral   

properties, this offers an opportunity to monitor the state of the catalytic site. 

Laser-induced dissociation of the CO ligand results in a spectral shift of the 

catalytic site, that is monitored using optical absorption spectroscopy, at    

wavelengths that are characteristic for ligand binding to heme a3.  

 

The CytcO can also be prepared in a two-electron reduced state, the so-called 

mixed-valence state, by incubation under CO atmosphere without                   

pre-reducing the enzyme. The carbon monoxide reduces the catalytic site 
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(heme a3 and CuB), resulting in binding of the CO to the heme a3 cofactor, 

while the other two redox-active cofactors, heme a and CuA, remain oxidized.  

Laser-induced dissociation of the CO ligand results in a decrease in the          

apparent midpoint potential of the heme a3 cofactor resulting in electron     

transfer from heme a3 to heme a, which can be observed spectro-                     

photometrically at wavelengths specific for detecting redox changes at the 

heme groups. After dissociation of CO from the mixed-valence CytcO, an    

electron equilibrates between heme groups with a time constant of ~3 µs   

yielding ~40 % reduction of heme a followed in time by electron transfer from 

both hemes to CuA, with a time constant of ~35 µs 115,132. The ~3 µs phase has 

been proposed to be controlled by dissociation of CO from the CuB cofactor, 

which functions as a transient binding site of CO after it has been dissociated 

from heme a3 by the laser flash 133. Neither of these microsecond reactions is 

associated with protonation events 131,134. In addition to these microsecond 

electron-transfer components, Jasaitis et al. observed a nanosecond electron-

transfer phase between the heme groups (  1.2 µs) in the quinol-oxidizing       

cytochrome bo3 from Escherichia coli 135. 

 

In the reduced from, the heme a3 cofactor increases the apparent pKa of          

protonatable groups interacting electrostatically with the catalytic site (redox 

Bohr effect), thereby stabilizing their protonated state 134. Hence, oxidation of 

heme a3 is coupled to deprotonation of a protonatable group in the vicinity of 

the catalytic site, resulting in proton release through the K pathway with a 

millisecond time constant 131. This kinetic component displays a pH-               

dependent time constant and amplitude. Re-binding of CO to the fractionally 

reduced heme a3 (~60 ms time constant at 1 mM CO) results in an increase in 

the apparent midpoint potential of heme a3 back to the original state. 

5.2 Flow-flash 

During turnover of the CytcO, each of the four electron-transfer reactions      

occurs over the same time scale as the accompanying proton uptake and proton 

pumping. Despite the different chemistry catalysed by CytcO in each of the 

four electron-transfer reactions, the proton-pumping mechanism is presumed 

to be the same in each of these reactions.  

 

The catalytic cycle of CytcO can be divided into a reductive part, involving 

reduction of the catalytic site (by cyt. c) and an oxidative part, after binding 
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of O2 to the reduced CytcO. The flow-flash technique is used to study binding 

of O2 as well as kinetics of electron and proton-transfer reactions linked to its 

stepwise reduction to water in the oxidative part of the catalytic cycle. Despite 

the fact that the flow-flash technique only allows studies of the oxidative part 

of the catalytic cycle, it has proven powerful in providing mechanistic insights 

into the function of the oxidase as it allows some of the electron-coupled      

proton-transfer reactions to be observed separated in time. 

 

When using the flow-flash method, fully reduced, CO-bound CytcO is mixed 

with an oxygen-saturated (~1.2 mM) buffer in a stopped-flow apparatus.     

Subsequent dissociation of the CO ligand with a short (~10 ns) laser flash, 

initiates a single turnover reaction of the fully reduced CytcO with oxygen 

(Figure 5). Redox changes of the metal cofactors and proton uptake can be 

detected using e.g. optical absorption spectroscopy combined with the use of 

pH-sensitive dyes. 

