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Abstract 

Traditional terminal heme-copper oxidases (HCuOs) are transmembrane 
proteins that catalyze the final step in the respiratory chain − the exergonic 
reduction of O2 to water, coupled to energy conservation by generation of an 
electrochemical proton gradient. This is usually achieved by taking electrons 
and protons from opposite sides of the membrane. The most extensively 
investigated of the HCuOs are the aa3-type oxidases, to which cytochrome c 
oxidase (CytcO) belongs, which uses energy released in the O2-reduction for 
proton pumping. Sequence homology searches have identified the bacterial 
nitric oxide reductases (NORs) as divergent members of the HCuO-
superfamily. The NORs are involved in the denitrification pathway where 
they catalyze the reduction of NO to NO2. Although as exergonic as O2-
reduction, this reaction is completely non-electrogenic as protons and 
electrons are taken from the same side of the membrane and no protons are 
pumped. In addition, some NORs are capable of reducing O2. Among the 
traditional HCuOs, the cbb3-type oxidases are the closest relatives to the 
NORs and as such provide a link between the aa3-type oxidases and the 
NORs. They are the HCuOs with the highest NO-reduction capability 
(excluding the NORs) but have also a high affinity for O2. The cbb3 oxidases 
have been shown to pump protons with nearly the same efficiency as the aa3 
oxidases, despite low sequence similarity.  

This thesis is focused on measurements of membrane potential-generating 
reactions (conventionally termed electrogenic events), which occur during 
the catalytic reaction, in the CytcO and the cbb3 oxidase from Rhodobacter 

sphaeroides, and the NOR from Paracoccus denitrificans, using a time 
resolved electrometric technique. The pH-dependence of the potential build-
up in CytcO revealed that only one proton is taken up, and that no protons 
are pumped, at high pH. An additional kinetic phase was also detected at 
high pH that presumably originates to a large extent from charge-transfer 
within the K-pathway. Possible reasons for uncoupling, and the extent of 
charge-transfer, were studied using structural variants of CytcO, where the 
D-pathway had been altered. The electrometric measurements also 
established that both electrons and protons are taken up from the same side 
of the membrane in the NOR. The directionality for proton uptake in the 
cbb3 oxidase appeared to be dependent on the choice of substrate and proton 
pumping was indicated to occur only during the reduction of O2. 
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Abbreviations 

HCuO Heme-Copper Oxidase 
CytcO Cytochrome c Oxidase 
NOR Nitric Oxide Reductase 
N/P-side The more Negative/Positive side of the membrane 
HBC Hydrogen-Bonded Chain 
ττττ Time constant, 1/rate constant (k) 
Electrogenic event Membrane potential-generating reaction 
Redox reaction Reduction and oxidation reaction 
Qd Charge equivalent (“charge” x “transfer distance”) 
  
Redox-active centers in aa3-type CytcO: 
CuA Di-nuclear copper center in subunit II 
CuB Copper in the binuclear center in subunit I 
Heme a Six-coordinated heme group in subunit I, low-spin 
Heme a3 Five-coordinated heme group in subunit I, high-spin 
BNC The binuclear center: heme a3 and CuB 
The catalytic site The binuclear center and Y(I-288) 
Redox-active centers in cNOR: 
Heme c Low-spin heme in NorC 
Heme b Low-spin heme in NorB 
Heme b3 High-spin heme in NorB 
FeB Non-heme iron in the binuclear center in NorB 
Redox-active centers in cbb3-type oxidase: 
Heme c Low-spin hemes in CcoO and CcoP 
Heme b Low-spin heme in CcoN 
Heme b3 High-spin heme in CcoN 
CuB Copper in the binuclear center in CcoN 
 
Amino acid and variant enzyme nomenclature in CytcO: 
Examples: 
E(I-286) denotes glutamate 286 in subunit I 
E(II-101) denotes glutamate 101 in subunit II 
E(I-286)A denotes replacement of glutamate 286 in subunit I by alanine.
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Introduction 

One cannot help but being amazed by the diversity of life found on Earth, 
from simple bacteria and algae to plants and animals. The question of life is 
rather hard to grasp and has to be broken down into smaller problems, e.g. 
how did life start and evolve, and how do living organisms stay alive? These 
questions all consist of smaller problems that we may be able to solve, or at 
least manage to attain some general understanding of.  

