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Abstract 

Proton transfer is one of the most common reactions in biological systems. 
During energy conversion inside a cell, proton transfer is crucial to maintain 
an electrochemical proton gradient across the cell membrane. This gradient 
is in turn used to e.g. produce ATP, the energy currency of the cell. One of 
the key components of the build-up of this gradient is cytochrome c oxidase. 
This membrane-bound enzyme catalyzes the reduction of molecular oxygen 
to water, using protons and electrons, and in the process protons are pumped 
across the membrane. All protons used during oxygen reduction and those 
that are pumped, are transferred via hydrophilic pathways inside the hydro-
phobic interior of the enzyme. One of these pathways, called the D pathway, 
is used to transfer protons both to the catalytic site and towards a pump site. 
It is yet not fully understood how these proton-transfer reactions are timed, 
coupled and controlled. 
 
This thesis is focused on studies of proton-transfer reactions through the D 
pathway in variants of cytochrome c oxidase that lack the ability to pump 
protons. The results suggest that changes in pKa values of key residues, as 
well as structural changes inside the pathway, can explain the non-pumping 
phenotypes. The results have led us to propose that an internal proton shuttle 
(Glu286I) can adopt two different conformations that are in equilibrium with 
each other, and that this equilibrium is altered in non-pumping variants of 
cytochrome c oxidase. We also observed that proton transfer through the D 
pathway could occur with the same rate as in the wild-type enzyme even 
when one of the key residues (Asp132I) is absent. This result contradicts 
previous assumptions that acidic residues must be present at an orifice of 
proton pathways. We therefore suggest that this specific residue could have 
an additional role, e.g. as a selectivity filter that excludes all ions except 
protons from entering the pathway. 
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Abbreviations and nomenclature 

CytcO 
Cyt c 
HBC 
N-side/P-side 
KIE 
MD 
PROPKA 

Cytochrome c oxidase 
Cytochrome c  
Hydrogen-bonded chain 
Negative logarithm of the acid dissociation constant 
Kinetic isotope effect 
Molecular dynamics 
“Protein pKa”, prediction tool for pKa value analysis 

MCCE 
NQM effects 
QCP 

Multi-conformation continuum electrostatics 
Nuclear quantum-mechanical effects 
Quantum classical path 

 
 
Nomenclature for CytcO: 
 
If not otherwise indicated, numbers of amino acids and distances between 
them are based on Rhodobacter sphaeroides CytcO, e.g. 
 
E286I and Glu286I  denote glutamate 286 in subunit I 
 
Asp132IAsn denotes a substitution of aspartate 132 in subunit I to 

asparagine 
 
SUIII(-) CytcO  denotes a variant of CytcO lacking subunit III  

   
The catalytic site denotes the site for oxygen reduction composed of 

heme a3 and CuB 
 
PLS the proton-loading site, denotes an acceptor site for 

protons that are pumped 
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Introduction 

Inside a cell, may it be in a mammalian organism or a bacterium, thousands 
of chemical reactions need to occur for the cell to survive. Many of these 
chemical reactions require energy, often in the form of adenosine triphos-
phate (ATP). The production of most of the ATP is in turn dependent on 
translocation of hydrogen ions (protons) across hydrophobic barriers in the 
cell. These proton-transfer reactions are catalyzed by membrane-bound en-
zymes. 
 
Today, the conservation of most of these enzymes throughout the different 
kingdoms of life is well known. The overall function and three-dimensional 
structures of many of these are also well established, but there are still many 
unsolved mysteries about the detailed mechanisms of the proton-
translocation processes.  

One of these proton-translocating enzymes is cytochrome c oxidase 
(CytcO). It is situated in the mitochondrial inner membrane in eukaryotic 
cells and the cytoplasmic membrane in aerobic bacteria. This enzyme cata-
lyzes the reduction of molecular oxygen to water, an exergonic reaction, and 
the free energy released is used to pump protons across the membrane.       
 
This thesis is devoted to a discussion of the mechanism of proton transloca-
tion in bacterial (Rhodobacter sphaeroides) CytcO. Focus lies on a discus-
sion of the importance for specific structural elements to maintain an effi-
cient proton-transfer process. 

In the following chapters, I start with a general discussion about energy 
conversion inside the cell as well as proton transfer in enzymes. Thereafter, 
the structure and function of CytcO are reviewed. This is followed by a 
summary of the included Papers I-IV, in which results from investigations of 
proton-transfer processes in CytcO during oxygen reduction using spectro-
scopic and computational techniques are described.  
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Energy conversion inside the cell 

From food to ATP in aerobic organisms 
Aerobic organisms, such as mammals or some bacteria (e.g. R. sphaeroides), 
have to metabolize macromolecular compounds with the aid of oxygen to 
extract the stored energy. These macromolecules, i.e. proteins, fats and car-
bohydrates, are degraded into their respective building blocks inside the cell. 
Electrons withdrawn during this process are transferred to the electron carri-
er NAD+ (nicotinamide adenine dinucleotide), yielding NADH. This reduced 
molecule (together with succinate) donates electrons to enzymes that are 
located in the inner membrane of mitochondria in mammalian cells or the 
cell membrane in bacteria (Figure 1). The enzymes, NADH dehydrogenase, 
succinate dehydrogenase, the cytochrome bc1 complex and CytcO, make up 
a chain of complexes (called the electron-transport chain) together with mo-
bile electron carriers (ubiquinone and cytochrome c) that shuttle electrons to 
molecular oxygen, with water as the end product. Most of the energy re-
leased in the electron-transfer process is conserved by translocation of pro-
tons across the membrane so that an electrochemical proton gradient is main-
tained (see below). The energy in this gradient is utilized by ATP synthase 
(another membrane-bound enzyme complex, Figure 1) that catalyzes the 
phosphorylation of ADP (adenosine diphosphate) to ATP (adenosine tri-
phosphate). ATP is sometimes referred to as the energy currency of the cell, 
since it is used to drive most of the chemical reactions that take place inside 
the cell.  
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Figure 1. Electron and proton transfer through the enzyme complexes of the elec-
tron-transport chain and ATP synthase in aerobic organisms. Electrons donated by 
NADH or succinate are shuttled through the enzyme complexes I (NADH dehydro-
genase), II (succinate dehydrogenase), III (the cytochrome bc1 complex) and IV 
(cytochrome c oxidase) to the final acceptor O2 to produce H2O. In the process, 
protons are translocated by complexes I, III and IV across the membrane, which in 
turn are utilized by ATP synthase to make ATP. The structures of the different en-
zyme complexes used in this illustration originate from different species. Complex I 
is from Thermus thermophilus (PDB entry 3M9S), complex II is from Gallus gallus 
(PDB entry 2H88), complex III is from Paracoccus denitrificans (PDB entry 2YIU), 
complex IV is from R. sphaeroides (PDB entry 1M56), ATP synthase is from T. 
thermophilus (cryo-EM structure with PDB entry 3J0J) and cytochrome c is from 
Equus caballus (PDB entry 1HRC). 

The electrochemical proton gradient 
The electrochemical proton gradient across the mitochondrial inner mem-
brane in eukaryotes or the cytoplasmic cell membrane in bacteria is the en-
ergy that drives ATP synthesis. The gradient is composed of (i) an electrical 
component (ΔΨ) due to a separation of charges across the membrane and (ii) 
a pH component (ΔpH) due to a difference in the concentration of protons on 
the two sides of the membrane. Through the charge separation the inside of 
the membrane is more negative (and therefore called the N-side) and the 
outside of the membrane is more positive (called the P-side) (Figure 1).      

Oxygen consumption in the cell 
Oxygen is a strong oxidizing agent and therefore a very good electron accep-
tor. However, oxygen is very reactive and can easily render reactive species 
like superoxide (O2

-) that can be harmful to the cell by e.g. oxidizing lipids 
in membranes or DNA. The electron donor to molecular oxygen in the elec-
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tron-transport chain, CytcO reduces about 90 % of the oxygen that is con-
sumed by aerobic organisms. CytcO can accomplish this without the build-
up of harmful reactive oxygen species in the active site where the reduction 
process is strictly controlled. The transfer of electrons and protons needed 
during oxygen reduction is fine-tuned in a remarkable way and also coupled 
to proton pumping by the enzyme. How these ion-transport processes are 
coupled and controlled is still not fully understood.     
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Biological proton transfer 

Proton transfer in enzyme catalysis 
Proton-transfer reactions are important for enzyme function, both in acid-
base catalysis and in redox reactions (1–4). There are several systems in 
nature that transport or use protons as substrates in chemical reactions, e.g. 
bacterial reaction centers, bacteriorhodopsin, NADH dehydrogenase and 
CytcO (1–6). During catalysis the proton must often travel a long distance 
between a donor and an acceptor. Some of these enzymes are proton pumps 
that need to translocate protons over the whole distance of a lipid bilayer 
(about 50 Å). Due to its mass, a proton cannot tunnel (i.e. move between two 
sites due to quantum mechanical effects) a distance larger than a covalent 
bond (2) and therefore needs to be transferred by other mechanisms. 