 

First, O2 binds into the fully reduced, R2 state [heme a3(Fe2+)/CuB
+] of CytcO, 

forming intermediate A2 [heme a3(Fe2+-O2)/CuB
+]. The oxygen binding is     

followed in time by electron transfer from heme a to the catalytic site,              

resulting in cleavage of the dioxygen bond and formation of state P3 [heme 

a3(Fe4+=O2-)/CuB
2+-OH-] 10. The time constant for this electron transfer is in 

the range of 30-50 µs, because the electron is already present within the CytcO 

(at heme a) at the initiation of the reaction. Hence, the electron transfer can be 

separated in time from the following proton transfer reaction. The subsequent 

proton transfer to the catalytic site (through the D pathway) results in              

formation of intermediate F3 [heme a3(Fe4+=O2-)/CuB
2+-OH2] with a time      

constant of ~100 µs. The P3 → F3 transition is also linked in time to electron 

equilibration between the CuA and heme a cofactors, which results in ~50 % 

oxidation of the former. The P3 → F3 reaction is further linked to proton pump-

ing across the membrane. In the final transition of the oxidative phase, the              

F3 → O4 transition (~1 ms time constant), an electron and a proton are         

transferred to the catalytic site [heme a3(Fe3+-OH-)/CuB
2+-OH2] and a proton 

is pumped across the membrane. 
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Figure 5. The flow-flash method. (A) A schematic illustration of the experimental 

setup used for studies of electron and proton transfer reactions in CytcO. The CO-

CytcO complex is rapidly mixed with an oxygen-containing solution in the stopped 

flow apparatus, which, after a set delay time, triggers the laser to flash. The laser 

flash dissociates CO from CytcO, allowing CytcO to react with O2. The measuring 

light at a specific wavelength, selected by the monochromator, is transmitted through 

the sample in the cuvette and detected by the photomultiplier tube (PMT). The PMT         

amplifies the light signal and converts it to a current, which is then converted to a 

voltage, which is recorded by the oscilloscope and visualized as absorbance changes 

over time (B) A schematic illustration of the electron and proton-transfer reactions 

that can be studied upon reaction of fully reduced CytcO with O2. The intermediate 

states of CytcO (purple boxes) are denoted by one-letter codes with superscripts        

depicting the number of electrons at the catalytic site. The circles correspond to the 
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CuA and heme a redox site where the red, pink and white coloring represents reduced, 

partially reduced and oxidized states, respectively.    

5.3 Proton pumping measurements 

Measurements of changes in proton concentration with detergent-solubilized 

CytcO only allow detection of the substrate protons, because the pumped     

protons are released into solution on the same time scale as protons are taken 

up from solution. Detection of the pumped protons requires physical               

separation of the N and P-sides of the CytcO. This separation can be achieved 

by reconstitution of the CytcO in lipid vesicles with a pH-sensitive dye (e.g. 

phenol red) added to an unbuffered solution outside or inside the vesicles. The 

absorbance changes of the dye are measured as a function of time after mixing 

the reconstituted CytcO with reduced cyt. c (cyt. c2+) in a stopped-flow            

apparatus. In order to dissipate the electrical gradient built up during the         

experiment, a   K+ ionophore, valinomycin, is added to the reconstituted vesi-

cles. For calibration purposes, the proton ionophore carbonyl cyanide 3-     

chlorophenylhydrazone (CCCP), is added (at the end of the experiment) for 

total depletion of the electrochemical gradient, enabling detection of the net 

consumption of protons during enzymatic turnover.  
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6 Proton pumping by cytochrome c oxidase  

Elucidating the proton-pumping machinery of CytcO is complicated, not only 

due to the fact that the ions pumped across the membrane are of the same type 

as the substrate ions in the reaction catalysed by the enzyme, but also because 

they are taken up through the same pathway in the oxidative part of the           

catalytic cycle. Combination of structural and time-resolved dynamic data 

have shown to be critical for gaining information on the proton pumping 

mechanism. 

