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Abstract 

 

In cellular respiration, electron transfer from the breakdown of foodstuff 
is coupled to the formation of an electrochemical proton gradient. This 
is accomplished through proton translocation by respiratory complexes, 
and the proton gradient is subsequently used e.g. to drive ATP 
production. Consequently, proton- and electron-transfer reactions 
through the hydrophobic interior of membrane proteins are central to 
cellular respiration. In this thesis, proton- and electron transfer through 
an aa3-type terminal oxidase, cytochrome c oxidase (CytcO) from 
Rhodobacter sphaeroides, have been studied with the aim of understanding 
the molecular proton-transfer machinery of this proton pump. 
 
In the catalytic site of CytcO the electrons combine with protons and the 
terminal electron acceptor O2 to form water in an exergonic reaction that 
drives proton pumping. Therefore, CytcO must transfer both protons 
that are pumped and protons for the oxygen chemistry through its 
interior. This is done through its two proton-transfer pathways, termed 
the D pathway and the K pathway. Our studies have shown that the 
protons pumped during oxidation of CytcO are taken through the 
D pathway, and that this process does not require a functional 
K pathway. Furthermore, our data suggests that the K pathway is used 
for charge compensation of electron transfer to the catalytic site, but 
only in the A2 → P3 state transition. Our data also show that the water 
molecules identified in the crystal structures of CytcO play an important 
role in proton transfer through the D pathway. Finally, the effects of 
liposome reconstitution of CytcO on D-pathway proton transfer were 
investigated. The results suggest that the membrane modulates the rates 
of proton transfer through the D pathway, and also influences the extent 
of electron transfer between redox-active sites CuA and heme a. 
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Abbreviations and nomenclature 

 

Abbreviations 
Cyt c        cytochrome c  
CytcO       cytochrome c oxidase 
N-side       the more negative side of the membrane 
P-side       the more positive side of the membrane 
redox       reduction/oxidation 
PG        phosphatidylglycerol 
PC        phosphatidylcholine 
electrogenic event   membrane potential generating reaction 
MSP        membrane-scaffold protein 
 
 
 
 
 
 
 
 
 
Nomenclature 
Amino-acid numbering is according to the sequence of the R. sphaeroides 
aa3 cytochrome c oxidase, and amino acid subunit location is subunit I, 
unless otherwise indicated, e.g. 
 
E286 or Glu286    denote glutamate 286 in subunit I 
E101II or Glu101II   denote glutamate 101 in subunit II 
Lys362Met denotes substitution of lysine 362 for methio-

nine in subunit I  
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1 Introduction 

A cell is comprised of a diverse set of biomolecules. These are arranged 
in well-ordered structures, and are used for the sustainment of the life of 
the cell, and to reproduce. The cell is surrounded by a biological 
membrane, which defines the in- and outside. Across this membrane 
selective access must be permitted for different compounds to 
accomplish the state of disequilibrium that the living cell is required to 
maintain. The membrane itself consists mainly of lipids and proteins. It 
is impermeable to charged compounds, unless some mode of 
transportation is offered. 
 
Ions of different charge and size play important roles in many processes. 
One example of such a process is the energy conservation. Energy for 
different processes in the cell must be extracted from an external energy 
source, and saved in some mobile energy carrier. In respiring organisms 
this energy transformation is accomplished by the respiratory chain, 
involving proton translocation across a membrane. Consequently, charge 
transfer across membranes is of the utmost importance for cells. 
 
One of the proton pumps in the respiratory chain is 
cytochrome c oxidase (CytcO). In this thesis, the function of this proton 
pump is discussed with focus on the charge-translocation machinery.  
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2 Charge transfer in biological membranes 

Biological membranes have a hydrophobic interior, and therefore differ-
ent modes of protein-catalyzed transport have evolved to allow transfer 
of compounds and molecules that cannot diffuse across the membranes. 
Ions, being charged, are among these compounds and many types of 
transporters exist to allow passage, often specific for one ion type. 
 
Ion transporters that allow transport of ions down their concentration 
and/or electrical gradient (passive transport) need only to shield the 
charge from the hydrophobic interior of the membrane. If the ion is 
instead transported against its concentration and/or electrical gradient 
the transporter requires energy (active transport). It is also important that 
free transfer across the entire span of the membrane is not allowed in 
active transporters, as the ion would then flow back and the 
transmembrane gradient would be dissipated. These two requirements 
suggest a more complex design of an active transporter. 
 

2.1 Design principles of proton transporters 

Active proton transporters are proteins that provide a hydrophilic route 
selectively for energy driven proton translocation across a membrane. 
The mechanistic principles can range from the true proton pump, in 
which protons are translocated across the membrane, to proton loops, 
where electrons act as carriers (Figure 1). In a proton-loop transporter, 
protons are released from an electron carrier (or rather hydrogen carrier; 
e.g. quinol) at a redox center in the proton transporter at the positive (P) 
side of the membrane. The electrons are then transferred to the negative 
(N) side of the membrane where they reduce a redox-active compound 
at another redox center, accompanied by the uptake of protons. The 
result of the proton-loop reaction is one net proton translocated per 
electron that crosses the membrane (see e.g. (1–3)). In reality, proton 
loops often have their redox centers situated some distance from the 
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protein surface, with a proton pathway from the bulk solution into the 
protein, thereby connecting the redox center with the solution. 
 

 
 
Figure 1. Schematic representation of a proton loop (A), where the electrogenic 
component is electron transfer, and three examples of proton pumps (B, C, and D) 
where instead the proton transfer is electrogenic. In (A) protons are transferred with 
neutral hydrogen carriers (CA, CB, and CC). Different types of gating for the proton 
pumps could be e.g. (B) pathway closing/opening to a protonatable element (black dots 
in B, C, and D), (C) moving the protonatable element between two pathways or (D) 
inducing alternating barriers above and below the protonatable element. 

 
For proton pumps, proton pathways are an absolute requirement. The 
inside of a membrane protein is hydrophobic, and the only way for a 
proton to enter is via protonatable amino acids, or water pathways. The 
protons have been suggested to be transferred through these proton 
pathways utilizing the so-called Grotthuss mechanism (Figure 2) (see e.g. 
(4–6), but also (7, 8)). In short, a proton moves toward a water molecule 
and a covalent bond is formed. As a result, one of the two original 
protons covalently bound to that water molecule is transiently shared 
with a neighboring water molecule, and subsequently forms a covalent 
bond to the neighboring water. This “proton hopping” continues all 
along a hydrogen-bonded water chain. Consequently, a proton is released 
at the end of the chain. This proton transfer is much faster compared to 
transferring a proton bodily over the same distance.  
 
In proton pumps there must also be a gate (Figure 1) that ensures that 
protons are transferred against their electrochemical gradient, instead of 
leaking with it. This gate can for instance involve a protonatable element 
with alternating contact with the two sides of the membrane, possibly 
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(but not necessarily) linked to a pKa shift from high when in contact with 
the N-side (c.f. proton uptake) and low on the P-side (c.f. proton 
release). A gate could also be constructed to shift electric fields in the 
proton pumping area, thereby setting kinetic barriers against proton 
transfer in the wrong direction (for further reading see e.g. (3, 4, 9–11)). 
 
In the respiratory chain, examples are found of both proton pumps and 
proton loops. 
 
 

 
 
Figure 2. In proton transfer according to the Grotthuss mechanism a proton (colored 
blue) forms a hydrogen bond to a water molecule that is part of a hydrogen-
bonded chain (1). Owing to a rapid transformation of hydrogen bonds to covalent 
bonds all along the chain (2) a proton is released at the other end of the chain (3). After 
a slower rotation step (4) where the water molecules regain their original orientation, 
another proton transfer can start (5/1).  



 15 

3 Respiration and energy conservation 

Electrons received from degradation of biological macromolecules are 
used to drive proton pumps in the respiratory chain. These pumps 
maintain an electrochemical gradient across the membrane. This 
gradient, in turn, is used to drive other processes such as ATP 
production by ATP-synthase. This enables the cell to transform energy 
from the electron flow into chemical energy in the form of ATP, which 
can be transported to other parts of the cell. 
 
The proteins of the respiratory chain harbor redox-active centers 
through which the electron transport takes place. The respiratory chain is 
illustrated schematically in Figure 3; however, there is a great diversity in 
the respiratory chain components of different organisms. Electrons are 
delivered into the chain from the electron carrier NADH to 
NADH dehydrogenase (Complex I) and from succinate to 
succinate dehydrogenase (Complex II). The electrons are then 
transported further to cytochrome bc1 oxidoreductase (Complex III) via 
the mobile electron carrier quinol (QH2). In complex III another mobile 
electron carrier, the water-soluble cytochrome c (Cyt c), is reduced. 
Thereafter, the electrons are transferred to CytcO (Complex IV). The 
final electron acceptor is the redox couple O2/H2O. The reduction of O2 
to H2O takes place in the catalytic site of CytcO. 
 