Nothing less than a cell can truly be called living. Solitary cells are the 
simplest form of life. These are small units, confined within a membrane, in 
which an aqueous solution is encapsulated. They have the ability to 
reproduce by self-replication, grow, perform simple tasks etc. Higher 
organisms, such as humans, are communities of solitary cells of a wide 
variety, that to some extent resemble single-cell organisms, which combined 
function as one unit.  

The earliest signs of life on Earth dates back about three to four billion 
years, at a time when the atmosphere was mainly composed of dinitrogen 
(N2), carbon dioxide (CO2), carbon monoxide (CO) and water. Dioxygen 
(O2) was only available in negligible amounts and was mainly a result of 
oxidation of water by sunlight. Some photosynthetic organisms, such as 
cyanobacteria, survived by using sunlight and CO2 and what was available at 
the time, producing O2 in the process. As the amount of O2 in the atmosphere 
gradually increased, the conditions for life changed dramatically: new forms 
of life emerged, others died out or retreated to anaerobic conditions, and our 
planet slowly turned into what we see today.  

The purpose of this thesis is to contribute with some puzzle pieces regarding 
the mechanisms by which energy is converted from one form into another in 
respiring organisms. 

Respiration 
Common to all cells is that they require energy to stay alive and maintaining 
an ordered cellular environment, but energy can be harvested in several 
ways. The primary, and most obvious, energy source on Earth is sunlight. 
Green plants, algae and photosynthetic bacteria have the ability to convert 
the energy from photons into chemical energy, which in turn can be used by 
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non-photosynthetic organisms. Thus, in the photosynthetic process, light 
energy is used to convert CO2 and water into O2, and more complex 
molecules, such as carbohydrates. Respiring organisms complete the cycle 
by using O2 to transform the products from photosynthetic organisms into 
CO2 and water, extracting the bound chemical energy. The biochemical 
processes by which photosynthetic organisms capture light-energy and 
convert it into other more useful forms is strikingly similar to how respiring 
organisms extract energy from the breakdown of foodstuff. The energy 
conversion in biological systems takes place in membrane-bound enzyme 
complexes and relies on reduction and oxidation processes, conventionally 
termed redox reactions. Cell membranes consist of lipid-bilayers, which 
serve as barriers between the cell interior and the surrounding environment 
and also make up internal compartments in higher organisms. The chemical 
energy bound in foodstuff is temporarily stored as an electrochemical proton 
gradient across a membrane in a process called (cellular) respiration, which 
takes place in the respiratory chain (also known as the electron transport 

chain), similar to the way sunlight is used for separation of charges across 
the membrane in photosynthesis. In eukaryotic cells, the respiratory chain is 
located in the inner membrane of the mitochondrion, the power plant of the 
cell, and in prokaryotic cells in the inner cell membrane. 

The respiratory chain in mitochondria consists of four enzyme complexes, as 
depicted in Figure 1. Electrons derived from the oxidation of organic 
substrates are delivered to the respiratory chain in the form of NADH 
(Nicotinamide adenine dinucleotide) at complex I (NADH dehydrogenase), 
where NADH is oxidized to NAD+. Electrons can also be delivered from 
succinate at complex II (Succinate dehydrogenase), where it is oxidized to 
furmate. This complex is special in the sense that it is both part of the citric 

acid cycle and the respiratory chain. Coenzyme Q (Q), also known as 
ubiquinone, is a hydrophobic quinone that diffuses rapidly within the inner 
mitochondrial membrane. The flow of two electrons from NADH to Q, 
through complex I, leads to the pumping of four protons. The two-electron 
reduced Q takes up two protons, generating ubiquinol (QH2). Complex III 
(bc1 complex) catalyzes the transfer of electrons from QH2 to the water-
soluble protein cytochrome c (cyt. c). This is known as the Q-cycle, which is 
a two-stage redox loop that results in the transfer of four protons across the 
membrane and the reduction of two oxidized cyt. c molecules. Complex IV 
(Cytochrome c oxidase, CytcO) carries out the final step in the respiratory 
chain where electrons from cyt. c are used to catalyze the reduction of O2 to 
water. The requirement of O2 for this reaction is what makes “aerobic” 
organisms aerobic. 
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The energy released in the different steps in the respiratory chain 
(complexes I, III and IV) is used to transfer protons across the membrane, 
maintaining an electrochemical proton gradient, ∆p. This gradient is the sum 
of two parts: the difference in proton concentration, ∆pH, and an electrical 
component ∆ψ, that originates from the separation of charges across the 
membrane. The more positive side of the membrane is commonly referred to 
as the P-side (intermembrane space) and the more negative one the N-side 
(matrix). The backflow of protons across the membrane drives the synthesis 
of ATP in complex V (ATP synthase) from ADP, as was suggested by Peter 
Mitchell in 1961 as the chemiosmotic theory [1]. The energy released when 
hydrolyzing ATP back to ADP is used in the cell for a large variety of 
energy-requiring reactions.  