6.1 Proton-pumping mechanism 

Over the last four decades, ever since it was discovered that CytcO is a proton 

pump, many theories concerning its proton-pumping mechanism have been 

proposed (see e.g. 10,68,142,143,78,108,136–141). In one of the earlier theories, the      

uptake of the pumped proton from the N-side of the membrane was believed 

to be coupled to reduction of the heme a cofactor, while release of the proton 

to the P-side of the membrane was coupled to re-oxidation of the heme a        

cofactor 144. This theory was later rejected, as it was shown, using time-           

resolved electrometry, that the main charge separation phases are linked to 

oxidation of heme a (by the catalytic site) 56. The use of time-resolved           

electrometric and spectroscopic approaches further showed that each of the 

four one-electron reduction steps is associated with proton pumping across the 

membrane, accompanied by uptake of additional substrate proton to the        

catalytic site 99,113,123.  

 

Identifying the order of electron- and proton-transfer events during the            

catalytic cycle of CytcO is essential for understanding the proton-pumping 

mechanism. In particular, it is important to characterize the order of the         

proton-transfer events, i.e. the timing of transfer of substrate protons to the 

catalytic site and the pumped protons toward the PLS. As already discussed 

above, proton pumping by CytcO is energetically driven by the exergonic O2 

reduction, which involves transfer of electrons and protons to the catalytic site. 
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Hence, most of the models on the mechanism of proton pumping assume that 

the proton to be pumped is transferred to the PLS before the substrate proton 

is  transferred to the catalytic site, which would conserve the free energy from 

the O2-reduction reaction. However, another possible scenario is that the       

energy released by the exergonic chemistry at the catalytic site is conserved 

in a structural change within the enzyme, followed in time by relaxation to a 

lower energy structure coupled to proton pumping across the membrane.   

 

In the following sections, some of the proton-pumping mechanism are           

discussed, based on the sequence of the proton-transfer reactions towards the 

PLS as compared to the catalytic site. However, although the mechanistic            

principles differ among the mechanistic models, they all assume that the 

mechanism of proton pumping is essentially the same for the four one-electron 

reaction steps.   

6.1.1 Proton transfer to the PLS precedes proton transfer to the 

catalytic site 
 

The free energy available in each of the reaction steps involving electron and 

proton transfer to the catalytic site gets dissipated as soon as the two reach the 

catalytic site. As a result, most of the models published to date are built on the 

assumption that the proton to be pumped is transferred to the pump site (PLS) 

before the substrate proton arrives at the catalytic site. This would imply a 

kinetic control of proton transfer from the D pathway, where the energy        

barrier for proton transfer from Glu286 to the PLS would be lower (i.e. faster 

proton transfer) than the energy barrier for proton transfer from Glu286 to 

catalytic site (slower proton transfer). Proton transfer from Glu286 to the      

catalytic site would be possible after protonation of the PLS, as the energy 

barrier for proton transfer towards the catalytic site would be lowered.  

 

The water-gated mechanism 

The water-gated mechanism 10,56,61,138,145–148 on proton pumping is an example 

of such a model, where  proton transfer is regulated by redox-induced            

formation of water chains in the largely hydrophobic area beyond Glu286      

towards the catalytic site and the PLS. According to this model, Glu286      

functions as a valve in the pumping mechanism, where the conformational 

preference of its side chain is controlled by the redox-state of heme a and the 

catalytic site, the hydration status of the cavities above and below Glu286 as 
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well as the charge state of Glu286 itself. This way, proton transfer from 

Glu286 is directed by a local electric-field created by electron transfer            

between the redox-active cofactors (i.e. electric transfer from heme a towards 

the catalytic site).  

 

A putative transient proton-conducting water chain would form during        

electron transfer to the catalytic site, conducting protons from Glu286 to the 

PLS. Alterations in the electric field upon reduction of the catalytic site would 

cause a redirection of the water chain resulting in proton transfer from Glu286 

to catalytic site. Uptake of the second proton triggers proton release from PLS 

towards the P-side of the membrane.  