The detailed mechanisms by which the redox complexes contribute to 
the electrochemical gradient has been, and continues to be, a long-lasting 
dispute. This discussion began when Mitchell proposed the 
chemiosmotic hypothesis in 1966 (1). This hypothesis included the idea 
that the coupling between the respiratory chain and ATP synthase is a 
proton gradient (see above). Mitchell suggested this gradient to be a 
result of redox loops, and therefore that the actual charge translocation 
would be an electron-transfer event. However, in 1977 Wikström 
reported that protons are actually translocated across the membrane in 
CytcO (12). In addition, because the protons used as substrate and the 
electrons are transferred from opposite sides of the membrane, the 
reaction results in a charge separation that is similar to a redox loop 
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(described in more detail in section 4.1). Also complex I is reported to be 
a “true” proton pump. Therefore, both redox loops and proton pumps 
for transmembrane proton transfer contribute to the electrochemical 
gradient formed by the respiratory chain complexes. 
 
 

 
 
Figure 3. In the redox reactions performed by the respiratory chain complexes I-IV, 
electron transfer to complex IV and the final electron acceptor, O2, is coupled to 
proton translocation by complexes I, III and IV. The proton electrochemical gradient is 
used to drive formation of ATP from ADP and inorganic phosphate by the ATP 
synthase. 
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4 Cytochrome c oxidase 

Cytochrome c oxidase couples the reduction of oxygen to water with 
energy conservation in an electrochemical proton gradient by proton 
pumping. CytcO is found in a wide range of cells from bacteria to the 
mitochondria of eukaryotic cells. It is a terminal oxidase in aerobic 
respiratory chains, and as such an important element in respiration. Not 
very surprisingly different subfamilies of terminal oxidases have evolved 
(13–16). The protein family of heme- and copper-containing terminal 
oxidases comprise several subfamilies (see e.g. (15, 16)), of which the A- 
and B-type subfamilies are further described in this thesis. A-type heme-
copper oxidases are most studied, and members of this family include 
the aa3 oxidases in mitochondria as well as several bacterial aa3 oxidases 
such as those from Rhodobacter sphaeroides and Paracoccus denitrificans. These 
well-studied CytcOs have a proton pumping efficiency of 4 protons 
pumped per each O2 consumed. Protons are transferred into the enzyme 
through 2 (or 3) proton pathways. The aa3 oxidases are also the prime 
interest in this thesis and are described in greater detail below. B-type 
oxidases have a proton pumping efficiency of 2 protons pumped per O2 
(17, 18). They have only one proton uptake pathway, as compared to the 
minimum of two pathways in the A-type oxidases. The ba3 oxidase of 
Thermus thermophilus is one of the most studied members of the B family. 
The main features of the T. thermophilus ba3 oxidase do not differ much 
from the aa3 oxidases of R. sphaeroides or P. denitrificans as is described 
below, and makes this ba3 oxidase an interesting comparison to the 
aa3 oxidases.  

4.1 Structure and function of the aa3 oxidases 

The aa3 oxidases are found in the inner mitochondrial membrane and 
many bacterial cytoplasmic membranes. These contain three core 
subunits (subunits I-III) that are essentially structurally and sequentially 
conserved in both bacterial and mitochondrial members of the protein 
family. All three are dominated by -helical membrane-spanning 
structures, and subunit II also contains a soluble domain dominated by 
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-sheets (Figure 4A). As the three core subunits are very similar between 
species, the bacterial P. denitrificans and R. sphaeroides oxidases have long 
been used as a model for studies on function for other aa3 oxidases such 
as the mitochondrial oxidases (19). 
 

 
 
Figure 4. (A) The three core subunits of R. sphaeroides CytcO (PDB entry 1M56) with 
subunit I in green, subunit II in blue and subunit III in red, and the approximate 
position of the membrane indicated with orange lines. (B) The three redox-active 
coppers (brown) and two heme groups (blue) are shown from a slightly different angle 
than in (A). Amino acids mentioned in the text are also indicated. These amino acids 
define the two proton pathways denoted D (Asp132, Asn139, Ser200, Ser201, and 
Glu286) and K (Glu101II, Ser299, Lys362 and Thr359), and the catalytic site (Tyr288). 
Electron and proton transfer are indicated by red and blue arrows, respectively. The 
figures were prepared using the PyMOL software (20). 

 
In addition to the core subunits, the R. sphaeroides and P. denitrificans 
aa3 oxidases have a supernumerary transmembrane helical subunit, 
subunit IV, of unknown function (21, 22). The mitochondrial 
aa3 oxidases have even more additional subunits; the bovine heart CytcO 
structure revealed a total of 13 subunits (23) while the yeast aa3 oxidase is 
composed of 11 subunits (see e.g. (24)). The roles of these subunits are 
not completely clarified, but some have been suggested to act as 
chaperones during protein assembly, and there are also suggestions that 
some subunits act as regulators (see e.g. (24–27)).  
 
The redox-active centers are all found in subunits I and II. The copper 
center CuA consists of two copper atoms bound near the surface of the 
P-side of the membrane in the soluble domain of subunit II (Figure 4B). 
This is the primary electron acceptor, and the electrons transferred to 
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CuA in turn reduce heme a from which they are transferred to the 
catalytic site, comprising the two redox components heme a3 and CuB. 
The three latter redox-active cofactors are all situated in subunit I about 
half way into the membrane. Subunit III, holds no redox centers, but is 
important for the integrity of the catalytic site component CuB, and 
removal of subunit III causes suicide inactivation of the protein (28, 29). 
Furthermore, it is thought to be crucial to maintain adequate proton 
uptake rates through the D-proton pathway in CytcO (29–31). There is 
also a suggestion that these two roles of subunit III are coupled; slow 
proton transfer due to delayed proton uptake cause the suicide 
inactivation (32). 
 
Four electron transfers from Cyt c to the catalytic site are required to 
reduce one dioxygen to water. In addition, four protons are needed in 
the oxygen reduction (substrate protons). As these are taken up at the N-
side of the membrane, and the electrons are transferred from the P-side, 
the charge transfer is equivalent to four charges translocated across the 
membrane for each dioxygen reduction. For each electron and substrate 
proton transfer to the catalytic site there is also one additional proton 
taken up at the N-side and one released at the P-side (“pumped 
proton”), making the overall charge translocation 8 charges/O2 
consumed, or 2 charges/e-. The overall reaction catalyzed by CytcO can 
thus be summarized: 
 

O2 + 4e- + 8H+
N-side → 2H2O + 4H+

P-side 
 

4.1.1 Electron transfer 

Electron transfer in the interior of a protein can be achieved by the 
process of tunneling. In brief, an electron residing at a donor redox 
center has a probability of emerging at an acceptor redox center. The 
rate of a tunneling event is dependent on the distance between the redox 
centers, the reorganization energy of the surrounding environment, and 
the difference in redox potential between donor and acceptor. In CytcO, 
electron tunneling allows electron transfer between the redox centers 
(33–35). 
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4.1.2 Proton-conducting pathways in aa3 oxidases 

The protons transferred into and through CytcO employ specific proton 
pathways. In the two model organisms P. denitrificans and R. sphaeroides 
there are two proton pathways leading from the N-side aqueous phase 
(Figure 4) to the vicinity of the catalytic site (see e.g. (21, 22, 36–38)). 
These pathways are denoted D and K after the conserved amino-acid 
residues Asp132 and Lys362 respectively. 

D pathway 

The D pathway stretches from residue Asp132 near the N-side surface 
through several amino-acid residues (including Asn207, Asn139, Tyr33, 
Ser200, Ser201, and Ser197), and at least 10-12 water molecules 
connected together in a complex hydrogen-bonded network (Figure 4B) 
(21, 22, 39, 40) to Glu286, close to the catalytic site, a distance of about 
25Å. The D pathway conduct 2-3 of the substrate protons, as well as all 
pumped protons ((36–39, 41–44) and Paper I). At Glu286 substrate 
protons are directed towards the catalytic site, and pumped protons are 
transferred further through the membrane towards a proton-loading site 
(21, 45). 
 
The Glu286 residue is a constituent of a very well-studied part of the 
proton-transfer machinery and its function in proton-transfer reactions 
throughout the catalytic cycle has been studied in many experimental and 
computational reports (see e.g. (22, 46–55)), where it has been suggested 
to constitute, or be part of, the gate element preventing backflow of 
protons from the P-side to the N-side (further discussed in section 5.3; 
for recent publications see (54, 56) but see also (55)). This residue plays 
an active role in many proton-pumping mechanisms proposed (see 
section 5.3), sometimes also involving conformational changes during 
the catalytic cycle. However, structural changes have also been reported 
in and around the catalytic site and heme a for CytcO variants Glu286Ala 
and Glu286Cys, which complicates interpretation of experimental data 
(57). 
 