Figure 1. Schematic illustration of the mitochondrial respiratory chain, as described 
in the text. Enzyme complexes I-IV are shown together with complex V, ATP-
synthase. Proton transfer reactions are illustrated by thick white arrows, electron 
transfer by black arrows, while associated reactions are illustrated by dashed arrows. 
In brief, electrons are delivered either in the form of NADH to complex I, or 
succinate to complex II, from which they are transferred within the membrane via a 
hydrophobic quinone (Q) to complex III. From complex III, the electrons are 
shuttled via cytochrome c to the final component of the respiratory chain, complex 
IV, where O2 is reduced to water. The backflow of protons across the membrane, 
from the generated electrochemical proton gradient, is used by complex V to 
synthesize ATP from ADP. The “P-side” refers to the more positive side of the 
membrane while the “N-side” refers to the more negative side. 

The respiratory chain is highly efficient in terms of energy conservation. 
Consider complex IV, CytcO, and the reduction of O2 at standard 
conditions. For the mitochondrial CytcO, the free-energy difference for the 
electron transfer from cyt. c to O2 is about –55 kJ/mol. As much of this 
energy as possible must be captured in the form of a proton gradient for the 
subsequent use in ATP synthesis. As the potential across the membrane in 
mitochondria is typically ~0.2 V, the charge separation upon moving one 
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proton from the N-side to the P-side is associated with a free-energy change 
of ~20 kJ/mol. In addition to the charge separation directly coupled to the 
reduction of O2 to water, CytcO also pumps one proton per electron 
transferred to O2. Consequently, the overall reaction results in the 
translocation of two protons across the membrane per electron transferred to 
O2, which corresponds to a free-energy change of ~40 kJ/mol. This means 
that ~75 % of the free-energy available from the reduction of O2, using 
electrons from cyt. c, is transformed into an electrochemical proton gradient. 
As a comparison, only about 15 % of the energy available in gasoline is 
utilized in a conventional combustion engine where a great portion of the 
energy is lost as heat.  

The amount of ATP that human beings require for functioning during one 
day is impressive. For example, a male of 70 kg needs ~8400 kJ per day, 
which corresponds to the energy released from hydrolysis of ~83 kg of ATP 
into ADP (which is an exergonic reaction, releasing ~31 kJ/mol of free-
energy), but only ~250 g of ATP is available in the human body. Thus, each 
ATP has to be recycled from ADP ~300 times per day.  

Proton transfer 
Water possesses a number of atypical properties, compared to substances of 
similarly low molecular mass, such as unusually high freezing- and boiling 
temperatures, and lower density in its solid compared to its liquid state. For 
example, O2 boils at 90 K and freezes at 54 K, hydrogen (H2) boils at 20 K 
and freezes at 4 K, methane (CH4) boils at 112 K and freezes at 91 K etc. 
Deuterium oxide (heavy water, D2O) displays similar characteristics to 
water, boiling at 375 K and freezing at 277 K. These properties are of 
electronic nature and are due to the ability to form hydrogen bonds between 
oxygen and hydrogen atoms. However, hydrogen bonds are not only 
observed in water and are found whenever a hydrogen atom approaches an 
electronegative atom while being bond to another electronegative atom, e.g. 
O-H::::O and N-H::::N (the dotted lines symbolize the hydrogen bond). In 
other words, the special properties of water are linked to electrons and 
charge distribution. Liquid water consists of a network of continuously 
alternating hydrogen bonds. Protons are rapidly transferred within this 
network, much faster than water molecules diffuse. The structure of ice is 
also determined by hydrogen bonds, but in this case the water molecules are 
less mobile and envelope tiny pores, making it less dense than liquid water.  

Electrons can be transferred between donors and acceptors that are not in 
contact, but the transfer rate falls off with increasing distance. For groups in 
contact, the expected transfer rate is in the range of 1013 s-1, and for groups 
separated by 15 Å beyond their van der Walls contact distance, about 104 s-1. 
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The expected transfer rate depends also on the driving force (i.e. the redox-
potential difference between the electron donor and acceptor) as well as the 
change in free-energy associated with the reaction, according to the Marcus 
theory (reviewed in e.g. [2]).  