 

Redox-dependent proton transfer through the two pathways  
 

The requirement for two functional proton-uptake pathways in CytcO was    

explained by Blomberg and Siegbahn 140 in a model, according to which the    

pathway used for uptake of substrate protons would depend on the redox state 

of the catalytic site. The sequence of charge-transfer events follows the       

principle that electron transfer from CuA to heme a leads to uptake of a proton 

from the N-side of the membrane to the PLS, while uptake of a substrate       

proton to the catalytic site is coupled to electron transfer from heme a to the 

catalytic site. Uptake of a substrate proton to the catalytic site causes            

electrostatic repulsion on the proton residing at the PLS towards the P-side of 

the membrane. The D pathway would be used for uptake of substrate protons 

in the oxidative part of the catalytic cycle, i.e. the highly exergonic P3 → F3 

and F3 → O4 transitions, while the K pathway would be used for proton uptake 

in less exergonic O0 → E1 and E1 → R2 transitions of the reductive part of the 

catalytic cycle. This redox-dependent use of the two pathways is here              

explained by increased energy barrier for proton transfer (slowed proton    

transfer) from the D pathway towards to catalytic site in the reductive phase 

of the catalytic cycle, while the rate of proton transfer from the K pathway 

would be redox-independent 140. Later, Blomberg included a role for the       

conserved tyrosine residue at the catalytic site and suggested a reaction     

mechanism, where each of the reduction steps involves reduction of a tyrosyl 

radical (TyrO•) to tyrosinate (TyrO-) 120. An unprotonated tyrosine radical     

ensures that the reactant of each reduction step has enough electron affinity 

before the substrate proton arrives at the catalytic site, which is essential for 

uptake of two protons per electron transferred to the catalytic site in all four 

reduction steps. Re-protonation of the tyrosine takes place in the E1 → R2     

transition i.e. before binding of the next O2 molecule 120. According to this       
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mechanism, uptake of the first proton to the PLS is driven electrostatically by 

electron transfer to the catalytic site. Uptake of substrate protons in the             

P3 → F3, F3 → O4 and O0 → E1 transitions would be required to take place 

through the D pathway, as proton uptake through the K pathway would result 

in protonation of the TyrO-. The K pathway, would, however be used for     

proton uptake during the E1 → R2 transition, resulting in re-protonation of the 

tyrosine residue, as mentioned above. According to Blomberg 120, proton 

transfer from Tyr288 to heme a3-CuB only takes place in the O-O bond      

cleavage step and the energy barriers for proton uptake to the catalytic site 

from the two proton-uptake pathways are located within the catalytic site        

itself. Sharma et al. supported this notion on the importance of the tyrosyl 

radical in the general mechanism of CytcO and suggested the tyrosine residue 

to function as a gate for proton transfer from the K pathway 85. 

6.1.2 Proton transfer to the catalytic site precedes proton transfer 

to the PLS 

A mechanism involving an endergonic conformational change 

In an alternative model, the alternating proton access to and from the PLS is 

controlled by structural changes around Glu286 and possibly also the             

PLS 68,112,123,136,149. In this model, electron transfer to the catalytic site is           

accompanied by transfer of a proton via Glu286, providing electroneutrality 

during the charge-transfer reactions towards the catalytic site. Transfer of the 

proton to the catalytic is linked to deprotonation of Glu286, which triggers 

structural re-arrangements of the Glu286 and the PLS resulting in an increase 

in the pKa of the PLS. Uptake of a second proton, again via the D-pathway 

and Glu286, consequently results in protonation of the PLS, while the             

subsequent re-protonation of the Glu286 (via the D pathway) causes structural 

relaxation of the residue, accompanied by release of the proton (pumped       

proton) towards the P-side of the membrane as the pKa of the PLS is lowered 

again.   