The proton uptake into the D pathway is presumably facilitated by a 
proton-collecting antenna, constituted by aqueous phase exposed 
carboxylates and histidines surrounding Asp132 on the N-side protein 
surface (30, 58, 59). Some of these residues are found in subunit III, 
which leads to a direct involvement of subunit III in D-pathway proton 
transfer and catalytic site stabilization (see section 4.1, or e.g. references 
(29, 30). 
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K pathway 

Residue Glu101II (subunit II) close to the protein/lipid interface on the 
N-side CytcO surface is the starting point of the other proton-input 
pathway in bacterial aa3 oxidases; the K pathway (Figure 4B) (21–23, 60, 
61). This pathway consists of amino-acid residues and, in contrast to the 
D pathway, has relatively few water molecules predicted in the X-ray 
crystal structures (however, the water content has been debated, see e.g. 
(62, 63)). From Glu101II it leads to Lys362 in the middle of the pathway, 
which also has a hydrogen bond to Ser299 via an intermediate water 
molecule. At Lys362 the hydrogen-bonded network is supposedly 
interrupted, and it has been suggested that Lys362 and the hydrogen-
bonded water must rotate upward, away from Ser299, to establish a 
hydrogen bond to Thr359, from where the pathway continues toward 
Tyr288 in the catalytic site (45, 64). The K pathway is suggested to be 
used for transfer of one or two protons during the reductive part of the 
catalytic cycle (see sections 4.1.3 and 5.1.1) (37, 38, 41, 42, 65–67). 

H pathway 

The D and K pathways are also found in bovine heart mitochondria 
CytcO (23), but in addition there is a third proton pathway, the 
H pathway, suggested on the basis of crystal structures and experimental 
data (23, 68–70). However, this pathway is not found to be functional 
for proton transfer in the bacterial aa3 oxidases of P. denitrificans and 
R. sphaeroides (71, 72). The H pathway has been suggested to conduct the 
pumped protons in the mammalian CytcO; nevertheless, its function as a 
proton-pumping pathway has been questioned(see e.g. (11, 71)). 

4.1.3 Catalytic cycle of aa3 cytochrome c oxidases 

Cyt c delivers electrons one by one to CytcO, but in order to avoid the 
formation of reactive oxygen species during the CytcO oxygen reduction 
reaction, all four electrons needed for the reduction must be available 
directly. The catalytic site has evolved to shift between different 
reduction states of its redox-active components, and is able to provide 
electrons for an immediate scission of the O-O bond after oxygen 
binding (for reviews on the CytcO catalytic cycle see e.g. (3, 10, 73–78)). 
 
Starting the catalytic cycle with the oxidized state (O0; the superscript 
denotes the number of electrons transferred to the catalytic site) the 
transitions of the catalytic cycle are as follows (Figure 5A): First, electron 
and substrate-proton transfer to the catalytic site yields state E1. 
Subsequently, another electron and substrate-proton transfer to the 
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catalytic site results in state R2. In both cases substrate protons are taken 
up from the N-side, presumably through the K pathway (see e.g. (79–
81); K-pathway function is discussed in section 5). The two state 
transitions O0 → E1 and E1 → R2 are also coupled to proton pumping 
from the N-side to the P-side, presumably through the D pathway (see 
Figure 4B) (36, 76). The binding of O2 to the reduced state R2 results in 
the formation of the A2 intermediate. This is immediately followed by O2 
bond scission, which leads to state P2 (often denoted PM) (82). Electrons 
for the O-O bond cleavage are taken from heme a3 (2e-), CuB, and 
Tyr288, and in addition a proton from Tyr288 is also used (82–84). The 
O2 cleavage is followed by electron and proton transfer to the catalytic 
site, accompanied by proton pumping, which yields state F3(85, 86). 
Another electron and proton transfer completes the cycle with a 
transition to state O4(0)(85). The proton transfer during this oxidative part 
of the cycle takes place through the D pathway ((37, 41) and Paper I 
(see section 5.2)). 
 
It has been suggested that there are two different oxidized states, one 
“resting” state (O) and one “pulsed” state (OH) (see e.g. (10, 76, 87–89)). 
The OH state would form when the CytcO in the O state would be 
reduced and then re-oxidized. The sequence of reactions during normal 
turnover would then be OH → E → R etc., where all steps associated 
with electron transfer to the catalytic site are coupled to proton 
pumping. If, however, the reduction of the CytcO is initiated from the 
O state, no proton pumping is observed. It is proposed that the OH 
relaxes spontaneously into state O if the CytcO is left in the oxidized 
form (reviewed in (10)). 
 
 
 
 
 
 
 
→ Figure 5. The catalytic cycle of CytcO during turnover is schematically illustrated in 
(A), and starting from the fully reduced CytcO in (B). Different states at the catalytic 
site are indicated by the one-letter code with the number of electrons transferred to the 
catalytic site in superscript. The white squares show the catalytic site in each state in 
(A), where Y is Tyr288. The circles in each representation of CytcO (green squares) 
correspond to the redox sites CuA (on top), heme a (left) and heme a3 and CuB 
(together on right side): reduced redox sites (red), partly reduced (pink), and oxidized 
(white). Electron and proton transfer are shown by red and blue arrows, respectively, 
and subscripts N or P refer to the N-side and P-side, respectively. Both reaction 
schemes are described in more detail in sections 4.1.3 (A) and 4.3 (B). 
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4.2 B-type ba3 oxidase from T. thermophilus 

The ba3 oxidase of T. thermophilus is expressed under low O2 conditions 
(90) and accordingly has a higher apparent oxygen affinity than the 
aa3 oxidases (91). Only 2H+/4e- are translocated by the B-type family 
members, compared to A-type 4H+/4e- stoichiometry. Other than this 
the reaction catalyzed by the ba3 oxidase is similar to aa3 type oxidases: 
 

O2 + 4e- + 6H+
N-side → 2H2O + 2H+

P-side 
 
Of the three core subunits of aa3 oxidases, two have counterparts in the 
ba3 oxidase of T. thermophilus (92). Subunit I is analogous to ba3 oxidase 
subunits I, except one additional helix in the ba3 oxidase. Subunit I also 
holds the redox sites heme b (in position of heme a), heme a3 and CuB. 
The equivalent of aa3 subunit II is divided in two subunits in the 
ba3 oxidase; subunit II includes one helix and the soluble domain, which 
contains CuA, and subunit IIa constitutes the remaining transmembrane 
helix (92, 93). Although three possible proton-transfer pathways where 
suggested on the basis of the crystal structure (92), only one of these has 
later been confirmed as a proton-conductive pathway (94). This means 
that the substrate protons and pumped protons all use the same proton-
uptake pathway. This pathway occupies the approximate position of the 
K pathway in the aa3 oxidases, and is therefore termed the K-pathway 
analogue, however, without any sequence similarity (94–97). 
 
The catalytic site intermediates formed during ba3 CytcO turnover also 
show great similarity to the aa3 oxidases. During reaction of the fully 
reduced ba3 oxidase of T. thermophilus with oxygen, R2 → A2 (oxygen 
binding) and A2 → P3 (electron transfer from heme b to heme a3) differ 
only from the bacterial aa3 oxidases in being slightly faster. However, the 
following proton uptake is not associated with formation of state F3 at 
the catalytic site. As state F3 is not formed, it has been suggested that the 
proton is not transferred to the catalytic site, but to some other internal 
protonatable group, perhaps the loading site for protons to be pumped 
(18, 97, 98). Also, the electron equilibration observed between the CuA-
site and heme a in aa3 oxidases during formation of state F3, results in an 
almost complete reduction of heme b in the ba3 oxidase. Another proton 
uptake results in formation of state F3, which, however, is not observed, 
perhaps because its formation and decay have about the same time 
constants. Instead O4 is the first resolved state after P3 (for a recent 
review see e.g. (97)). Proton uptake is observed over two time-scales with 
the ba3 oxidase, where the first proton uptake is concomitant with 



 25 

heme b reduction/CuA oxidation, and the second with the formation of 
state O4 (98). 

4.3 Experimental methods that allow studies of 
specific reaction steps 

In multi-turnover measurements, only the rate-limiting step is quantified. 
As a consequence, other reaction steps of the catalytic cycle, i.e. those 
that are faster than the rate-limiting step, may never be observed. 
Therefore, several techniques have been developed to allow kinetic 
studies of CytcO in specific steps of the catalytic cycle. 
 

4.3.1 Flash photolysis 

Incubation of CytcO under an CO atmosphere results in a two-electron 
reduction of the enzyme, with CO bound at the oxygen-binding site, i.e. 
heme a3 (99, 100). This state, where heme a3 and CuB are reduced while 
CuA and heme a are oxidized, is often denoted the “mixed-valence” state. 
In this state, reduced heme a3 stabilizes the protonated state of a 
protonatable group in its vicinity by increasing its apparent pKa (101). 
Upon dissociation of CO following a laser flash, the reduced state of 
heme a3 is destabilized (i.e. the apparent redox potential decreases). This 
leads to an electron transfer from heme a3 to heme a in several steps, 
which can be observed as absorbance changes at the redox-active sites. 
Initially, a partial reduction of heme a is observed on the ns timescale 
(102). Then follows further electron equilibration between heme a and 
CuA in two phases on a s timescale. None of these electron-transfer 
steps are thought to be associated with protonation events (see e.g. (101–
103)). Following these reactions, there is further electron equilibration 
between heme a3 and heme a, which is limited by proton release to the 
bulk solution through the K pathway, before the original state is 
obtained by CO rebinding (99, 104). This method can be used to 
investigate the proton conductivity of the K pathway. 