Proton transfer in biological systems is often conducted by polar amino-
acid residues and water molecules that are coordinated into a pathway 
through which protons can be transferred via a Grotthuss-like mechanism 
(2–7). This is sometimes referred to as “proton hopping” and involves rear-
rangements of the hydrogen-bonding pattern in a hydrogen-bonded chain 
(HBC) so that one proton enters and another proton leaves the pathway. Af-
ter a proton has left the HBC, the molecules turn back to their original con-
figuration so that the hydrogen-bonding pattern is restored and a second 
proton transfer can occur. Figure 2 schematically illustrates the Grotthuss 
mechanism in a HBC composed of aligned water molecules. 
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Figure 2. A schematic illustration of proton transfer through a hydrogen-bonded 
water chain via the so-called Grotthuss mechanism. In a) the chain is in its ground 
state. When a proton enters from one side of the chain (b), the hydrogen bonds re-
arrange such that a proton on the other side of the chain is released (c). Then the 
water molecules have to turn (d) in order for the chain to change back to its ground 
state (e).   

   

Common characteristics of proton pumps 
In proton pumps, protons are transferred against the electrochemical proton 
gradient (from the N-side of the membrane and to the P-side). This requires 
barriers (gates) inside the proton-transfer pathway that prevents proton leaks, 
since a direct contact between the two sides would lead to short-circuit of the 
membrane (8–14). Gating can, for example, be accomplished by conforma-
tional changes of amino-acid residues during the proton-transfer process (see 
e.g. the discussion about Glu286I in CytcO in the following chapters and (15, 
16)), such that they in different conformations make contact with either the 
N-side or the P-side of the membrane. Another element found in proton 
pumps is a proton-acceptor site (see the discussion about the proton-loading 
site in CytcO), which has an alternating access to the different sides of the 
membrane and also may have different pKa values in different states. 

Proton pumping is an endergonic reaction that needs to be coupled to an 
energy-releasing reaction. For redox-linked proton pumps (like CytcO), this 
energy is derived from electron transfer from low-potential donors to high-
potential acceptors. For proton pumping to occur in these systems, the timing 
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for the redox-reaction and proton transfer to the proton-acceptor site have to 
be orchestrated correctly to ensure that the energy from the redox reaction is 
not lost before the proton can be translocated to the P-side of the membrane 
(see the discussion about the proposed proton-pumping mechanisms in 
CytcO).   
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Cytochrome c oxidase 

Structure and function 
Cytochrome c oxidase is the terminal membrane-bound enzyme complex in 
the electron transport chain (Figure 1). The enzyme delivers electrons to 
molecular oxygen and catalyzes its reduction to water. This is a highly exer-
gonic process and CytcO utilizes the released energy to translocate (pump) 
protons across the membrane, thereby maintaining the electrochemical pro-
ton gradient across the membrane. The overall reaction catalyzed by CytcO 
is summarized in the equation below. The reduction of oxygen consumes 
four electrons and four protons, and four additional protons are pumped from 
the N-side of the membrane to the P-side (as depicted by subscripts in Eq.1).  
 
 
O2 + 4e- + 8H+

N  2H2O + 4H+
P              Eq.1 

 

Overall structure and the electron transfer pathway 
Eukaryotes and many aerobic bacteria have an oxidase of the aa3-type, 
named after the two redox-active heme a cofactors that are found in the en-
zyme (for a further explanation of the classification of oxidases, see (17)).  

The core of the aa3-type CytcOs, consisting of three membrane spanning 
enzyme subunits (subunits I-III), are highly conserved (both in structure and 
in sequence) between eukaryotic and bacterial species. The redox cofactors 
involved in electron transfer are situated in subunits I and II (Figure 3). Elec-
trons are donated one-by-one from soluble Cyt c (not shown) to a di-nuclear 
copper site (CuA) in subunit II. They are then sequentially transferred via 
heme a to the catalytic site consisting of heme a3 and a mononuclear copper 
site (CuB), all situated in subunit I. Subunit III is not directly involved in the 
reduction of oxygen, it is however important for maintaining the integrity of 
the catalytic site as well as for efficient proton transfer via the D pathway to 
the catalytic site during catalysis (18–21).  

The number of additional subunits in CytcO differs between different 
species. The bacterial CytcO variants from R. sphaeroides (Figure 3A) and 
P. denitrificans have a fourth subunit (subunit IV) consisting of only one 
transmembrane helix (see e.g. (22, 23)). The function of this fourth subunit 
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is not known. CytcO from bovine  (Bos taurus) heart mitochondria (which is 
the only mammalian CytcO with known three-dimensional X-ray crystal 
structure) has ten additional subunits (24, 25). Some of these “supernumer-
ary” subunits have nucleotide (ADP and/or ATP) or metal ion (Zn2+) binding 
sites, some are involved in regulation and assembly and others have an as yet 
unknown function (26–29). Recently, a homology model of yeast (Saccha-
romyces cerevisiae) CytcO, based on the structure of the bovine enzyme, 
was published (26). This oxidase has 11 subunits in total (the three core sub-
units plus eight supernumerary subunits). The sequence identity between the 
supernumerary subunits in yeast and bovine CytcO varies and the function of 
most of these subunits in yeast oxidase is yet not known.     

The homology between the core subunits of bacterial and mitochondrial 
CytcO makes it advantageous to study proton transfer reactions using bacte-
rial CytcO as a model for reactions occurring in the mammalian system. 

 
Figure 3. A): The X-ray crystal structure of R. sphaeroides CytcO (PDB entry 
1M56). The four subunits are colored by chain (subunit I green, subunit II cyan, 
subunit III magenta and subunit IV yellow). Black lines indicate the approximate 
position of the membrane. B): The cofactor organization in R. sphaeroides CytcO 
and the two proton-transfer pathways K and D. Electron and proton transfer path-
ways are indicated by blue and red arrows, respectively. Electrons are donated to 
the catalytic site (composed of heme a3 and CuB) by soluble cytochrome c (not 
shown) via CuA and heme a. The K pathway starts at Glu101 in subunit II and 
traverses via Lys362I to the catalytic site. The D pathway starts with Asp132I and 
ends at Glu286I. The figures were prepared using MacPyMOL (30).  
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Proton-uptake pathways in CytcO 
In the R. sphaeroides and P. denitrificans CytcOs two proton-uptake path-
ways (Figure 3B) have been identified by mutational studies as well as by X-
ray crystallography (see e.g. (22, 23, 31–35)).  

The K pathway (named after Lys362I) starts at Glu101 in subunit II and 
goes via Lys362I and a couple of water molecules to the catalytic site. It has 
been shown experimentally that the K pathway is used to transfer one or two 
of the four protons needed during reduction of oxygen to water ((31, 36–38), 
i.e. during the reductive phase of the catalytic cycle. 

The D pathway starts at Asp132I close to the N-side surface of the mem-
brane and ends at Glu286I (close to the heme cofactors) in the middle of the 
enzyme (the distance between Asp132I and Glu286I is about 24 Å). This 
pathway is made up of at least ten water molecules and several protonatable 
amino-acid residues. The D pathway is responsible for transferring two to 
three of the protons needed during oxygen reduction at the catalytic site. 
There is also evidence that all four protons that are pumped across the mem-
brane are transferred via the D pathway to a proton-loading site (31, 34, 35). 
Proton transfer through the D pathway will be discussed further in section 
“Role of specific structural elements in the D pathway in CytcO”.  

In CytcO from bovine heart mitochondria, a third proton pathway (called 
H) has been proposed by examination of the available X-ray crystal struc-
tures (25, 39, 40). This pathway is believed to function in the proton translo-
cation process together with the D and K pathways in the bovine enzyme. In 
bacterial CytcO there are some hydrophilic residues in the same region, but 
experimental studies have shown that this is not a functional element in the 
proton translocation process in the bacterial enzymes (33, 41). In yeast 
CytcO there is also evidence for a third proton pathway at the same location 
as the H pathway in bovine CytcO (26). However, the distribution of amino-
acid residues is slightly different in yeast CytcO compared to bovine CytcO. 
Because of the different results there is still an ongoing debate on the func-
tion and existence of the H pathway in different CytcOs.  