 

The rate constant of the P3 → F3 transition, which only involves proton uptake 

through the D pathway, was proposed to be determined by the conformational 

change of Glu286. The pKa associated with the P3 → F3 reaction was suggested 

to represent the apparent pKa of the Glu286 residue, which also reflects the 

equilibrium between the two side-chain conformations, each with a different 

pKa value 68. Proton uptake from the N-side (through the D pathway) takes 

place as the side chain is in a relaxed downward position, E1, while a transient 
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side chain isomerization to an upward position, E2, is required to donate the 

proton to the PLS or the catalytic site. This way the internal proton donor, i.e. 

Glu286, functions as a gating element, that directs the proton conductance     

between the N and P-sides of the membrane 68.  

 

Consequently, uncoupling of the proton pump from the O2-reduction reaction 

would be linked to alterations in equilibrium of the Glu286 side chain and/or            

alterations in the individual pKa values of the two side-chain conformations. 

These changes would affect the proton-transfer rates to the catalytic site and 

the PLS, respectively, resulting in altered proton-pumping stoichiometry of 

the uncoupled CytcO structural variants.  

6.2 Redox-induced structural changes and gating of protons  

As mentioned above, one of the functional requirements of a proton pump is 

control of the proton translocation across the membrane. A protonatable       

residue or even a cluster of residues, located in the vicinity of the catalytic 

site, could function as a controlling element or a pump site that changes its 

pKa (i.e. contact with the N and P-sides of the membrane, respectively)            

depending on the redox state of the CytcO.  

 

As the proton tunnelling distances are on the order of only a few Å, relatively 

small, local structural changes can accomplish efficient gating of the proton 

pathways. 

 

The Blomberg and Siegbahn model 120,140 explains the functional benefits of 

having the two proton uptake pathways. This model is supported by structural 

data 31–34, which indicate that CytcO undergoes redox-induced structural 

changes that modulate the rates of proton transfer through the two proton-    

uptake pathways. These local redox-induced structural changes involve tilting 

of the heme a3 porphyrin ring away from the CuB cofactor, in the reduced 

CytcO structure, resulting in breaking a hydrogen bond at the catalytic site, 

close to the K pathway. This opens up a path for proton transfer from the           

K pathway towards the catalytic site 31. Additionally, in the reduced crystal    

structure, a water chain leading from the K pathway toward heme a3-CuB 

emerged and a water molecule, suggested to connect Glu286 and the catalytic 

site, is lost 31. The water rearrangement is associated with a structural shift in 

helix VIII (subunit I), the K pathway residues Thr359 and Lys362 as well as 
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in the side chain configuration of Ser425 on helix X, located between the heme 

groups ~7 Å from the heme a iron 31. Similar redox-induced structural changes 

were observed in the B. taurus mitochondrial CytcO 103,107 (see above).  

 

In Paper I we introduced structural alterations at position 425 in subunit I of 

R. sphaeroides CytcO to investigate whether or not the observed                      

conformational changes around Ser425 are involved in proton transfer through 

the D pathway. The data presented in Paper I show that the structural           

modification at position 425 modulates the environment around CuB and heme 

a (increased midpoint potential of heme a), while also increasing the pKa in 

the pH dependence of the rate of the P3 → F3 reaction as compared to the  wild-

type CytcO. These results indicate a link between the structural changes at 

position 425 and Glu286, located ~15 Å away, affecting a reaction step that is 

rate limiting for proton transfer through the D pathway without uncoupling 

the proton pump. Together with the redox-induced structural changes              

observed in bacterial as well as mammalian CytcOs, these results suggest a 

link between redox changes of heme a, structural changes around Ser425 and 

intramolecular proton-transfer rates. 

6.3 Proton transfer in CytcO with structural modifications in 

both proton-uptake pathways 

The functional importance of the K pathway is evident from the observation 

that proton uptake, upon reduction of the catalytic site, does not take place 

through the D pathway when the K pathway is blocked (e.g. the Lys362Met 

variant) 88,98.  