4.3.2 Flow-flash methodology 

When using the flow-flash technique the CO-CytcO complex is rapidly 
mixed with an oxygen-containing solution in a stopped flow apparatus 
(105) (Figure 6). The single-turnover reaction with oxygen can then be 
initiated by a short (~10 ns) laser flash subsequent to the mixing. This 
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allows time-resolved measurements of the reaction of reduced CytcO 
with oxygen. Different modes of detection can be used. In the work 
described in this thesis, optical spectroscopy was used to detect changes 
in redox states of the cofactors and proton uptake and release using pH-
sensitive dyes (for details on the flow flash optical setup, see (42)). 
 

 
 
Figure 6. In the flow-flash setup the contents of two syringes are rapidly mixed in a 
cuvette, filling a stop syringe. This triggers a laser flash that induces the reaction 
between CytcO and O2 by removing the inhibitory CO. The reaction can be followed 
by absorbance spectroscopy with monochromatic light generated by a lamp and 
monochromator. Changes in the light signal are converted to a current by the 
photomultiplier tube (PMT), and then to voltage. The photodiode triggers the 
recording of the signal on an oscilloscope. 

 
The intermediates formed during the catalytic half-cycle measured using 
the flow-flash technique vary with the degree of CytcO reduction at the 
initiation of the reaction. The most commonly studied reaction is that of 
fully reduced CO-CytcO complex with O2, where CuA and heme a are 
reduced as well as heme a3 and CuB (Figure 5B, section 4.1.3). Upon 
reaction of the fully reduced CytcO with O2, oxygen binds to the R2 state 
to form state A2. Subsequently, an electron at heme a is transferred to 
the catalytic site and dioxygen is cleaved, forming state P3 (also denoted 
PR; compare to intermediate P2 in continuous catalytic cycle) (85, 106, 
107). The next transition, P3 → F3, involves proton transfer to the 
catalytic site, accompanied by proton pumping (108). There is also a 
~50% equilibration of the electron between CuA and heme a during this 
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transition. The final step, F3 → O4, involves electron and proton transfer 
to the catalytic site, and proton pumping, i.e. an essentially identical 
reaction to that observed during turnover. These reaction steps can be 
observed by monitoring absorbance changes of the redox sites during 
the reaction. 

4.3.3 The electrometric technique 

The reduced CO-CytcO complex is also used in the electrometric 
technique (109–111). In this setup, liposome-reconstituted CytcO is 
applied on one side of a thin lipid coated Teflon film that separates two 
compartments in a measuring cell. The cell is placed in an anaerobic 
chamber and an oxygenated buffer is flushed over the CO-CytcO 
followed by a laser flash, which dissociates the CO-ligand. Two 
Ag/AgCl-electrodes are used to measure potential changes across the 
Teflon film as charges are transferred perpendicular to the membrane in 
CytcO. The amplitude of the signal is assumed to be proportional to the 
charge and distance of charge translocation. This means that a signal 
arising from proton transfer towards the P-side can not be distinguish 
from that arising from electron transfer towards the N-side. Also, the 
movement of equal charge in opposite directions, or opposite charge in 
the same direction, is not expected to lead to a net potential buildup, and 
therefore no signal. As a consequence, the signal must be related to data 
collected using other methods, such as flow-flash spectroscopy, to allow 
interpretation. The advantage of this method, however, is that 
electrogenic events inside the CytcO can be measured, even though they 
might not affect the redox states of the spectroscopically active centers. 
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5 Detailed discussion on proton and electron 
transfer in CytcO 

5.1 Use of proton transfer pathways D and K during 
turnover 

The observation of two possible proton pathways in the first x-ray 
crystal structures naturally led to the suggestion that one pathway would 
be used to transfer protons to the catalytic site, while the other would be 
used for transport of the pumped protons (21). However, this proposal 
was soon proven to be incorrect, as experimental data showed that 
different reaction steps of the catalytic cycle were differently affected by 
amino-acid substitutions in the K- and D pathways. (see e.g. (36, 38)). 

5.1.1 Studies of CytcO variants with a modified K pathway 

Effects of K-pathway variants on reduction 

Substitutions of residues lining the K-proton pathway provided evidence 
for a role during the reduction of CytcO. Substitutions have been made 
of residues Lys362, Ser299, Thr359 and Glu101II (see Figure 4B above). 
Reduction of oxidized CytcO was dramatically slowed for the Lys362Met 
CytcO in particular, compared to the same reaction with the wild-type 
CytcO (see e.g. (41, 65, 66, 81) and Paper I). This shows that a 
functional K pathway is crucial for reduction of CytcO. Turnover 
activities were found to be decreased in most structural CytcO variants of 
the K pathway compared to the wild-type CytcO. The most dramatic 
decrease in activity was observed for the Lys362Met CytcO variant, 
which was <2% of that of the wild-type CytcO (see e.g. (41, 43, 65, 66)). 
The effects of amino-acid substitutions at other positions, though not as 
dramatic, are still substantial with turnover activities ranging from ~10% 
for the Glu101IIAsp and Glu101IIAla, to 30-40% for the Ser299Asp and 
Thr359Ala, compared to the wild-type CytcO rate (41, 43, 60, 112). 
 
Photoreduction of the oxidized Lys354Met CytcO (P. denitrificans 
numbering; Lys362Met in R. sphaeroides) yielded a O0 → E1 rate that was 
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almost 5 times slower than that of the wild-type CytcO (113). This 
indicates that proton transfer through the K pathway is rate limiting for 
the O0 → E1 transition (but see ref (37) and below). Also, measurements 
of the O0 → R2 reaction yielded decreased rates for the Lys354Met 
variant CytcO (P. denitrificans numbering; Lys362Met in R. sphaeroides) 
(113). 
 
Concluding the observations discussed above, the K pathway is involved 
during reduction of CytcO, which results in slowed turnover of CytcO 
variants where K pathway residues are substituted. As described below, 
the proton-transfer steps during oxidation of these structural variants are 
not affected. 
 
Further support of the involvement of the K pathway in reduction of 
CytcO was presented by Vygodina et al. (81). CytcO can use H2O2 as an 
alternative substrate to O2. As the two protons that are needed for the 
reduction are delivered to the catalytic site by the substrate itself (H2O2), 
proton transfer through the K pathway during reduction of the catalytic 
site can be bypassed. The authors observed that the turnover activity of 
the Lys362Met variant using H2O2 instead of O2 as oxidizing agent was 
nearly the same as that observed with the wild-type CytcO (81). The 
activity was also coupled to proton pumping and formation of a proton 
electrochemical gradient. These observations strengthen the notion that 
the K pathway is responsible for proton uptake during reduction; the 
slowed reduction rates are due to the K pathway inability to transfer 
protons for the oxygen reduction reaction. As the proton pumping was 
also restored, there is reason to assume that the pumped protons are 
taken through a different pathway than the substrate protons, i.e. the 
D pathway. 

Further observations of inhibited K pathway proton transfer 

The observed inhibition of the reduction of K-pathway variants is also 
evident from a slowed rate of the electron transfer from a3 to a, which is 
linked to proton release through the K pathway((41) and Paper I). In 
these experiments internal electron transfer and the coupled proton 
transfer are studied in the mixed-valence CytcO after flash photolysis of 
the heme a3-CO bond in the absence of oxygen. The dissociation results 
in a rapid electron transfer from heme a3 and heme a/CuA (114). In turn, 
this causes a protonatable group that interacts electrostatically with 
heme a3 to deprotonate, and the proton is transferred to the bulk 
solution through the K pathway (99, 104), with a time constant of about 
2-3 ms in the wild-type CytcO at pH 8.8 (41, 60). This proton-coupled 
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electron transfer is delayed in the K-pathway variants. For example, in 
the Ser299Glu and Ser299Asp variants the rates were slowed by factors 5 
and 40 respectively, while in the Lys362Met variant the reaction was 
completely impaired ((41, 60) and Paper I). In addition, proton release 
after CO dissociation was measured using the pH-dye cresol purple, and 
it was found to be slowed in the Ser299Asp and Glu101IIAsp, while 
being inhibited in the Lys362Met variant (60). The observations of 
impaired or slowed proton transfer through these structural variants 
confirm the conclusion discussed above, i.e. that the reduction of K-
pathway variants is slowed as a consequence of slowed proton transfer 
through the K pathway. 