Glu286I 

The Glu286I residue at the end of the D pathway (Figures 3B and 4) is the 
branching point from which protons are transferred either to the catalytic site 
(where oxygen is reduced) or towards a proton-loading site (PLS) from 
which they are released through an exit pathway to the other side of the 
membrane.  

There are several theories about how Glu286I can accomplish its role as a 
proton shuttle that directs protons towards the catalytic site or to the proton-
loading site. One theory (described in more detail in section “Role for specif-
ic structural elements in the D pathway in CytcO” and Paper I) is that the 
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side chain of Glu286I can adopt two different conformations (E1 and E2) 
yielding two different pKa values. Proton transfer from Glu286I can only 
occur if the side chain is in orientation E2 (points more towards the catalytic 
site than in position E1). The mechanistic involvement of a side-chain re-
orientation of Glu286I has to some extent been backed-up by experimental 
data (23, 42, 43) and theoretical calculations (44–46). The crystal structure 
of a variant of CytcO where Glu286I was substituted for a glutamine 
(Glu286IGln CytcO) shows a different orientation of the side chain than in 
the crystal structure of the wild-type enzyme (23). The positions of amino-
acid residues and water molecules in the vicinity of the Gln286I side chain 
were also changed in the crystal structure of the variant CytcO compared to 
the wild-type enzyme. Also, in the Glu286IGln variant the steady-state oxy-
gen reduction activity was very slow and the proton-transfer rate to the cata-
lytic site impaired, which reflects the importance of this residue during ca-
talysis (47).  FTIR-spectroscopy on CytcO variants in which asparagine resi-
dues situated in the D pathway were substituted for aspartates (Asn139IAsp 
and Asn207IAsp) revealed that the environment around Glu286I was per-
turbed due to the substitutions and that the substitutions probably affect wa-
ter molecules around Glu286I (42). In the crystal structure of the 
Asn131IAsp CytcO variant from P. denitrificans (equivalent to the 
Asn139IAsp CytcO variant in R. sphaeroides) a side-chain rearrangement of 
the branching glutamate residue was seen (43). In the theoretical work in 
(44–46), it was also seen that the side chain of Glu286I was transiently reori-
ented. The side chain was mostly fixed at a position pointing towards the D 
pathway, but occasionally the side chain briefly moved towards the catalytic 
site/proton-loading site during the simulations. 
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Figure 4. The structure of the proton shuttle Glu286I and the area above the heme 
groups where the PLS is proposed to reside (15, 48, 51-54). Shown is also the Mg2+-
site that has been proposed to be part of the proton-exit pathway (58-60). The figure 
was prepared from PDB entry 1M56 using the MacPyMOL software (30).  

The proton-loading site 
There are several suggested mechanisms for proton pumping in CytcO (dis-
cussed below). One common theme is the prerequisite for a proton-loading 
site from which protons at the right time can be translocated through an exit 
pathway to the outside of the membrane (Figure 4). However, in CytcO there 
is no real evidence for its exact location. X-ray crystallography structures of 
CytcO have revealed several basic amino-acid residues and water molecules 
located above the heme groups (see e.g. (23)). One of these residues, 
Arg481I, interact with both hemes a and a3 and has been suggested to be a 
part of the PLS. Results from experimental studies, however, indicate that 
this is not the case (48), although the Arg481I residue seems to be involved 
in the transfer of pumped protons (15, 48, 51–54). It is instead suggested that 
the PLS is located at one of the propionates (A) of heme a3 or one of the 
histidine-ligands to CuB (48–50).  

The proton-exit pathway 
The exact location of the proton-exit pathway leading from the PLS is yet 
not known. The three-dimensional structures of CytcO do not reveal any 
waters and/or polar amino-acid residues aligned to make up a perfect route 
for proton exit. There is however a large number of water molecules in the 
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area above the heme groups that could be involved in the proton-exit path-
way (23, 55, 56).  Backbone amide hydrogen-deuterium exchange mass-
spectrometry studies of CytcO (16, 57) revealed a specific portion of subunit 
I (residues 320-340) that shows a high degree of deuterium exchange. These 
residues possibly take part in the proton-exit pathway.  

Protons could presumably exit through the same route as water molecules 
produced at the catalytic site. Above the heme groups, inside a hydrophilic 
water-filled cavity (Figure 4), a conserved magnesium ion is situated. It has 
been shown experimentally that this site is accessible to water from the bulk 
solution (58) as well as to cyanide (59). There is a possibility that protons 
can be translocated out to the P-side of the membrane via the same route as 
waters and cyanide access the magnesium ion. A theoretical study (60) sug-
gested that some charged residues (aspartates and lysines) connected to the 
proposed PLS in the bovine CytcO (His291I, bovine CytcO numbering) form 
the proton exit pathway. These residues are situated close to the magnesium 
ion. However, proton transfer through the “water”-route would have to be 
controlled to prevent protons from entering from the wrong (P-) side and 
short-circuit the membrane.   

Proton pumping in CytcO 
Ever since it was discovered by Wikström (61) in the seventies that CytcO 
pumps protons, several theories about the actual mechanism have been pro-
posed. Nevertheless, the proton-pumping mechanism is still under debate 
although almost forty years have passed (for a recent review on this subject, 
see (63)).   

In CytcO, proton pumping occurs every time an electron is transferred to 
the catalytic site (that is, four times during the catalytic cycle during which a 
molecule of dioxygen becomes reduced to water) (62–64).  For every elec-
tron, one proton is transferred to the catalytic site and one proton is released 
to the other side of the membrane. The timing of these proton-transfer reac-
tions in CytcO is of great importance, since the energy in the oxygen-
reduction reaction needs to be conserved for proton pumping. One of the 
major differences between the suggested proton-pumping mechanisms in 
CytcO is the site to which the first proton is transferred (i.e. to the catalytic 
site or to the PLS), since this is important for the conservation of the energy. 
There are also questions regarding the barriers and gates that prevent back-
flow of protons during the pumping process (for a detailed discussion about 
the gating elements, see (63)).  

In the next section, the present models for proton pumping are summa-
rized based on whether the first proton reaches the proton-loading site to be 
pumped or if it is transferred to the catalytic site for chemistry. 
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Proposed pumping mechanisms in CytcO 

Proton transfer to the PLS precedes proton uptake to the catalytic site  
This model has been suggested for example in references (39, 49, 62–66) 
and is based on electrostatic interactions between the elements involved (as 
derived from both experimental data and theoretical calculations). The se-
quence of events is as follows. Electron transfer to heme a raises the pKa of 
the PLS, which triggers proton transfer to the PLS via the D pathway. This 
in turn raises the redox potential of the catalytic site so that the electron is 
transferred from heme a to the catalytic site. The reduction of the catalytic 
site triggers fast proton uptake to the catalytic site, which electrostatically 
forces expulsion of the proton from the PLS and into the exit pathway for 
translocation to the outside. The transfer of the first proton to the PLS en-
sures that the energy in the redox-reactions at the catalytic site is not lost and 
proton pumping is maintained. 

A variant of this model has been proposed (50, 67) in which the electron 
first needs to be transferred all the way to the catalytic site before the PLS 
can become protonated. After these events, a second proton is transferred to 
the catalytic site and the proton at the PLS is electrostatically repelled to-
wards the P-side of the membrane. This model is mainly based on calcula-
tions of kinetics of the proton transfer-reactions suggesting that the proton 
transfer to the PLS is faster than proton transfer to the catalytic site. 

Proton uptake to the catalytic site precedes proton transfer to the PLS 
This model, suggested by Brzezinski and co-workers (8, 68–70), is based on 
structural and experimental data suggesting conformational changes in the 
area around Glu286I upon movement of charges to the catalytic site. In this 
model, the following sequence of events occurs; Electron transfer to the 
catalytic site is accompanied by proton transfer (via Glu286I) to the catalytic 
site to maintain electroneutrality. This triggers structural re-arrangements in 
the environment around Glu286I (the gate) and the PLS such that the pKa of 
the PLS rises. A proton is then transferred via the D pathway to the PLS and 
Glu286I becomes re-protonated (also via proton transfer through the D-
pathway). With Glu286I protonated the structure relaxes back to its ground 
position, which again lowers the pKa of the PLS such that the proton is ex-
pelled towards the P-side. In this model, energy transferred in the redox-
reaction at the catalytic site is stored in the structural rearrangement in the 
area of Glu286I and the PLS. 