 

It has remained enigmatic how proton transfer through the two proton-transfer 

pathways is orchestrated and how the transfer of substrate and pumped protons 

through the D pathway is orchestrated. To address this problem, in Paper IV, 

we constructed and studied two double mutant CytcO variants, 

Lys362Met/Asn139Asp and Lys362Met/Asn139Thr. The rationale for the     

selected mutations is explained as follows: the Lys362Met mutation results in 

blockage of the K pathway, while the mutations at position 139, within the      

D pathway, yield uncoupling of proton pumping from O2 reduction. 

 

When considering proton transfer through the D pathway, the order by which 

the protons are delivered to the catalytic site and the PLS, respectively,           
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depends on the relative energy barriers of these proton transfer reactions. The 

decoupled phenotype has been explained in terms of an increased energy bar-

rier for proton transfer toward the PLS or a decreased energy barrier for proton 

transfer to the catalytic site, favouring the latter 77. Assuming a proton-       

pumping mechanism according to which the proton to be pumped is            

transferred to the PLS before the substrate proton is transferred to the catalytic 

site the mutations at position 139 would yield CytcO in which the energy       

barrier for proton transfer to the catalytic site is lowered relative to that for 

proton transfer to the PLS. The aim of the study was to investigate whether or 

not in the double mutant CytcOs the D pathway could compensate for the 

blocked proton transfer through the K pathway in reaction steps that in the 

wild-type CytcO involve proton transfer through the K pathway.  

 

Data from earlier time-resolved spectroscopic studies of the Lys362Met 

CytcO variant 86,88,97 showed that absorbance changes associated with the        

A2 → P3 transition were not seen. This observation was interpreted as a             

delayed electron transfer from heme a to the catalytic site upon forming state 

P3 due to the lack of charge compensation caused by the absence of the           

positively charged lysine residue (Lys362) 86,97,109. This blocked charge       

compensation would result in a direct decay of state A2 to state F3 in the 

Lys362Met CytcO. As discussed in section 6.1, the reaction sequence from 

state A2 to F3, in the wild-type CytcO, involves uptake of two protons through 

the D pathway via Glu286, one toward the catalytic site and one toward the 

PLS. The data on the single mutant Lys362Met CytcO show that proton      

transfer through the D pathway cannot compensate for the charge transfer 

through the K pathway (during formation of the P3 state) in the wild-type 

CytcO.  

 

The data in Paper IV show that proton transfer upon reduction of the catalytic 

site could not be restored in the double mutant (Lys362Met/Asn139Asp and 

Lys362Met/Asn139Thr) CytcOs as both the multi-turnover activity and           

reduction kinetics were similar to the equivalent reactions in the Lys362Met 

CytcO variant. However, in the double mutant (Lys362Met/Asn139Asp and 

Lys362Met/Asn139Thr) CytcOs, we observed a re-appearance of the A2 → P3 

reaction step (when compared to the Lys362Met CytcO variant). We propose 

that the charge compensation during the A2 → P3 transition results from proton 

transfer to PLS that occurs already during the A2 → P3 reaction step in the 

Lys362Met/Asn139Asp(Thr) variants, as a result of the mutation in the             

D pathway.   
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A computational analysis 79 revealed a local energy well for proton transfer 

within the D pathway, which is situated in the area around position 139 and 

would facilitate in capturing protons from the N-side solution into the                

D pathway. The energy level of this energy well was shown to be higher in 

the Asn139Asp(Thr) variants as compared to the wild-type CytcO, which 

would result in a lower energy barrier for proton transfer (i.e. faster proton 

transfer), via Glu286 (the transitions state), towards the PLS in the 

Asn139Asp(Thr) variants. However, release of the proton from the PLS, via 

Glu286, to the N-side solution (i.e. back-leakage from the PLS) is also             

accelerated, explaining the uncoupled phenotype of the Asn139Asp(Thr)         

variants. 