Oxidation of reduced CytcO lacking functional K pathway 

As noted above, substitutions of residues in the K pathway severely 
inhibit reduction of heme a3/CuB. In contrast, the proton-uptake steps 
during reaction of the fully reduced K-pathway CytcO variants with 
oxygen were found not to differ significantly from those observed with 
the wild-type CytcO (for more detailed information of intermediates 
observed in flow-flash measurements, see e.g. (10, 73, 74, 115)). 
 
In flow-flash measurements on R. sphaeroides CytcO, the first state 
transition of the fully reduced wild-type CytcO with oxygen at pH ~7.5, 
after dissociation of the inhibiting CO molecule, is the binding of O2, the 
R2 → A2 transition, with a time constant of ~10 s in detergent solution. 
This rate has not been found to differ significantly in any of the K-
pathway variants ((41, 42), Paper I, and Paper II). 
 
Following the O2 binding in the wild-type enzyme is the A2 → P3 
transition involving electron transfer to the catalytic site with a time 
constant of about 50-90 s. In the Lys362Met, Thr359Ala, Ser299Asp, 
Ser299Gly and Ser299Glu state P3 is not observed, but A2 decays directly 
into F3 ((41, 42) Paper I, Paper II and Paper IV, see Figure 1c in 
Paper I). However, this is not the case for the Glu101IIAsp and 
Glu101IIAla. Instead, these structural variants display similar rates to 
those observed with wild-type CytcO (60). As discussed in more detail 
below, it was concluded that the K pathway functions as a dielectric well 
in the A2 → P3 transition. In the variants where state P3 was not 
observed, this internal charge transfer cannot take place. This delays the 
electron transfer from heme a to the catalytic site and as a consequence 
A2 decays directly into F3 (60). 
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In the P3 → F3 and F3 → O4 transitions, the K-pathway variants 
displayed rates similar to those observed with the wild-type CytcOs. 
Formation of F3 (from P3 or A2) display time constants in the range of 
100-130 s for enzyme in detergent solution (41, 42, 60), and the 
F3 → O4 transitions display time constants of 1.1-1.6 ms (41, 42, 60, 
116). Consequently, it was concluded that the D pathway, and not the 
K pathway, must be used for proton transfer in the P3 → F3 and 
F3 → O4 transitions. 
 
Measurements of electrogenic events linked to the reaction of 
Lys362Met and Ser299Glu reduced CytcO with O2 at pH 7.5 also 
indicate that the D pathway is used for proton transfer during oxidation. 
At the time scale of the A2 → P3 transition there are no detectable 
electrogenic events with either the wild-type, Lys362Met or Ser299Glu 
CytcOs ((111) and Paper II, but see below). Concomitantly with the 
P3 → F3 transition there is a build-up of potential, which is only slightly 
slowed in these variants. The following two electrogenic events are 
similar for the wild-type, Lys362Met and Ser299Glu CytcOs, and have 
been assigned to the F3 → O4 transition (Paper II, see also (111, 117)). 
 
In conclusion, the results from measurements with these K-pathway 
variants do not differ significantly from those with the wild-type CytcO 
in the reactions associated with proton uptake, i.e. formation of F3 and 
O4. The K pathway is presumably not used in these reaction steps. 
However, there are differences in the earlier parts of the oxidation, as the 
P3 state is not observed in the K-pathway variants (see Paper II) 

Function of the K pathway as a dielectric well 

Spectroscopic flow-flash data of K-pathway variants Lys362Met, 
Thr359Ala, Ser299Asp, Ser299Gly and Ser299Glu shows that in these 
variants the P3 state is not observed ((41, 42) Paper I, Paper II and 
Paper IV). Brändén and coworkers (42, 60) have proposed a model in 
which Lys362 moves up from its position toward Ser299, and instead 
points toward Thr359, hence moving a positive charge through part of 
the K pathway. It was argued that P3 could not be formed in the case of 
the Lys362Met variant as there is no charge at position 362 to 
compensate the electron transfer. In the other variants the altered 
environment in its vicinity could cause Lys362 to be unprotonated and 
already in an “up” position. This would prevent Lys362 to charge 
compensate the negative charge introduced at the catalytic site upon 
electron transfer from heme a. Hence, the electron cannot move to the 
catalytic site before proton transfer during F3 formation ((42), see also 
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(118)). In the Glu101IIAsp and Glu101IIAla variants the environment in 
close vicinity to Lys362 is not altered, as Glu101II is further away from 
Lys362 than Ser299 and Thr359. As no proton uptake is required during 
the A2 → P3/F3 reactions, similar rates for this these transitions were 
obtained for the wild-type, and the Glu101IIAsp and Glu101IIAla CytcO 
variants (60). The first suggestion that the K pathway functions as a 
dielectric well was made by Rich and colleges, although they proposed 
this to be the function of the K pathway during reduction of CytcO (see 
e.g. (66)). 
 
In Paper II the A2 → P3 transition (A2 → F3 transition in the Lys362Met 
variant) was studied in more detail with liposome-reconstituted CytcO, 
using the flow-flash method. The results were compared to those 
obtained from electrometric studies. As already discussed above, the 
Lys362Met variant at pH 7.5 displays a slower rate for the A2 → F3 
transition compared to wild-type CytcO. Increasing the pH to 10.5 
slowed the rate with the wild-type CytcO significantly (Figure 7A). This 
slower rate can presumably be explained by the higher pH, as the Lys362 
residue would probably not be protonated to the same extent at this pH, 
and therefore the electron transfer is delayed compared to that observed 
at pH 7.5 (Paper II, see also (119)). The Lys362Met variant displayed 
similar rates at pH 7.5 and 10.5 (see Figure 2, Paper II, and also Figure 
7B), consistent with the assumption discussed above that the slowed 
reaction at 10.5 with the wild-type CytcO is caused by a smaller fraction 
protonated Lys362 (with a non-protonatable side chain in the Lys362Met 
variant the reaction becomes pH independent) (Paper II). 
 
The electrometric data, as pointed out above, shows no dramatic 
difference between the wild-type and Lys362Met CytcOs at pH 7.5. At 
pH 10.5, however, the difference is more pronounced. With the wild-
type CytcO at 10.5 a faster phase was observed than with the wild-type 
CytcO at pH 7.5 (Figure 7A). The rate of this phase was similar to that of 
the A2 → P3 transition. This phase was followed by two more 
electrogenic phases on the same time scales as the P3 → F3 and F3 → O4 
transitions. In the Lys362Met variant the electrically silent phase was 
instead longer at pH 10.5 than at 7.5, and the first electrogenic phase 
detected was linked to formation of state F3 (Figure 7B). This means that 
at high pH a “100 s phase” was observed in the wild-type CytcO, which 
is presumably masked by the fast P3 → F3 transition in wild-type CytcO 
at pH 7.5 (Paper II, and also (120)). This phase was not detected in the 
Lys362Met CytcO, though according to the spectroscopic data the 
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A2 → P3 transition in wild-type CytcO and A2 → F3 transition in the 
Lys362Met CytcO takes place over the same time scale at high pH. 
 

 
 
Figure 7. Black traces are absorbance changes at 595 nm upon laser-induced reaction of 
fully reduced wild-type (A) and Lys362Met (B) CytcO with O2 at pH 10.5. The 
absorbance decrease in (A) and (B) is associated with A2 decay. Gray traces show the 
membrane potential generated in the same reaction. In wild-type CytcO the rate of the 
first voltage phase (A) could be associated to the A2 decay. In the Lys362Met variant 
the A2 decay was not associated with any voltage generation (B), and the first observed 
phase had a significantly slower rate. The figure is modified from Paper II, Figure 4. 

 
This fast 100 s phase was previously reported by Belevich et al. and in 
addition to the high pH wild-type sample, it was also seen in the 
Asp124Asn variant CytcO at neutral pH (P. denitrificans numbering; 
Asp132Asn in R. sphaeroides) (120). In this structural variant the F3 state is 
formed at the catalytic site as normal, but it is not linked to any proton 
uptake from solution ((121) see also section 5.1.2). Therefore, the 
P3 → F3 transition is not linked to any electrogenic event, and 
consequently the faster electrogenic phase is revealed. Additionally, 
Belevich and co-workers observed that the 100 s phase was diminished 
in the Glu278Gln variant CytcO (P. denitrificans numbering; Glu286Gln in 
R. sphaeroides) ((120), see also (119)). Therefore the authors concluded 
that a proton transfer from Glu286 to a proton-loading site takes place 
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with a time constant of 100 s. In support of our data on the K-pathway 
variants, and Lys362Met in particular, we demonstrate in Paper II that 
the 100 s phase instead originates from a charge transfer in the 
K pathway. We proposed that this voltage change is associated with a 
movement of Lys362 as suggested by Brändén and co-workers ((42) and 
described above). 
 