The catalytic mechanism of O2 reduction by CytcO 
During the reduction of molecular oxygen at the catalytic site of CytcO, 
several intermediate states are formed before the end product water is re-
leased (Figure 5). The transitions between these intermediates include elec-
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tron and proton transfer reactions to the catalytic site (for a detailed descrip-
tion of the mechanism, see e.g. Paper I and (70)). 
 Briefly, when the enzyme is in an oxidized state (intermediate O0 in Fig-
ure 5, where the one-letter code denotes the state of the catalytic site and the 
superscript depicts the number of electrons transferred to the catalytic site) 
two electrons and two protons are sequentially transferred to the catalytic 
site accompanied by pumping of protons across the membrane (see above for 
a description of the respective transfer pathways for electrons and protons in 
CytcO). This yields state R2 (via E1), in which oxygen can bind to the re-
duced catalytic site. The O-O bond is thereafter broken (forming a state re-
ferred to as A2) and electrons and protons are relocated within the area of the 
catalytic site, forming state P2. Next, a third electron and a proton are trans-
ferred to the catalytic site, forming state F3. The last intermediate (O4) is 
formed when a fourth electron and a fourth proton are transferred to the cata-
lytic site. Formation of states F3 and O4 are both accompanied by proton 
pumping across the membrane. 

 
Figure 5. A schematic illustration of the catalytic cycle of CytcO, where the one-
letter codes denote intermediate states at the catalytic site in CytcO and the super-
scripts depict the number of electrons at the catalytic site. For details of this reac-
tion scheme, see the text. 
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Studies of proton transfer in CytcO 

Time-resolved optical spectroscopy 
One way to study electron and proton-transfer reactions during oxygen re-
duction is by time-resolved optical spectroscopy. With this method, absorb-
ance changes upon redox reactions of the cofactors in CytcO are detected 
with a time-resolution of microseconds. CytcO is incubated in an anaerobic 
atmosphere and all redox cofactors are preloaded with one electron each by 
the addition of reductants and redox mediators (e.g. ascorbate and hexaam-
min ruthenium chloride). When the enzyme is fully reduced it is incubated 
with carbon monoxide (CO), which binds to heme a3 at the catalytic site and 
inhibits the enzyme from reacting with oxygen. The CO-CytcO complex is 
anaerobically transferred into one of the drive syringes of a stopped-flow 
apparatus (Figure 6A). In the other syringe, an oxygen-saturated buffer solu-
tion is loaded. The solutions from the two syringes are then rapidly mixed, 
which triggers a short and intense laser flash that breaks the CO-CytcO bond 
and allows oxygen to bind rapidly to the reduced heme a3. Electron and pro-
ton-transfer processes upon reaction between CytcO and oxygen can then be 
followed in time as absorbance changes of the redox-active sites at specific 
wavelengths.  

Reaction between fully reduced CytcO and oxygen 
During the physiological catalytic cycle (Figure 5), all electron-transfer reac-
tions to the catalytic site are charge compensated by proton transfer. Howev-
er, when starting from a fully reduced enzyme, as in the experimental proce-
dure described above, some of the electron and proton-transfer reactions 
become separated in time (Figure 6B, see also Paper I). After O2 binding to 
the reduced catalytic site, the O-O bond is split and state A2 is formed. In the 
following step, the electron residing at heme a is transferred to the catalytic 
site, forming a state called P3 (an excess negative charge as compared to 
state P2 in Figure 5). Next, upon formation of state F3, a proton is transferred 
via the D pathway to the catalytic site to compensate for the excess negative 
charge. During the same time scale as F3 formation, the electron bound to 
CuA equilibrates with heme a (such that each of the cofactors becomes about 
50 % reduced) and a proton is pumped across the membrane. The last inter-
mediate, O4, is formed when the fourth electron is transferred from 
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CuA/heme a to the catalytic site together with a proton from the D pathway. 
O4 formation is also accompanied by proton pumping. 

 
Figure 6. A): The experimental set-up used for studies of electron and proton trans-
fer in CytcO. The anaerobic CytcO-CO complex is mixed with an oxygenated buffer 
in a measuring cell. A Xe-lamp provides light to the measuring cell via a mono-
chromator. Light that is transmitted through the sample in the measuring cell is 
detected by a photomultiplier tube (PMT). The PMT gives an output current that is 
converted to voltage, which in turn is recorded by the digital oscilloscope. After a 
set delay time, the stop syringe triggers a laser flash that dissociates CO from 
CytcO, which initiates the reaction with oxygen and also triggers the oscilloscope to 
start recording the signal. B): A schematic illustration of the electron and proton 
transfer reactions that can be studied upon reaction between fully reduced CytcO 
and O2. Letters denote the intermediate states at the catalytic site and superscripts 
depict the number of electrons at the catalytic site. For a detailed description of the 
electron and proton-transfer reactions in this reaction scheme, see the text on pages 
26-27.  
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Proton uptake 
The net proton uptake by CytcO from the bulk solution during reaction with 
O2 can be studied using the same experimental approach as described above 
by adding a pH- sensitive dye to the reaction mix in a buffer-free environ-
ment. Uptake of protons leads to pH changes in the bulk solution, which can 
be followed as absorbance changes of the dye. 

Temperature dependence of proton transfer in CytcO 
In the end of the 19th century the Swedish scientist Svante Arrhenius postu-
lated the relationship (Eq.2), known as the Arrhenius equation, which de-
scribes the dependence of reaction rates (k) on temperature (T) as well as the 
activation energy (Ea) needed for a chemical reaction to occur.  
 
 
𝑘 = 𝐴 𝑒!!! !"                    Eq.2 
 
 
In this equation R is the molar gas constant and A is the so-called frequency 
factor (i.e. a constant that reflects the number of collisions of the molecules 
in the reaction). 

To study the temperature dependence of specific reaction steps in CytcO, 
the above-mentioned spectroscopic method was implemented and the tem-
perature of the system was set by a water-circulating bath around the 
stopped-flow unit and the measuring cell. The rates of the proton-transfer 
reactions were then measured and used to deduce thermodynamic parameters 
such as the entropy of activation (through calculations based on transition 
state theory) (Paper IV and (71)). The activation entropy offers insights into 
the environment of the system studied and the nature of the interactions be-
tween different structural elements, e.g. between proton donors and accep-
tors.  

The kinetic (deuterium) isotope effect 
Studies of deuteron transfer in CytcO offers insights into e.g. the nature of 
the rate-liming steps during the transitions between intermediate states of the 
enzyme (see e.g. (72–75) and Paper IV). Deuteron transfer can be studied 
by exchanging the water-solution of the enzyme for deuterium oxide. The 
reaction rates are then studied using time-resolved optical spectroscopy as 
described above. 

The kinetic (deuterium) isotope effect (KIE) is calculated as the rate of a 
specific reaction in water divided by the rate of the same reaction in deuteri-
um oxide (kH2O/kD2O). A KIE value around 1.4 reflects a single proton-
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transfer event from a donor to an acceptor within hydrogen-bonding distance 
from each other. A larger KIE reflects an increased distance between the 
donor and acceptor. Alternatively, the proton transfer involves several con-
certed proton-transfer reactions or the proton-transfer event is linked to a 
structural change ((4, 6, 75), Papers I and IV).  
 It has been shown that the pH-meter glass electrode is affected by the 
isotope exchange such that pD = pH + 0.4 (76). Similarly, the pKa values of 
titratable groups are often affected by about the same magnitude (pKa(D2O) = 
pKa(H2O) + ∼0.4). This means that the protonation/deuteration states of the 
titratable groups are about the same in H2O and D2O at the same pH-meter 
reading. The concentration of deuterons and protons is, however, different at 
the same pH-meter reading and therefore in our experiments the (observed) 
pH was kept around 7.5 where the pH dependence of the studied proton-
transfer reactions in CytcO is small.   

Even more information can be obtained by determining the temperature 
dependence of the KIE for the individual proton-transfer reactions ((71) and 
Paper IV). This dependence reflects distances between proton donors and 
acceptors, such that the larger distance the steeper is the temperature de-
pendence profile of the KIE. This information is useful when trying to eluci-
date the detailed molecular mechanism of reactions involving proton transfer 
in CytcO.   

Computational methods 
With the ever more increasing capacity of computers, computational meth-
ods have become a valuable complement to experimental studies of biologi-
cal systems. It is now possible to in silico address some of the most challeng-
ing problems in enzymes like CytcO, e.g. by mapping dynamics of water 
molecules and side chains involved in catalysis ((15, 77, 78) and Paper II), 
calculating energies for structural changes and proton-transfer reactions (see 
e.g. (79, 80) and Paper IV) and calculating pKa values of residues buried 
inside the hydrophobic environment of the protein ((81) and Paper II).  