The critical distinction between electron and proton transfer is the almost 
2000-fold difference in the mass of the particles. The tiny mass of the 
electron allows it to move over distances up to ~20 Å in biological systems 
by tunnelling. Tunnelling is a quantum mechanical effect, which is a result 
of the wave-nature of particles, and occurs if the wave function (or more 
correctly the de Broglie wavelength) of the particle extends beyond the 
potential well of the electron donor in which is resides. The probability for a 
particle to be transferred by tunnelling decreases exponentially with the 
distance. Heavier particles, such as protons, display less of the quantum 
mechanical wave-nature, and can be described by classical mechanics to a 
good approximation. The wavelength decreases with the mass of the particle, 
thus, a proton, being ~2000 times heavier than an electron, may tunnel only a 
fraction of the electron tunnelling distance, about 0.5 Å.  

The interior of the membrane-spanning part of membrane proteins is usually 
densely packed and hydrophobic, yielding low proton conductivity. 
Transferring a proton through the hydrophobic part of a protein would be 
energetically costly, and consequently, specific proton transfer pathways 
(“proton wires”) are required. These are made up of hydrogen-bonded chains 
(HBCs) of protonatable residues and/or water molecules. Protons are 
generally considered to be transferred within the HBC from a donor to an 
acceptor by the so-called Grotthuss mechanism (see e.g. [3]) (schematically 
depicted in Figure 2). According to this mechanism, a specific proton is not 
moved from one end of the HBC to the other, step by step. Instead, a proton 
binds to a water molecule in the beginning of the HBC, resulting in a 
hydronium molecule, H3O

+, that in turn donates one of its protons to an 
adjacent water molecule, by shifting a covalent bond into a hydrogen bond, 
and so on, until the end of the chain is reached. When the proton is released, 
the HBC resets to its initial state, and another proton can be transferred, by 
repeating the procedure. This explains the rapid transfer of protons in water. 
The resetting of the HBC is generally believed to be the rate-limiting step in 
the Grotthuss mechanism [4]. Protons move along a one-dimensional HBC 
~40 times faster than in bulk water [5]. If the chain is broken by a 
conformational change, or by reorganization of the water molecules, the 
transfer of protons could be impaired. 
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Figure 2. The Grotthuss mechanism, as described in the text. A proton enters the 
hydrogen-bonded chain of water molecules, forming a hydronium molecule (a). 
Protons are transferred one step towards the acceptor (A), within the chain, by 
shifting the hydrogen bonds (dashed lines), creating new covalent bonds (solid 
lines). Once the proton has reached the acceptor, the water molecules turn (b) and 
reset the hydrogen-bonded chain to its initial state (c), making it possible to transfer 
the next proton in the same manner, provided that there is a driving force. 

Proton pumping 
Protons can be translocated by mobile carriers, which diffuse across the 
membrane, and is co-transported together with electrons. The reduction and 
oxidation of the carrier is coupled to uptake and release of protons, 
respectively, on different sides of the membrane (e.g. the Q-cycle). Proton 

pumps, on the other hand, only translocate protons through specific 
pathways within the hydrophobic interior of the protein. The free-energy 
required to pump the proton can be provided by e.g. electron transfer 
reactions from a donor with a low midpoint potential to an acceptor with a 
higher midpoint potential, as in redox-driven proton pumps. 

Unidirectionality can be assured by obligatory coupling of electron and 
proton transfer along part of the trajectory (Figure 3 a). There must never be 
direct contact between the two sides of the membrane, as this would short-
circuit the proton pump. Consequently, a basic property of such a pump is 
the possibility to establish alternating access between the two sides of the 
membrane. The accessibility may be regulated by transient reorganization of 
the proton transfer pathways (Figure 3 b). This reorganization can also be 
more localized and, for example, limited to the movement of a single 

a. 
 

 

 

 

b. 
 

 

 

 

c. 



 7

protonatable group (from now on referred to as a “pump element”). The 
pump element switches between two conformations, providing protonic 
access to either the P-side or the N-side, but never to both sides 
simultaneously (Figure 3 c). The pump element is first directed towards the 
N-side from which it takes up a proton. Next, the protonated pump element 
reorients towards the P-side where it releases the proton, and returns to its 
initial conformation. To accomplish efficient proton pumping, the switching 
between the different conformations of the pump element must be controlled 
by the reaction that drives the process, so that protons are taken up from one 
side of the membrane and released to the other, at specific times.  