It is important, however, to stress that the P3 state is not populated 
during normal turnover, as that A → P transition only involves O2-
cleavage, and state P2 is formed (but see also ref (74)). The P2 → F3 
transition then involves simultaneous electron and proton transfer, and 
no charge-compensation is necessary. However, by separating electron 
transfer from heme a to the catalytic site (A2 → P3) from substrate-
proton transfer (P3 → F3) it was possible to determine whether the 
movement of the pumped proton to a proton-loading site is coupled to 
electron transfer (A2 → P3) or to the substrate-proton transfer (P3 → F3). 
In Paper II we demonstrate that the electrogenic event observed during 
electron transfer from heme a to the catalytic site in the A2 → P3 
transition is due to charge movement in the K pathway. Thus, there is no 
proof of proton pumping being initiated concomitantly with the electron 
transfer in A2 → P3. However, this has been questioned by Wikström 
and co-workers on basis of their contradictory results (122, 123). 

Additional remarks on K pathway function 

Overall, experimental results indicate that the K pathway is used for 
uptake of substrate protons during reduction, but not oxidation, of aa3 
CytcOs. Nevertheless, suggestions have been made that the K pathway is 
not used for proton transfer, but rather for charge compensation, during 
reduction of CytcO (66). This seems unlikely, as there are results showing 
proton transfer through the K pathway (see e.g. (67, 113) and above). 
Still, as we show in Paper II, in specific reaction steps the K pathway 
can be used to charge compensate electron transfer to the catalytic site 
when this electron transfer is unaccompanied by proton transfer. Lys362 
has also been proposed by several research groups to move up towards 
Thr359 during proton transfer through the K pathway, which has also 
been suggested to gate proton transfer through the K pathway ((42, 64) 
Paper II). However, there is also structural data supporting a gating 
model where access to the catalytic site from the D or the K pathway is 
controlled by a structural change that upon reduction open up the upper 
part of the K pathway at the catalytic site to establish proton 
conductivity upon reduction ((124, 125)). This structural change also 
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involves helix VIII (subunit I), which contains the Lys362 and Thr359 
residues.  

5.1.2 D pathway functionality 

Substitutions of conserved D-pathway residues often have an effect on 
CytcO oxidation. The most dramatic effects are perhaps exhibited by 
amino-acid substitutions of the key residues Asp132 and Glu286 (see 
Figure 4B above). Substitution of Glu286 to a glutamine renders an 
enzyme that is inhibited after the A2 → P3 transition, showing neither 
electron nor proton transfer after formation of P3 (49). The Asp132Asn 
variant, on the other hand, proceeds one step further, i.e. to F3. 
However, F3 formation in this structural variant is not linked to proton 
uptake from solution, nor electron equilibration between CuA and 
heme a ((120, 121) and Paper II). Smirnova et al. therefore concluded 
that the proton needed for formation of the F3 state at the catalytic site 
must be taken internally from the D pathway in the Asp132Asn variant 
and (in wild-type CytcO) be followed by rapid reprotonation from 
solution. That a proton is taken from Glu286 to form state F3 in the 
Asp132Asn variant was confirmed when Gorbikova et al. reported that 
Glu286 is deprotonated in the P3 → F3 transition and reprotonated in 
F3 → O4 (126).   
 
Several D-pathway variant CytcOs are so called uncoupled variants, in 
which the variants exhibit diminished or blocked proton pumping. Two 
types of uncoupled structural variants have been identified (see e.g. (39, 
127–129)). In the first category we find variants with a generally 
decelerated proton-transfer rate through the D pathway, which in itself 
could account for impaired proton pumping. The second category 
includes variants with normal or near-normal substrate proton-transfer 
rates, in which case the substitutions are expected to influence 
exclusively the proton pumping machinery. 

Water networks 

Some of the effects of D-pathway amino-acid substitutions are thought 
to be a result of perturbation of the hydrogen-bonded water network in 
the D pathway. In the study described in Paper III, we investigated the 
effects of altering residues Ser200 and Ser201 that coordinate a water 
cluster close to Glu286 in the D pathway. These residues along with the 
five-water molecule cluster and two additional amino-acid residues 
(Ser197 and Phe108) had earlier been suggested to be able to harbor an 
excess proton in a “proton trap” and be of importance to proton 



 36 

transfer (51, 130, 131). Studies of the Ser201Ala variant has earlier shown 
a 50% activity reduction compared to wild-type, but retained proton-
pumping stoichiometry (132). To test the effect of alterations in the near 
vicinity of the water cluster we studied several CytcO variants that were 
suggested by simulations as likely to affect the solvation in the area. The 
doubly modified variants Ser200Val/Ser201Val and 
Ser200Val/Ser201Tyr displayed decreased steady-state activities 
compared to that of the wild-type CytcO. Also, the transition rates in the 
oxidative phase of the reaction were strongly affected. With the 
Ser200Val/Ser201Val CytcO variant the P3 → F3 and F3 → O4 transition 
rates were slowed by factors of ~70 and ~25, respectively, compared to 
those measured with the wild-type CytcO at pH 7.5.  Furthermore, with 
this structural variant the P3 → F3 (Figure 8) and F3 → O4 rates displayed 
essentially pH independent kinetics. Interestingly, the proton-pumping 
efficiency was reduced by only a factor of about 2 in 
Ser200Val/Ser201Val compared to the wild-type CytcO, despite its 
slowed oxidation rates. In the Ser200Val/Ser201Tyr variant, on the other 
hand, the O2-redcution was completely uncoupled from proton 
pumping. In this variant the rates of the P3 → F3 and F3 → O4 
transitions where slowed by factors ~140 and ~200, respectively 
(Paper III). Possibly the slower rates in the proton transfer steps with 
the Ser200Val/Ser201Tyr variant compared to the Ser200Val/Ser201Val 
variant can explain the complete uncoupling of proton pumping in the 
former. 
 

 
 
Figure 8. Observed rate (kobs) for the P3 → F3 transition at different pH values for the 
wild-type (black dots) and Ser200Val/Ser201Val variant (white squares) CytcOs. The 
pH dependence of the wild-type CytcO reflects a pKa of 9.4 (133). No pH dependence 
was observed for the rate of the Ser200Val/Ser201Val variant in the measured range. 
Note the logarithmic scale on the Y-axis. The figure is modified from Paper III, 
Figure 5. 
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Voltage changes measured during the above reaction on lipid 
reconstituted Ser200Val/Ser201Val and Ser200Val/Ser201Tyr show 
essentially the same rates for P3 → F3 and F3 → O4 transitions as the 
data obtained using optical detection. However, there was also a fast 
(~65 s) phase observed for both variants. This event was attributed to 
the voltage change on the time scale of the A2 → P3 transition, first 
observed by Belevich et al. (120) (see section 5.1.1). The appearance of 
this phase here is not unexpected, as a significant delay of the P3 → F3 
transition is seen for the Ser200Val/Ser201Val and 
Ser200Val/Ser201Tyr variants. The voltage signal during the A2 → P3 
transition is usually masked by the P3 → F3 transition. As described by 
Belevich et al., for the Asp132Asn variant, this phase is revealed only if 
the P3 → F3 transition is slowed. Furthermore, the observation of this 
voltage change agrees with this event originating in the K pathway as 
proposed in Paper II, and not being associated with transfer of the 
pumped proton from Glu286 to the proton-loading site as suggested by 
Belevich et al. This is because reactions that involve the Glu286 residue 
are delayed in the Ser200Val/Ser201Val and Ser200Val/Ser201Tyr 
variants (see below), which should lead to a delay in the first voltage 
phase if this signal comes from a pumped proton moving to the proton-
loading site. Furthermore, proton pumping is reduced by half in 
Ser200Val/Ser201Val, while in the Ser200Val/Ser201Tyr there is no 
pumping at all. Therefore, the question arises if protons are really 
transferred to the proton-loading site at all in structural variants in which 
pumping is impaired. However, if the first voltage phase originates in the 
K pathway as we concluded in Paper II, it should be observed in these 
variants. 
 
The origin of the functional effects seen for the above-mentioned 
structural variants with two amino-acid residue replacements were 
examined using theoretical simulations of proton transfer (Paper III). 
These results show that when Glu286 is protonated, it is more solvated in 
the Ser200Val/Ser201Val variant than in wild-type CytcO. This was not 
expected, as the valine side chain is rather bulky compared to serine. The 
opposite is true when Glu286 is deprotonated. This means that the 
protonated form of Glu286 is stabilized compared to the deprotonated 
form. Furthermore, proton transport through the D pathway was found 
to be a downhill process when Glu286 is deprotonated, even in 
Ser200Val/Ser201Tyr. As there was no barrier introduced in the 
D pathway by these amino-acid substitutions, the slowed rates of the 
P3 → F3 and F3 → O4 transitions in these variants must have another 



 38 

explanation. Consequently, we investigated the possibility that the 
slowed oxidation rates in the double-variants were due to an increased 
barrier of rotation of the Glu286 from a “down” to an “up” position. 
The simulations show a 1-2 kcal/mol increase of this dihedral rotation 
for the variants. As the decreased rates during oxidation would have to 
be explained by a ~2.6 kcal/mol change, this rotation (alone) cannot 
account for the change. We concluded, therefore, that the increased pKa 
of the P3 → F3 transition from 9.4 to above 12 is likely a consequence of 
the protonated Glu286 being stabilized by increased solvation, and 
therefore the deprotonation of Glu286 is delayed; the pKa of Glu286 
determines the pKa for the P3 → F3 transition in these variants (see 
section 5.3 below). 