 

The data from studies of the double mutant (Lys362Met/Asn139Asp(Thr) 

CytcOs (Paper IV) are in support of the computational investigation by     

Siegbahn and Blomberg 79. An accelerated proton transfer via Glu286 to the 

PLS could provide charge compensation on the time-scale of the A2 → P3     

transition, that in the wild-type CytcO is provided by movement of the Lys362 

side chain within the K pathway. Additionally, the data in Paper IV show that 

even if the energy barrier for proton transfer through the D pathway is lowered 

(i.e. the rate is increased), the D pathway cannot replace the K pathway as a 

proton-uptake pathway during reduction of the enzyme. We suggest that the 

reason for this observation is that the energy barrier for proton transfer from 

Glu286 to the catalytic site in unaffected as it is located inside the catalytic 

site i.e. between the heme a3-CuB binuclear center and Tyr288, as proposed in 

the proton-pumping mechanism by Blomberg and Siegbahn 120.  
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Concluding remarks  

Redox-coupled proton pumping by CytcO is one of Nature’s ways of              

converting chemical energy into a PFM. The molecular machinery of CytcO 

is tuned with respect to timing and tight energetic coupling of rapid intra-    

protein charge-transfer reactions. This can be seen by the fact that even a      

single amino-acid substitution (e.g. Asn139Asp) results in uncoupling of     

proton-pumping from O2 reduction.  

 

Remarkable progress has been made in identifying the structural elements      

involved in the charge-transfer reactions, as well as for tuning the redox            

potentials of the catalytic site intermediates. However, the detailed mechanism 

of proton pumping is still not understood at a molecular level, e.g. the exact 

timing of proton transfer to the PLS as well as functionalities of the K and D 

pathways. 

 

The work described in this thesis contributes to understanding the functional 

design of the proton-pumping machinery. Here is a summary of my work on 

the CytcO. 

 

Together with structural data, the results in Paper I point to a link between 

redox reactions at the heme a cofactor, structural changes in the protein         

segment around Ser425 and rates of intramolecular proton-transfer reactions 

through the D pathway.  

 

In Paper II, we used an electrostatic complex of CytcO and cyt. c to examine 

the electron distribution in the (“activated” oxidized state) (OH state), of 

CytcO, previously suggested to have an elevated midpoint potential in the CuB 

cofactor at the catalytic site. The data presented in Paper II does not support 

the proposed elevated midpoint potential in the CuB cofactor in the OH state, 

neither in the detergent solubilized CytcO nor in CytcO in the native           

membrane.  
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The data presented in Paper III, in which we studied the proton uptake       

pathways in CytcO from the yeast S. cerevisiae and the bacterium                        

R. sphaeroides, indicate that the mitochondrial CytcOs use the D pathway, 

rather than the H pathway for proton uptake and pumping.  

 

In Paper IV we studied two structural variants of CytcO, each having two 

amino-acid alterations, one in each of the K and D proton-transfer pathways, 

respectively. The data presented in Paper IV indicate that the D pathway      

cannot replace the K pathway in reaction steps that in the wild-type CytcO 

involve proton uptake through the K pathway. Furthermore, the data suggest 

a proton-pumping mechanism where the proton to be pumped is transferred to 

the PLS before the substrate proton is transferred to the catalytic site. 

 

There are still many essential questions on the function of CytcO that remain 

to be answered. These include the location of the PLS, the nature of the OH 

and EH states and the detailed mechanism by which protons are pumped. I am 

sure that the increasing possibilities within the theoretical and structural fields, 

in combination with the functional studies, will provide us with answers to the 

remaining questions on mechanistic function of this amazing molecular        

machine. 
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Populärvetenskaplig sammanfattning   