Molecular dynamics (MD) simulations 
To experimentally map dynamics at a molecular level in biological mole-
cules is a big challenge. For CytcO, amide hydrogen-deuterium exchange 
mass-spectrometry is a method that has been used to study dynamics of 
structural elements (16, 57). Computerized MD-simulations of movements 
inside the enzyme are nowadays extensively used to study dynamics of water 
molecules and side chains in the protein interior during catalysis (see e.g. 
Paper II and (15, 46, 77, 82–84)). 
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For MD simulations of the dynamics in the D pathway in CytcO (as in 
Paper II) the three-dimensional structure with PDB entry 1M56 (containing 
all four subunits) was used as starting model. The MD simulations where 
then run in two separate rounds. First, the whole enzyme was (in silico) in-
serted into a lipid environment and, after adjustments of the system and en-
ergy minimization, a simulation was run for 10 ns. During this time water 
molecules and lipids moved while the protein was restrained in a rigid con-
formation. In the second round, a snapshot from the first simulation was 
selected and now the simulation was focused on a specific area in the D 
pathway (about 28 Å around the Asn139I residue). For the second simula-
tion, the protein moiety was allowed to move in order to be able to map the 
dynamics in the area. 

pKa-value analysis of amino-acid residues 
The pKa values of charged amino-acid residues inside the hydrophobic envi-
ronment of a protein (where they are influenced by the neighboring residues 
and cofactors) can significantly deviate from those in water solution (1, 81, 
85–87). It has been shown that in the hydrophobic interior of a protein, the 
neutral form of the residues is stabilized by alterations of the pKa of the side 
chains; basic residues adopt a lower pKa and acidic residues adopt a higher 
pKa (87).  

The analysis of pKa values of residues in the D pathway (see Paper II) 
was performed using two methods; (i) the PROPKA method (88, 89) that 
uses available structures to calculate pKa values of groups with an ionizable 
side chain (taking into account e.g. desolvation effects and intra-protein in-
teractions) and (ii) the MCCE (multi-conformation continuum electrostatics) 
method (90) that renders pKa values for different conformations of side 
chains (with this method protein side chains are allowed to move and the 
dielectric effects of the protein and its environment are taken into account). 

Quantum mechanical calculations 
Nuclear quantum-mechanical (NQM) effects (such as tunneling and zero-
point energy) likely contribute to the nature of the proton-transfer reactions 
in enzymes (91–94). 
 To address the NQM effects on proton-transfer reactions in CytcO during 
oxygen reduction, the so-called quantum classical path (QCP) approach has 
been used ((92, 93) and Paper IV). The protons in the studied system are 
treated as quasiparticles with a constrained center of mass. The paths along 
which these quasiparticles move are calculated for different protein configu-
rations, whereby energy profiles for the different paths can be obtained. En-
ergy profiles can also be obtained by taking into account transitions between 
vibronic states of the particles. When these types of calculations are imple-
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mented on the temperature dependence of proton transfer together with ki-
netic isotope effects (as in Paper IV), they can be used to draw conclusions 
about the nature of transition states and distances between proton donors and 
acceptors.    
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Role for specific structural elements in the D 
pathway in CytcO  

Uncoupled CytcO variants 
As mentioned earlier, the D pathway in CytcO is used to transfer protons 
either to the catalytic site or to the PLS during oxygen reduction. This path-
way starts with Asp132I and ends at Glu286I. Between Asp132I and Glu286I, 
polar amino-acid residues coordinate several water molecules so that a hy-
drogen-bonded chain is formed (Figure 7).  

One way to study the mechanism of proton transfer through the D path-
way is to substitute residues that align the water-filled cavity within the 
pathway and then study the function of these variants using e.g. optical spec-
troscopy. One of the residues that have been substituted to several other 
amino acids is Asn139I, about 8 Å closer to the P-side than Asp132I (Figure 
7). In all the variants having a substitution at Asn139I, the steady-state oxy-
gen-reduction activity is 40-200 % of that of wild-type CytcO while proton 
pumping is completely impaired (95–99).  These variants (referred to as 
uncoupled) make it a possible to study proton-transfer reactions to the cata-
lytic site in CytcO that are separated from the transfer of “pumped” protons 
and thereby offering clues into details of the proton-pumping mechanism.  

In the next section of the thesis, the characteristics and roles for some of 
the structural elements in the D pathway will be discussed, based on the re-
sults in Papers I-IV. In Paper I we have summarized data from studies of 
several structural variants of CytcO and hypothesize about the reason for the 
uncoupling effect as well as the involvement of Glu286I during catalysis. In 
Papers II and III we have contributed to the knowledge about uncoupled 
variants of CytcO by experimentally studying proton-transfer reactions dur-
ing single-turnover in some of these variants as well as exploring the charac-
teristics of these variants using computational methods. In Paper IV we 
have studied temperature dependence and kinetic isotope effects of proton 
transfer in CytcO. The results imply structural and thermodynamic differ-
ences between wild-type CytcO and the uncoupled variants that could be 
responsible for the non-pumping phenotype. 
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Figure 7. A detailed illustration of the D pathway used for transport of protons to 
the catalytic site as well as protons that are pumped across the membrane. This 
pathway starts at Asp132I, close to the membrane surface, and spans via at least ten 
water molecules to Glu286I, from where protons are shuttled towards the catalytic 
site or the PLS. The role of the highlighted amino-acid residues Asp132I, His26I, 
Asn139I, Asn121I and Glu286I is discussed in the text based on results from Papers 
I-IV. The figure was prepared using PDB entry 1M56 and the MacPyMOL software 
(30).    

Alteration of Glu286I in uncoupled CytcO variants 
In wild-type CytcO, Glu286I (the residue that shuttles protons to the catalytic 
site or the PLS) titrates with an apparent pKa of 9.4 (100). This pKa value has 
been determined from studies of the pH dependence of the reaction rate for 
the P3F3 transition, which can be fitted with a Henderson-Hasselbalch 
titration curve (Figure 9). During the P3F3 transition, a proton is trans-
ferred to the catalytic site via the D pathway (Figure 6B) and it has been 
suggested that this proton is donated to the catalytic site from an internal 
group. If the D pathway is blocked, by substituting Asp132I for an Asn, the F 
intermediate is formed with the same rate as in wild-type CytcO (101). It has 
also been shown that if the Glu286I residue is substituted for a Gln the F 
intermediate is not formed (i.e. there is no proton transfer to the catalytic site 
after formation of intermediate P) (47), suggesting that Glu286I is crucial for 
the proton-transfer reaction to the catalytic site upon formation of state F. 
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Taken together, these observations indicate that the internal donor for the 
formation of intermediate F is Glu286I, and therefore the observed pKa for 
the P3F3 transition is suggested to reflects the pKa of Glu286I ((100), see 
also discussion below).   

One common characteristic of uncoupled CytcO variants that have a sub-
stitution at Asn139I is that the Glu286I residue, about 18 Å further away, is 
affected (Paper I). When the Asn139I residue was substituted for an aspar-
tate (Asn139IAsp), the pH-dependence profile for the P3F3 transition was 
changed and the pKa elevated to a value higher than 11 (102). When instead 
the Asn139I residue was substituted for a threonine (Asn139IThr), the reac-
tion titrated with a pKa of 7.6 (98). The shift in pKa for Glu286I in these vari-
ants would change the rate by which the PLS becomes protonated and there-
by affecting the proton-pumping ability. The main cause for the changes in 
pKa was suggested to be structural changes around the Asp139I/Thr139I site 
that propagates to the area around Glu286I. In the case of the Asn139IAsp 
variant, the introduction of an extra charge in the D pathway presumably 
also contributed to the change in pKa of Glu286I. However, since the 
Asp139I and Glu286I are about 18 Å apart, the electrostatic effect most like-
ly is smaller than the structural effect.  

In Paper I we have summarized data from both experimental and theoret-
ical studies and offer an explanation as to why the pKa of Glu286I is altered 
in the uncoupled variants as well as how this is related to changed pumping 
stoichiometry. For Glu286I to be able to function as a proton shuttle during 
catalysis, the side chain probably has to shift between two conformations (E1 
and E2) such that in one conformation a connection with the D pathway is 
established and in the second conformation a connection for proton transfer 
towards the catalytic site and the PLS is established (Figure 8). The two con-
formations are in equilibrium with each other and have different pKa values 
(pKa1 and pKa2). The apparent pKa value of Glu2861, that is observed exper-
imentally, reflects the equilibrium between E1 and E2. Structural changes in 
the D pathway upon alteration of single amino-acid residues changes the 
hydrogen-bonded chain all the way to the area around Glu286I, e.g. by 
changing the water structure in the close vicinity to the glutamate. This shifts 
the equilibrium between E1 and E2 and thereby the observed pKa is changed. 
For proton pumping to be maintained, the rates for proton transfer between 
Glu286I and the catalytic site/PLS have to be orchestrated such that the ener-
gy for pumping is not dissipated. If the equilibrium between E1 and E2 is 
changed, the relative rates for proton transfer from Glu286I would be 
changed as well, thereby affecting the proton-pumping efficiency.   
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Figure 8. A): An illustration of the proposed side-chain rearrangements of Glu286I 
between states E1 and E2 during proton transfer in CytcO. Proton transfer from 
Glu286I and towards the catalytic site can only occur when the side chain is in con-
formation E2. In this figure, the side chain position E1 is the conformation of 
Glu286I seen in the X-ray crystal structure of the wild-type CytcO. The alternative 
side-chain conformation (E2) of Glu286I was modeled using the MacPyMOL soft-
ware (30) and PDB entry 1M56. B): A schematic illustration of the model for proton 
transfer via Glu286I proposed in Paper I (for a detailed description, see the text on 
page 34). 