5.2 Route for uptake of pumped protons in CytcO 

As described above (see sections 5.1.1 and 5.1.2) numerous results 
indicate that only the D pathway is responsible for proton transfer in the 
oxidative part of the catalytic cycle. These observations are based on 
measurements on K-pathway variants where rates of the P3 → F3 and 
F3 → O4 transitions are the same as those with the wild-type CytcO. 
Also, the total internal charge transfer on the time scale of the P3 → F3 
and F3 → O4 transitions is unaffected in these variants compared to 
wild-type CytcO. However, there were no direct measurements showing 
that the D pathway is responsible for proton pumping during oxidation 
of CytcO. In Paper I we measured proton pumping to the outside of 
proteoliposomes during a single turnover reaction of Lys362Met and 
Ser299Glu CytcO variants with O2 (Figure 9). This method was used by 
Faxén et al. in an earlier study to determine the timing of the proton 
pumping (108). Our measurements confirm that protons are pumped 
with approximately the same rate in the Lys362Met and Ser299Glu 
CytcO variants as with wild-type CytcO (see Figure 9). The rates coincide 
with those of the P3 → F3 and F3 → O4 transitions. These results 
confirm that the pumped protons are taken up through the D pathway 
during oxidation of CytcO, and furthermore that an impairment of the 
K pathway does not affect proton transfer in the other pathway. Also, 
when the D pathway is blocked, the K pathway does not convey protons 
in the P3 → F3 and F3 → O4 transitions (see e.g. (38)). This implies that 
the pathways work independently and is in line with results that indicate 
a gating function to close the K pathway in the reduced state, as 
described above. 
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Figure 9. Acidification of the outside of proteoliposomes during reaction of O2 with 
wild-type, Lys362Met-variant and Ser299Glu-variant CytcOs. It was measured with the 
pH-sensitive dye phenol red at 556 nm. Both variants show proton release in the 
P3 → F3 and F3 → O4 transitions, i.e. the same reactions as with wild-type CytcO. The 
figure is a modification of Figure 4 in Paper I. 

5.3 Proton-pumping mechanism 

Through the years, many models have been suggested to explain the 
proton-pumping mechanism of CytcO (for recent suggestions see e.g. (9, 
10, 53, 78, 127, 134–140)). In the sections below three of these 
mechanisms are presented and discussed. They represent three distinctly 
different principles. Also, coupling of the energy released from the 
oxygen reduction to proton pumping is distinctly different in these 
models. 

5.3.1 Water-gated mechanism 

In most models today the pumped proton is assumed to be transported 
to a so-called proton-loading site, followed by a second proton that is 
used for the oxygen reduction. One such model is the water-gated 
mechanism (10, 52, 120, 135). In this mechanism, the cavity around 
Glu286 is supposed to contain 3-4 water molecules (e.g. predicted by 
computational methods by (141)). Since the cavity at large is 
hydrophobic the argument is that waters would form a single hydrogen-
bonded file, which direction allows alternating Grotthuss proton transfer 
to the proton-loading site and the catalytic site. The direction is 
determined by the redox-dependent electric field between the heme a 
and heme a3/CuB, which affects the dipoles and possibly positioning of 
the waters. With this method the pumped proton is transferred first, and 
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is coupled to the electron transfer between heme a and heme a3/CuB. 
The change in electric field created by the electron transfer then allows 
the water chain to redirect to the catalytic site, and thus the substrate 
proton is directed there. As this proton is taken up the pumped proton is 
forced out to the P-side. 
 
According to the water-gated mechanism the pumped proton is 
controlled by electron transfer. When Faxén et al. directly showed that 
proton pumping occurred in the P3 → F3 transition, which does not 
include electron transfer to the catalytic site, this was seemingly a 
problem. Belevich et al. suggested that the pumped proton move to the 
pump site in the A2 → P3 step in connection to the electron transfer, 
supported by electrometric data showing the until then unobserved 100 
s phase (see section 5.1.1). In papers II and III we have shown that 
these signals originate from the K pathway (Paper II, but see (122, 
123)), and not from the area near Glu286 (Paper III). Furthermore, in 
the Asp132Asn variant state P3 is formed (the substrate proton arrives at 
the catalytic site) although the D pathway is blocked (121). This is not 
consistent with the first proton being moved to the proton-loading site. 
Even if the proton on the proton-loading site would be transferred via 
Glu286 into the catalytic site to form state P3 in this variant, it seems 
unlikely that the rate of this reaction could be the same as with the wild-
type CytcO. 
 

5.3.2 A mechanism explaining the need for two proton 
pathways  

Another mechanism recently presented by Blomberg and Siegbahn (134) 
is also based on the principle that the pumped proton is transferred 
before the substrate proton. In short, a first electron transfer from CuA 
results in reduction of heme a, which triggers a proton uptake from the 
N-side to the proton-loading site. The next step is electron transfer from 
heme a to the catalytic site. This results in substrate-proton uptake. The 
pathway used for this proton uptake is different depending on in which 
part in the catalytic cycle the proton transfer occurs, as the redox states 
in the catalytic site change throughout the cycle. Substrate proton uptake 
in the more exergonic P3 → F3 and F3 → O4 transitions take place 
through the D pathway. However, the rate of proton transfer through 
the D pathway is redox dependent and becomes too slow in the 
reduction transitions. Therefore, in the less exergonic transitions 
O0 → E1 and E1 → R2 the K pathway is used instead, providing a redox 
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independent rate. Lastly, the proton residing at the proton-loading site 
will be released as an effect of the repulsion upon substrate proton 
uptake, independent of the pathway of uptake (134). 
 
This suggestion explains the reason for the use of two pathways in the 
A-type oxidases. Furthermore, it accommodates the observation that the 
proton-transfer steps are coupled to transitions between very different 
states in the catalytic site. This mechanism is likely to stimulate 
experimentalists to perform experiments testing its validity. In addition, 
it would be interesting to investigate whether or not this model is 
compatible with results obtained with the structural Asp132Asn variant 
in which the F3 state is formed without proton uptake from the N-side 
(121, 126). Also, it is not clear how this mechanism could take into 
account the redox-induced structural changes seen in the upper part of 
the K pathway of the R. sphaeroides aa3 CytcO (125). 

5.3.3 A mechanism including an endergonic conformational 
change 

In a model suggested by our lab (53, 108, 127), the first proton transfer, 
in contrast to most other models, is suggested to be the substrate proton 
being shuttled from the D pathway to the catalytic site concomitantly 
with the electron. This leads to structural changes in the area around the 
Glu286/the proton-loading site, which increases the pKa of the latter and 
thereby conserves energy for proton pumping. The second proton is 
then transferred through the D pathway via Glu286 to the proton-
loading site. Subsequently, Glu286 is also reprotonated from the 
D pathway and this leads to a relaxation of Glu286 structure, the proton-
loading site resumes its former pKa and the pumped proton is 
consequently released to the P-side. The rate of the P3 → F3 transition 
would then reflect the apparent pKa of Glu286. This apparent pKa has 
been suggested to be a reflection of the equilibrium between two pKa 
values of two conformations of Glu286 (127). The “down”-
conformation E1 would be in contact with the D pathway, while the 
“up”-conformation E2 would connect to the catalytic site and the 
proton-loading site. Any changes in structure or hydrogen-bonded 
networks around Glu286 could affect this equilibrium (or the two pKa 
values) and therefore affect the pumping efficiency, as seen in many 
uncoupled CytcO variants. 
 
While this mechanism is in agreement with the data in e.g. papers I, II, 
III, and IV, as well as proton pumping in the P3 → F3 transition (108) 
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and data on the Asp132Asn variant (121), it has other complications. It is 
not obvious how the area around Glu286 and the proton-loading site 
could be structurally affected in the same way in the steps where the 
proton is taken from the K pathway as when it is taken from the 
D pathway. Also, many structural variants that affect the proton 
pumping are quite far down the D pathway and that these would affect 
the area around Glu286 has been suggested to be unlikely (see e.g. (122, 
142)). 

5.4 Interaction between CytcO and lipids 

Cytochrome c oxidase has evolved to function in a lipid environment. 
The lipid environment is known to affect e.g. activities and structures of 
membrane proteins, including CytcO (143–145). Also, a number of 
specific lipid-interaction sites have been found in the enzyme-lipid 
interface and between subunits when analyzing structural data (22, 131, 
146). 
 
In later years, a large effort has been made to understand how use of a 
membrane-mimetic system affects CytcO function compared to 
detergent-solubilized CytcO. This is important as results from studies 
using detergent-solubilized protein, which is most common in 
experimental studies, and results from a large array of different methods 
using lipid reconstitution are compared.  
 