Människan är liksom många andra organismer, inklusive bakterier, beroende 

av syre för att kunna leva. Syret transporteras från lungorna med blodet till 

varje cell i kroppen. Alla celler avgränsas från omgivningen av ett tunt 

membran som är uppbyggd av fett (lipider) och proteiner. Proteinerna i 

membranet sköter bland annat utbytesprocesser av kemiska ämnen och 

information mellan cellens inre och dess omgivning. Membran har även viktig 

funktion inuti eukaryota celler genom att avgränsa olika funktioner i olika 

rum. Mitokondrien, även känd som cellens kraftstation, utgör ett av dessa rum 

och det är här som cellandingen sker. Vid cellandning omvandlas energin vi 

får i oss med maten, med hjälp av syre, till en mer tillgänglig energi-molekyl, 

ATP, som används för att driva energikrävande processer i cellen. En viktig 

del av energiomvandlingen sker i membran i mitokondrien, där 

membranproteiner förflyttar elektroner (frigjorda genom nedbrytning av 

näringsämnen) och omvandlar energin som frigörs genom att pumpa protoner 

(positivt laddade vätejoner) över membranet. Protonpumpningen leder till 

uppladdning av membranet, på grund av uppsamlingen av fler protoner på den 

ena sidan av membranet, vilket kan jämföras med uppladdning av ett batteri. 

Dessa protoner (energin) används sedan av ett annat membranprotein,       

ATP-syntas, för att bilda ATP.  

 

Över 90 % av syret som förbrukas av allt liv på jorden används av 

membranproteinet cytokrom c oxidas (CytcO). CytcO använder elektroner för 

att omvandla syre till vatten med hjälp av protoner som tas upp från ena sidan 

av membranet. Energin som frigörs används för att pumpa protoner till andra 

sidan av membranet. Protonerna transporteras genom proteinets inre via så 

kallade protonkanaler som består av polära aminosyror och vattenmolekyler. 

I CytcO finns det två protonkanaler, D- och K-kanalen, som används för 

upptag av protoner. D-kanalen transporterar både protonerna som används för 

att bilda vatten av syret och alla protoner som pumpas till andra sidan av 

membranet. Även en tredje kanal, H-kanalen, har föreslagits transportera de 

pumpade protonerna i mitokondriella CytcO. 

 



62 

I den här avhandlingen har vi undersökt funktionen av CytcO från bakterien 

Rhodobacter sphaeroides samt från jästen Saccharomyces cerevisiae med mål 

att förstå protonpumpningsmekanismen på molekylär nivå. Vi har bland annat 

visat hur olika aminosyror påverkar mekanismen för proton- och 

elektrontransport. Vi har också studerat elektron-fördelningen i det så kallade 

”aktiverade” (oxiderade) tillståndet av CytcO genom att bilda en stabil 

interaktion mellan CytcO och ett annat protein, cytochrome c, som donerar 

elektroner till CytcO. Vi studerade även hur vissa aminosyror i D-kanalen 

samt i den föreslagna H-kanalen påverkar proton- och elektrontransproten. 

Våra resultat tyder på att endast D-kanalen används för proton-pumpning i det 

mitokondriella CytcO från jäst så som i det bakteriella CytcO. H-kanalen, 

däremot, verkar inte ha något direkt roll i transport av protoner vare sig i 

bakterier eller i jäst. Slutligen undersöktes proton- och elektrontransport i 

CytcO-varianter som har tappat förmågan att pumpa protoner (defekt i             

D-kanalen) och som även har sänkt hastighet för proton-upptag genom             

K-kanalen. Resultatet visar på betydelsen av de två protonkanalerna och ger 

inblick i protonpumpningsmekanismen.    
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Tengdaforeldrar mínir, Jóhanna og Birgir, takk fyrir allar heimsóknirnar, 

ferðalögin, barnapassanir, húsverk (Jóhanna) og fyrir ad vera alltaf jafn 

yndisleg. 

 

Ástin mín, Höddi, það fynnast ekki orð yfir það hversu þakklát ég er fyrir þig 

og börnin okkar. Takk fyrir ást þína og stuðning og fyrir að hvetja mig áfram 

þegar ég hef þurft á því að halda....Já oft. Emilía, Vilhjálmur Þór, Alexander 

Máni og Óliver Loki, þið eruð þau allra bestu í heiminum, elska ykkur 

endalaust.     
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