       
In Paper II we have studied proton transfer in an uncoupled variant of 

CytcO where the Asn139I residue is substituted for a cysteine. Our results 
show that due to this alteration, the apparent pKa for Glu286I is upshifted to a 
value above 10.5 (Figure 9), while the proton-transfer rate through the D 
pathway is as fast as in wild-type CytcO (resembling the results obtained 
with the Asn139IAsp variant, (102)). A computational pKa analysis supports 
the interpretation of the experimental data and suggests that the pKa for 
Glu286I is high (above 9) in both the wild-type CytcO and in the cysteine-
variant (Table 1, Paper II). The pKa for Cys139I is also high (above 12), 
such that it will be mostly protonated during catalysis (Table 1, Paper II). 
Since the cysteine is protonated, there is no extra charge in the D pathway 
that electrostatically can affect Glus286I. Therefore, the shift we observe for 
the pKa of Glu286I in the uncoupled cysteine variant is presumably caused 
by structural changes in the D pathway that affect the environment around 
Glu286I.     

In Paper III we have studied proton-transfer reactions in an uncoupled 
variant of CytcO that lacks protonatable residues at positions 139 and 132 in 
the D pathway (the Asn139IThr/Asp132IAsn CytcO variant). The steady-
state oxygen-reduction activity in this variant is similar to that of the wild-
type CytcO (99), which is an unusual feature in CytcO variants lacking 
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Asp132I (see section “The role for Asp132I during catalysis” on page 38 for 
a further discussion). When we measured the proton-transfer reactions in the 
Asn139IThr/Asp132IAsn variant during single turnover, we observed the 
same rates as those with the wild-type CytcO. As in Paper II and the study 
by Namslauer et al. (102) the pKa for Glu286I was shifted to a value higher 
than 11 (Figure 9). In addition, the proton-uptake rate in this variant was 
similar at pH values around 7.8 and 9.1 (in wild-type CytcO the rate of pro-
ton uptake is slower at pH 9 than at pH 7.8). Since the 
Asn139IThr/Asp132IAsn CytcO variants lack protonatable residues in the 
first half of the D pathway, the effect seen on Glu286I is suggested to be due 
to structural changes inside the D pathway that modify the environment of 
Glu286I such that the equilibrium between the side-chain conformations 
shifts and disables the proton-pumping activity (as discussed in Papers I and 
II). Studies of temperature dependencies and kinetic isotope effects of pro-
ton-transfer reactions in CytcO (Paper IV) also support the idea of structural 
changes in the area around Glu286I that are linked to the proton-pumping 
mechanism (for a further discussion, see section “Temperature dependence 
of deuterium isotope effects”, pp. 42). 
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Figure 9. pH dependence of the rates of the P3F3 reaction, during which a proton 
is transferred to the catalytic site via the D pathway. In wild-type CytcO, this reac-
tion titrates with a pKa of 9.4 and this pKa value has been attributed to Glu286I (47, 
100-101). In variants having the Asn139ICys substitution (Paper II), the reaction is 
pH independent up to pH values higher than in wild-type CytcO, yielding a pKa 
value above 10.5. In the Asn139IThr/Asp132IAsn CytcO variant (Paper III), the 
reaction is pH independent to a pH over 11.     

The structure in the area around Asn139I 
As indicated above, substitutions of Asn139I (Figure 7) typically decouple 
proton pumping in CytcO. As a means to understand the reason for uncou-
pling, X-ray crystal structures have been solved and MD simulations have 
been performed on these CytcO variants ((43, 83-84) and Gennis RB, per-
sonal communication). In an MD simulation study by Henry et al. (83), 
based on the X-ray crystal structure of R. sphaeroides CytcO, it was found 
that in the wild-type CytcO the Asn139I side-chain most of the time occludes 
the continuous water chain in the D pathway. Transient rearrangements of 
the side-chain conformation of Asn139I open up the pathway such that a 
continuous hydrogen-bonded chain of water molecules is established. There-
fore, the Asn139I residue is believed to act as a gate that allows proton trans-
fer through the D pathway by changing the orientation of its side chain. 
When the same type of simulations were performed on the uncoupled 
Asn139IVal and Asn139IAla variants, it was observed that the side chain 
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stayed in a closed conformation (in the valine variant) or that it stayed in an 
open conformation (in the alanine variant). A permanently closed D pathway 
would lower the activity of the enzyme and abolish the proton pump (which 
is true for the Asn139IVal variant). The results with the Asn139IAla CytcO 
variant indicate that uncoupling can occur even if the D pathway is continu-
ously open. Therefore, it is suggested that the rearrangement of the Asn139 
side chain controls the process of proton transfer through the D pathway by 
acting as a gate.  

In a second study by the same group (84), simulations of side-chain 
movements in the Asn139IAsp and Asn139IAsp/Asp132IAsn CytcO variants 
were performed, in which the latter variant has a restored ability to pump 
protons (97). In the simulations, the side chain of Asp139I in the uncoupled 
variant adopts a predominantly closed conformation (as in the wild-type 
CytcO and Asn139IVal discussed above). However, in the pumping 
Asn139IAsp/Asp132IAsn variant, the side-chain of Asp139I mostly adopts a 
conformation facing the entrance of the D pathway. It is therefore suggested 
that the Asp139I residue in the Asn139IAsp/Asp132IAsn variant acts as a 
primary acceptor for protons when Asp132I is missing and that this restores 
the proton-pumping efficiency. 

In Paper II we present results from MD simulations on the dynamics of 
the water molecules and side chains in the D pathway in the wild-type and 
uncoupled Asn139ICys CytcOs (Figure 5 in Paper II). In our simulations of 
the wild-type enzyme, the side chain of Asn139I stays in a closed confor-
mation. We could not observe any transient conformational changes of 
Asn139I as seen in (83). However, we could see conformational changes of 
another asparagine, Asn121I, situated in close proximity to Asn139I (Figure 
7) as well as displacement of a water molecule in the area.  When a cysteine 
is present at position 139, the side chain adopts different (closed and open) 
conformations throughout the simulation. Also, in the cysteine variants the 
side chain of Asn121I shifts between two conformations. This result agrees 
well with previous observations that proton transfer through the D pathway 
is gated by conformational changes in the area around Asn139I.  

Is His26I involved in the proton-transfer process? 
Previous molecular dynamics simulations and pKa-value analyses of residues 
in the D pathway have suggested that His26I (Figure 7) can form an ion-pair 
with the entrance residue Asp132I (103, 104). The molecular dynamics simu-
lations and pKa calculations in Paper II showed that the side chains of 
His26I and Asp132I were often oriented towards each other and their pKa 
values were in the range where His would be positively charged and Asp 
would be negatively charged. These results thereby support the earlier ob-
servations that His26I and Asp132I form an ion pair. When the Asp132I resi-
due is absent (i.e. substituted for an asparagine, see Paper II) the pKa of 
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His26I is much lower, such that it becomes mostly uncharged at physiologi-
cal pH. Thus, it appears that His26I and Asp132I interact with each other 
which stabilizes their respective charges and that the non-charged state of 
His26I is stabilized when the charge at Asp132I is absent.  

The role of Asp132I during catalysis 
It has been suggested that Asp132I, together with several protonatable resi-
dues in subunits I and III, acts as part of a proton-collecting antenna that 
captures protons from the membrane surface (20, 105–111). This suggestion 
has been backed up by experimental data indicating that the proton-transfer 
rate through the D pathway is dramatically slowed (up to 5000 times) when 
Asp132I is substituted for uncharged residues (see e.g. (20, 34, 101) and 
Paper II). The proton-transfer rate in a variant lacking Asp132I could how-
ever be restored if a negative charge (Asp) was introduced at the Asn139I-
site in the D pathway (84, 97). MD simulations and pKa-value analyses (Ta-
ble 1 and Figure 5, Paper II) also suggest that Asp132I can change its side-
chain conformation and shift pKa extensively, features that can be important 
for its function as a primary proton acceptor/donor. However, our data in 
Paper III questions the previously suggested role for Asp132I since our 
study shows that fast proton transfer is maintained even if the Asp132I resi-
due is absent and the oxidase lacks any other protonatable residues in the 
first half of the D pathway. 