Studies on K-pathway proton uptake and transfer indicate that the 
membrane acts as a proton-collecting antenna for the K pathway, and 
that the Glu101II residue has a special role in the linkage between the 
membrane antenna and the K pathway (147–149). Also, the K pathway 
proton-transfer rate increased on insertion into a lipid membrane, both 
for the traditionally used liposomes (149, 150), and when reconstituted in 
nanodiscs (151). 
 
The effect of liposome reconstitution of CytcO on proton transfer 
through the D pathway during the P3 → F3 and F3 → O4 reactions was 
very different from that observed for proton transfer through the 
K pathway. At neutral pH the P3 → F3 and F3 → O4 rates were slowed 
by a factor 2-3 upon membrane insertion of CytcO (compare e.g. (41, 42, 
60, 108, 116), Paper I and Paper IV). When measuring at higher pH, it 
became clear that the pKa of the reaction was lowered from 9.4 in 
detergent solution to 6.8 in the liposome-reconstituted CytcO (Paper IV, 



 43 

and Figure 10). The shift was suggested to reflect a membrane-induced 
shift in the equilibrium of Glu286 conformations E1 and E2, as described 
in section 5.3.3. However, the molecular explanation for the effects of 
liposome reconstitution has to be investigated further. For example, the 
effect discussed above could originate from the curvature of the 
liposomes instead of membrane incorporation in general. This possibility 
could be investigated by the use of other membrane-mimetic systems, 
such as nanodiscs. 
 
 

 
 
Figure 10. pH dependence of the P3 → F3 transition rates for wild-type CytcO in 
detergent solution (black dots) and liposomes (green squares). Insertion of CytcO into 
proteoliposomes caused the apparent pKa to decrease from 9.4 to 6.8. This figure is 
modified from Figure 3, Paper IV. 

 
Also, the measurements were repeated at neutral pH with liposomes 
constituted of solely phosphatidylglycerol (PG) or phosphatidylcholine 
(PC), as compared to the regularly used soybean lipids. Though the rates 
were nearly the same for all the liposome samples, there was an alteration 
in the degree of oxidation in CuA in the time scale of the P3 → F3 
transition. When CytcO was reconstituted in membranes composed of 
the negatively charged lipid PG, the extent of oxidation of CuA was 
decreased, when compared to measurements in soybean lipid liposomes 
or detergent solution (Figure 11). Upon reconstitution in membranes 
composed of the zwitterionic lipid PC, the effect was the opposite, i.e. 
there was an increase in the extent of oxidation of CuA during the 
P3 → F3 transition (Paper IV). If this modulation of the CuA oxidation 
would be a direct electrostatic interaction between the membrane surface 
and the electron on CuA, the electron would be expected to be repulsed 
by the negatively charged PG rather than retained, as was the result. 
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Instead, we propose that the proteins inter-membrane electric field has 
been altered and thereby induced a lowered heme a mid-point potential. 
 

 
 
Figure 11. Schematic illustration of the effect of lipid type on the CuA – heme a 
equilibrium in the P3 → F3 transition. Redox sites are shown as black circles, where 
heme a3 and CuB are shown together as the catalytic site (CS), and increasing red color 
represents increasing reduction.  In the PG sample (left, negative headgroups) CuA 
displayed ~40% oxidation (dark pink), while in the PC sample (right, zwitterionic 
headgroups) CuA was ~65% oxidized (light pink) during the same transition.  

 
The same reaction steps as above were also studied with ba3 oxidase 
from T. thermophilus in soybean-lipid proteoliposomes. For this enzyme, 
the P3 → F3 rate was increased by a factor 2. As described above, this 
ba3 oxidase takes up pumped protons through the K-pathway analogue, 
which has its entry point very near the membrane interface. In an earlier 
study, an increased proton-transfer rate through the K pathway of the 
aa3 oxidase of R. sphaeroides was observed upon membrane reconstitution 
(149). Öjemyr et al. (149) suggested that the increased rate was a 
consequence of faster proton transfer along the lipid surface into the K-
proton pathway as compared to proton transfer through solution to the 
K pathway of the detergent-solubilized CytcO. In accordance with this 
finding, the effect of increased P3 → F3 reaction rate in the ba3 oxidase 
(see Paper IV) was explained by the position of the entry point of the 
K-pathway analogue near the lipid membrane. The effect was much 
smaller for the ba3 oxidase than what was observed for the aa3 oxidase. 
This difference is perhaps not surprising as the ba3 oxidase and 
aa3 oxidase are two different enzymes. The D pathway in the 
R. sphaeroides aa3 CytcO starts at a position that is located at a distance 
from the protein-membrane interface. Therefore, the presence of the 
membrane does not enhance the proton-uptake rate into the D pathway 
of the aa3 oxidase. 
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In conclusion, CytcO function is affected by its lipid surroundings. 
Therefore, as there might be differences emerging from the diverging 
settings of experiments, it is important to take lipid effects into account 
when drawing conclusions from experiments. 
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Concluding remarks 

The molecular machinery of CytcO has proven to be intricate and 
complex. The contributions to this field as presented in this thesis 
include: I) results in support of the proposal that the D pathway is the 
proton input pathway used for pumped protons during the oxidative 
phase of the CytcO reaction cycle, II) identification of the origin of 
voltage changes observed after binding of O2 to the fully reduced CytcO. 
Our data suggests that the K pathway charge compensates the initial 
electron transfer to the catalytic site, III) understanding the importance 
of water molecules for D-pathway proton-transfer reactions, and IV) 
data showing the importance of considering lipid-protein interactions, as 
we found significant effects on the D-pathway proton-transfer rates 
induced by liposome reconstitution. 
 
Great progress has been achieved in exploring the mechanisms of charge 
transfers in CytcO, and to understand the complex protein interior that 
controls the proton- and electron-transfer reactions in CytcO. Still, many 
questions remain unanswered. One of the most elusive of the remaining 
questions is the mechanism by which protons are pumped. The driving 
force for the different proton-pumping steps is not the same, and it is 
interesting to consider proton-pumping mechanisms that take this into 
account. Moreover, a full explanation of the CytcO proton-transfer 
mechanism should explain why two pathways are needed. These 
questions are already being raised, and it will be exiting to follow the 
advances of the field hereafter. In this context it would also be 
interesting to determine the proton pumping stoichiometry of the 
ba3 oxidase in the different steps of its catalytic cycle, as this oxidase only 
uses one proton uptake pathway and pumps with a stoichiometry of only 
50% of that of the aa3 oxidases. In addition, the increased possibilities of 
the theoretical field, as well as structural data of oxidases in different 
conditions, can perhaps contribute with further insights in the future.  
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Sammanfattning på svenska 

Allt levande på jorden är uppbyggt av celler som avgränsas mot 
omgivningen med ett membran, likt en stadsmur kring en stad. 
Biologiska membraner är uppbyggda av två huvudsakliga byggstenar: 
lipider (fett) och proteiner. Proteinerna agerar bland annat som portar 
och pumpar för att föra molekyler genom membranet. Ett av dessa 
membranproteiner är en vätejonpump, cytokrom c oxidas, som är en 
central komponent i cellandningen. Vid cellandning används syre och 
näringsämnen för att förse cellerna med användbar energi. Processen är i 
stora drag likadan i alla organismer som använder syre. Energin sparas 
först genom att vissa membranproteiner, bland dem cytokrom c oxidas, 
pumpar vätejoner genom membranet. Pumpningen drivs med hjälp av 
elekroner som frigörs när näringsämnen bryts ned i cellen. 
Vätejonpumpningen leder till att fler vätejoner samlas på den ena sidan 
av membranet än den andra och membranet blir då uppladdat, likt ett 
batteri. Denna uppdämda pool av vätejoner används sedan för att driva 
processer som kräver energi i cellen, exempelvis bildandet av ATP-
molekyler. ATP används som energivaluta i cellen. 
 
I reaktionscentrum i cytokrom c oxidas når elektronströmmen från 
näringsämnena fram till syre, som tillsammans med vätejoner ombildas 
till vatten. I den här avhandlingen beskrivs hur cytokrom c oxidas 
transporterar vätejonerna genom sitt inre, och hur proteinets byggstenar, 
aminosyrorna, påverkar mekanismen för proton- och elektrontransport. 
Vätejoner transporteras i två kanaler genom cytokrom c oxidas. Vi har 
bland annat kunnat visa att vätejoner som pumpas går igenom den kanal 
som kallas D-kanalen. Vi har också visat att den andra kanalen, K-
kanalen, kan användas för att laddningskompensera en elektron i 
cytokrom c oxidas reaktionscentrum där syre ombildas till vatten. Två 
aminosyror och ett vattenkluster i D-kanalen har också undersökts, och 
visade sig ha stor betydelse för vätejontransporten i cytokrom c oxidas. 
Slutligen undersöktes också det omkringliggande lipidlagrets betydelse 
för elektrontransport och vätejontransport genom D-kanalen. 
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