The electrostatic environment around Asp132I 
We have examined the electrostatic environment in the area around the en-
trance of the D pathway in silico (see Figure 6 in Paper III). In wild-type 
CytcO, the Asp132I residue is somewhat buried and its contribution to the 
overall electrostatic potential of CytcO in this area is small. When Asp132I is 
substituted for an asparagine, only slight changes in the electrostatic poten-
tial in this area are observed compared to in wild-type CytcO. If Asp132I 
would be a crucial part of the proton-collecting antenna at the surface of 
CytcO, larger changes in the electrostatic potential would be expected when 
this residue is taken away. However, since the electrostatic environment in 
this area is unaffected by the substitution of Asp132I, it suggests that the 
contribution of Asp132I to the function of the proton-collecting antenna is 
modest. The observation that Asp132I only to a small extent contributes to 
the overall electrostatic potential in this area is also consistent with the sug-
gestion that Asp132I forms an ion pair with His26I, since this stabilizes the 
charge of the Asp (as discussed earlier). 

Can Asp132I act as a selectivity filter?  
Another example of a membrane-bound protein that has an aspartate residue 
at the entrance of a proton-transfer pathway is the human voltage-gated pro-
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ton channel Hv1. It was recently discovered that the aspartate at the entrance 
of the proton pathway (Asp112) acts as a selectivity filter that only allows 
protons to enter the pathway (112). Substitutions of this aspartate to nonpo-
lar variants made it possible for anions to enter the pathway and in some 
cases the conductance through the pathway was completely lost. 
 Considering the observation of a selectivity filter in Hv1, we set out to 
test the possibility for Asp132I acting as a selectivity filter in the D pathway 
in CytcO. The aspartate could in theory block and repel e.g. negatively 
charged molecules (like ATP and ADP), to prevent these from inhibiting the 
proton-transfer reactions that are crucial for catalysis. We therefore studied 
single and/or multi-turnover activities of wild-type CytcO and the 
Asn139IThr/Asp132IAsn variant in the presence of molecules that are abun-
dant inside a cell or that are known to influence proton-transfer reactions in 
CytcO (see Table S1 in Paper III). In the experiments performed, none of 
the tested molecules severely affected the activities of neither the wild-type 
CytcO nor the Asn139IThr/Asp132IAsn variant. These results imply that the 
tested molecules cannot block the D pathway by binding to Asp132I. How-
ever, we cannot from these experiments fully exclude the possibility of 
Asp132I acting as a selectivity filter and therefore more experiments have to 
be performed.  

Zinc binding to Asp132I 
Together with iron, zinc is the most abundant metal in living cells. However, 
the concentration of free zinc ions in a cell is almost not detectable. Instead, 
most of the zinc is bound to proteins (e.g. transcription factors and enzymes).  
Although zinc is essential, it is known to inhibit the function of several types 
of proton-transferring enzymes, e.g. the voltage-gated proton channel (4, 
113), the cytochrome bc1 complex (114), the bacterial reaction center (115) 
and CytcO (116, 117). In CytcO, zinc ions inhibit proton-transfer reactions 
during catalysis by blocking the proton-transfer pathways. It is presumed 
that the inhibition of CytcO by zinc is not physiologically relevant, since the 
concentration of free zinc in a cell is low. However, the effect of zinc be-
comes relevant when studying the kinetics of proton-transfer reactions in 
CytcO. If zinc is present during these studies, it slows down the proton-
transfer reactions and masks effects of e.g. amino-acid substitutions, making 
it more difficult to interpret results.     

Several zinc-binding sites have been proposed in CytcO; near the entrance 
of the K pathway (111, 118), near the entrance of the D pathway (116–121) 
and at the exit site for pumped protons on the P-side of the membrane (121–
124). In the structure of bovine heart CytcO intrinsic zinc can be seen bound 
to one of the supernumerary subunits (24, 25). More recently, crystals of 
bovine heart CytcO were soaked with a solution containing zinc and struc-
tures solved from these crystals by X-ray analysis revealed several zinc-
binding sites (125). One of these sites was located near the entrance of the D 
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pathway (at His503I, bovine heart CytcO numbering). In addition, an X-ray 
crystal structure of R. sphaeroides CytcO has revealed metal (cadmium) 
binding to residues situated near the entrance of the K pathway as well as 
some residues in subunit III about 20 Å away from the entrance of the D 
pathway (111). These residues are also believed to act as zinc-binding sites.  

Asp132I has previously been proposed as one of the residues responsible 
for zinc binding that blocks proton transfer through the D pathway in R. 
sphaeroides CytcO (116). In studies of proton uptake when this residue was 
absent (e.g. in Asp132IAsn CytcO) no inhibition by zinc was seen, indicating 
that Asp132I is involved in zinc binding (117). However, the Asp132IAsn 
CytcO variant displays a severely slowed proton-transfer rate in the absence 
of zinc that possibly masks an inhibition by metals binding to the D path-
way.  

In Paper III we investigated the zinc effect on the 
Asn139IThr/Asp132IAsn CytcO variant, which displays fast proton-transfer 
kinetics although it lacks Asp132I. In the presence of zinc, proton uptake by 
the wild-type CytcO becomes ∼20 times slower (Figure 10, see also (117) 
and Paper III). With the Asn139IThr/Asp132IAsn CytcO variant, the pro-
ton-uptake rate was maintained even in the presence of zinc (Figure 10). 
This observation thereby identifies Asp132I as the element responsible for 
zinc binding at the entrance of the D pathway that leads to slowed proton 
uptake in wild-type CytcO. 
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Figure 10. Absorbance changes of the dye phenol red at pH ∼7.8, associated with 
net proton uptake by CytcO from bulk solution. In the presence of zinc, the kinetics 
of wild-type CytcO is slowed (grey trace) as compared to in the absence of zinc 
(black trace). In the Asn139IThr/Asp132IAsn CytcO variant, the proton-uptake kinet-
ics are unaffected by zinc (blue and cyan), indicating that the Asp132I site is respon-
sible for zinc binding in the wild-type CytcO. 

Temperature dependence of deuterium isotope effects 
In Paper IV we have studied the temperature dependence and deuterium 
isotope effect on proton-transfer reactions in CytcO during the P3F3 and 
F3O4 transitions. The experiments were performed with the wild-type 
CytcO, the SUIII(-) CytcO (a variant of CytcO lacking subunit three, in 
which proton transfer through the D pathway is slowed but proton pumping 
is maintained) and the uncoupled Asn139IAsp CytcO variant. 
 For the P3F3 reaction (which only involves proton-transfer reactions), 
the same KIEs (about 2) were obtained for all the three variants (see also 
(72, 75, 126, 127)). The signs and magnitudes of the activation enthalpies 
and activation entropies also displayed the same trend in all variants (Table 
1, Paper IV). These results indicate that the P3F3 reaction is rate-limited 
by the same event even if proton transfer through the D pathway is delayed 
or if CytcO does not pump protons. This rate-limiting event is assumed to be 
internal proton transfer from Glu286I to the catalytic site.  
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During the P3F3 reaction, the activation entropy was negative in all var-
iants. This means that during this transition the activation entropy in the area 
of the proton donor and acceptor becomes smaller. This observation is con-
sistent with Glu286I donating its proton to the catalytic site, whereupon the 
charges of the deprotonated Glu and protonated catalytic site attracts nearby 
water molecules and residues such that the activation entropy of the system 
is reduced.  

The temperature dependence of the KIEs for the P3F3 transition was 
similar in all three CytcO variants (Figure 5 in Paper IV). As mentioned 
earlier, the temperature dependence of the KIE can offer insights into dis-
tances between proton donors and acceptors (the larger the temperature de-
pendence of the KIE, the larger the distance). Therefore, the small differ-
ences seen for the different variants possibly reflect that the proton donor 
(Glu286I) has slightly different conformations in the three variants such that 
the distance to the proton acceptor is different.      
 The largest differences between the CytcO variants were observed for the 
F3O4 reaction (which includes both electron and proton-transfer reactions). 
Although all three variants displayed about the same KIEs (5-7) in this tran-
sition (see also (72–75, 126, 128)), there were significant differences in the 
activation enthalpies and activation entropies as well as for the temperature 
dependence of the KIE (Table 1 and Figure 5, Paper IV). In wild-type 
CytcO and the SUIII(-) CytcO, both the enthalpy and entropy were within 
the errors the same in H2O and D2O (Table 1, Paper IV). The insensitivity to 
the isotope exchange for these thermodynamic parameters indicates that the 
rate-limiting step for the F3O4 transition in these variants is influenced by 
other events than a proton-transfer reaction. In addition, two main differ-
ences were observed between the wild-type CytcO and the SUIII(-) CytcO. 
First, the activation entropy was positive in the SUIII(-) CytcO while it was 
negative in the wild-type CytcO (Table 1, Paper IV). Positive activation 
entropy in the SUIII(-) CytcO variant is consistent with the F3O4 transition 
starting with Glu286I in a charged state, due to delayed reprotonation via the 
D pathway. A charged Glu attracts nearby groups, making the area more 
confined. When Glu286I then becomes reprotonated via the D pathway, the 
area around the proton donor-acceptor pair (Glu286I and the catalytic site) 
becomes less confined due to a relaxation of the groups in the immediate 
environment. This relaxation is reflected in positive activation entropy for 
the transition. Secondly, there was no observed temperature dependence of 
the KIE in the SUIII(-) CytcO, while a slight dependence was observed in 
the wild-type CytcO (Figure 5, Paper IV). This difference in temperature 
dependence of the KIE possibly reflects that the rate-limiting step is slightly 
different in these two variants. Since proton transfer is delayed in the SUIII(-
) CytcO variant, a proton has to be transferred all the way through the D 
pathway to the catalytic site for oxygen reduction, rather than from Glu286I, 
during the F3O4 transition. Also, during this transition one more proton has 
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to be taken up to reprotonate Glu286I in the SUIII(-) CytcO variant (in wild-
type CytcO this reprotonation occurs during the P3F3 transition). These 
differences in numbers of protons taken up and the path of proton transfer to 
the catalytic site together may change the rate-limiting step in SUIII(-) 
CytcO as compared to in wild-type CytcO. 

In the Asn139IAsp variant, the activation enthalpy and activation entropy 
were sensitive to the isotope exchange during the F3O4 reaction (Table 1, 
Paper IV). The temperature dependence of the KIE for the uncoupled 
CytcO variant was similar to the P3F3 transition (although slightly steeper 
during F3O4) (Figure 5, Paper IV). This indicates that in the uncoupled 
CytcO variant, the rate-limiting step is the same proton-transfer reaction 
during both transitions. Therefore, we speculate that the rate-limiting step for 
the F3O4 transition in the wild-type CytcO and the SUIII(-) CytcO variant 
is involved in proton pumping, because this event is the main difference as 
compared to the uncoupled Asn139IAsp CytcO variant. We can further sug-
gest that the rate-limiting step in the wild-type CytcO and SUIII(-) CytcO is 
a structural change crucial for proton pumping, since we observe that the 
thermodynamic parameters are insensitive to the isotope exchange in these 
variants. However, the rate-limiting step for the wild-type CytcO and SUIII(-
) CytcO might be slightly different (see discussion above).  

As previously mentioned, during the F3O4 reaction about the same KIE 
is obtained with the uncoupled variant as with the two CytcO variants that 
pump protons (Table 1, Paper IV). Since we suggest that the rate-limiting 
step is different for Asn139IAsp and the pumping variants during the F3O4 
reaction, the reason for the high KIE must be different. For the wild-type 
CytcO the high KIE is linked to proton pumping (126), and this may be the 
case in the SUIII(-) CytcO variant as well. In the Asn139IAsp variant, the 
rate-limiting step is suggested to be internal proton transfer from Glu286I to 
the catalytic site in both the P3F3 and F3O4 reactions. However, these 
two transitions have different KIE values (about 2 and 7 for P3F3 and 
F3O4, respectively). We suggest that one of the reasons for the differences 
in KIEs for the two transitions in Asn139IAsp is that the conformation of the 
Glu286I residue is different, since we observe slight differences in the tem-
perature dependence of the KIE (Figure 5, Paper IV). In addition, it has 
been suggested that the energy needed to change the conformation of 
Glu286I is different during these transitions (127), which also affect the 
magnitude of the KIE.    



 45 

Concluding remarks 

During the work that this thesis is based on, I have studied the proton-
transfer process in a hydrophilic pathway in CytcO that is responsible for 
proton transfer both to the catalytic site and for the protons that are pumped. 
For these studies, I have used variants of CytcO having altered single-site 
residues situated inside this pathway and that are unable to pump protons 
while still maintaining oxygen-reduction activity. The results pinpoint fea-
tures of specific residues in this pathway that are modified in non-pumping 
CytcOs (e.g. changed pKa values and side-chain conformations). We specu-
late that even single amino-acid residue changes inside the pathway may 
result in structural changes that propagate to other sites more than 10 Å 
away, presumably through the water molecules in the pathway. We have also 
observed that the aspartate residue situated at the entrance of this pathway is 
not always crucial for the establishment of a well-functioning proton-transfer 
process, which contradicts previous assumptions. This observation was made 
for a variant of CytcO having only non-protonatable residues in the first half 
of the pathway. In this variant, the water structure inside the pathway might 
become modulated to such extent that a “perfect” hydrogen-bonded chain is 
formed, which facilitates proton transfer in the absence of the entrance car-
boxylate. 

Most of the structural changes discussed in the framework of our results 
are based on spectroscopic and computational studies. To further validate 
our findings, structural data needs to be collected using e.g. X-ray crystallog-
raphy to obtain high-resolution structures of the uncoupled CytcO variants as 
well as snapshots of the enzyme during the proton-transfer process. Howev-
er, the latter is a big challenge due to the very fast transitions between the 
proton-transfer reactions.  

All the experimental results in Papers II-IV have been obtained with 
CytcO in detergent solution. It has been established that the immediate envi-
ronment around the protein influences the proton-transfer processes (see e.g. 
(129)). Therefore, it would be interesting to further study the uncoupled 
CytcO variants when incorporated into a more native environment (e.g. in 
liposomes) and see if the proton-transfer processes and/or the characteristics 
of the individual residues discussed in this thesis change as compared to 
having the enzyme in a detergent solution.       
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Svensk sammanfattning 

Organismer som är beroende av syre, t.ex. människa och många bakterier, 
måste bryta ner födoämnen till de minsta beståndsdelarna för att tillgodogöra 
sig den energi som dessa innehåller. Denna nedbrytningsprocess leder till att 
elektroner frigörs. Om elektronerna inte tas om hand kan de vara skadliga för 
cellen. Elektronerna transporteras därför på ett kontrollerat sätt till ett mem-
bran-bundet protein kallat cytokrom c oxidas. Med hjälp av elektronerna 
omvandlar cytokrom c oxidas syre till vatten. Då syre omvandlas till vatten 
frigörs energi som cytokrom c oxidas använder för att pumpa vätejoner från 
ena sidan av membranet till den andra sidan. Dessa vätejoner används sedan 
för att bilda ATP, en ”energirik” molekyl som används för att driva många 
reaktioner i cellen. Således har cellen omvandlat energin i födoämnena till 
kemisk energi som den kan använda. 

För att cytokrom c oxidas ska kunna omvandla syre till vatten krävs (föru-
tom elektroner) vätejoner som tas upp från ena sidan av det membran där 
proteinet sitter. Dessa transporteras via så kallade vätejonkanaler bestående 
av polära aminosyror och vattenmolekyler. I cytokrom c oxidas finns två 
sådana kanaler, varav en (den så kallade D-kanalen) kan transportera både de 
vätejoner som används för bildandet av vatten och de vätejoner som pumpas 
till andra sidan av membranet. 

Jag har studerat transport av vätejoner genom D-kanalen i varianter av cy-
tokrom c oxidas, som har mist sin förmåga att pumpa vätejoner medan de 
fortfarande kan transportera vätejoner som medverkar i bildandet av vatten. I 
och med detta har vi kunnat diskutera betydelsen av specifika aminosyror i 
D-kanalen samt deras funktion under transporten av vätejoner. Vi har även 
genom dessa studier fått en inblick i skillnader mellan icke-pumpande och 
pumpande varianter av cytokrom c oxidas, vilket kan hjälpa oss att förstå 
detaljer om pumpningsmekanismen på molekylär nivå. Utöver detta har vi 
upptäckt att en av aminosyrorna i D-kanalen, som man tidigare trott alltid 
måste finnas närvarande för att vätejontransporten ska ske med fullgod has-
tighet, kan vara frånvarande utan att vätejontransporten går långsammare. Vi 
spekulerar därför om möjligheten att denna aminosyra har en mer specifik 
roll än vad man tidigare trott. Exempelvis skulle den kunna fungera som ett 
filter som förhindrar att andra joner än vätejoner kan ta sig in i D-kanalen.  
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