Figure 3. Mechanisms for achieving unidirectional proton transfer across a 
membrane: by co-transfer of an electron along part of the trajectory (a), by opening 
and closing transient pathways (b) or by switching a pump element (PE) between 
two conformations (c). 

The proton pump can be thermodynamically coupled where the alternating 
access is combined with changes in the pKa (proton affinity) of the pump 
element such that it has a high pKa in the input conformation, while the pKa 
is low in the output conformation. The pKa of the pump element can be 
modulated by the change in the redox-state of a nearby redox-active center, 
or by conformational changes that result in rearrangements of the hydrogen 
bonding pattern around the pump element. 

However, changes in the pKa is not an absolute prerequisite for 
accomplishing proton pumping [6]. The proton pump can also be kinetically 

coupled, if electron transfer from a donor to an acceptor is exergonic, but has 
to overcome a high activation barrier. Proton uptake to a nearby pump 
element, linked to a conformational change, may lower the activation barrier, 
making the electron transfer possible. In this case the pKa of the pump 
element should be lower than the pH of the surrounding solution, as a higher 
pKa would result in tighter binding of the proton, impeding its spontaneous 
release. With a low pKa, the pump element would be only partly protonated, 
but as soon as a proton is taken up the conformational change occurs and the 
electron transfer is facilitated. 

a.             b.                           c. 
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Terminal heme-copper oxidases 

Terminal oxidases are integral membrane proteins that catalyze the final step 
in the respiratory chain where O2 is reduced to water, either in the 
mitochondrial inner membrane in eukaryotes, or the inner cell membrane in 
bacteria: 

4e-
P + 4H+

N + O2 → 2H2O Eq. 1 a 

4H+
N → 4H+

P   Eq. 1 b 

Some of the energy released from this exergonic reaction (Eq. 1 a, 
subscripts N and P refer to the different sides of the membrane) is used to 
pump protons across the membrane (Eq. 1 b). The overall reaction results in 
conversion of chemical energy into an electrochemical proton gradient. This 
gradient is used for energy-requiring processes such as the synthesis of ATP, 
as discussed in the previous chapter. It is clear that most present-day 
terminal oxidases from all three domains of life (bacteria, eukarya and 
archae) contain similar catalytic cores, indicating that they arose from a 
common ancestor. Most terminal oxidases belong to the heme-copper 
oxidase (HCuO) family, where the name reflects the architecture of the 
catalytic O2-binding site, which is composed of a heme group and a copper 
ion. HCuOs are characterized by a large catalytic subunit with six invariant 
histidines, which coordinate two heme groups and a copper ion.  

The most extensively studied members of the HCuO-family are the aa3-
type CytcOs (Figure 4 a), which are found in e.g. mitochondria and many 
bacteria. Several crystal structures of these enzymes have been solved [7-10] 
and much is known about the architecture of the proton transfer pathways 
and the catalytic mechanism.  

A divergent member of the HCuO-family is the bacterial NO-reductase 
(NOR, Figure 4 b), which catalyzes a step in the denitrification pathway; the 
reduction of nitric oxide (NO) to nitrous oxide (N2O): 

2NO + 2H+ + 2e- → N2O + H2O Eq. 2 

In addition, some NORs can also catalyze the reduction of O2 to water (Eq. 1 
a). Instead of having a copper ion in the catalytic site the NORs have a non-
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heme iron. They do not contribute to maintaining an electrochemical proton 
gradient as protons and electrons are taken up from the same side of the 
membrane [11-13] (and paper V). Nevertheless, the NORs are considered 
members of the HCuOs because they share the common architecture 
described above.  

Among the heme-copper oxidases, the cbb3-type oxidases (Figure 4 c) 
are the closest relatives to the NORs. These enzymes were first found in 
nitrogen fixing, pathogenic bacteria and have a very high affinity for O2 [14], 
and are capable of catalyzing also NO-reduction (Eq. 1 a and Eq. 2, 
respectively). In contrast to the NORs, the cbb3-type oxidases have been 
shown to function as proton pumps [15, 16] even though the pumping 
stoichiometry seems variable and is usually lower than for the aa3-type 
oxidases [16-18]. No crystal structures are available neither for the cbb3-type 
oxidases nor for the NORs, but models have been generated based on the 
similarity to the known oxidase structures [19, 20] (and paper V). Because 
of the lack of structural information, much less is known about the latter two 
types of HCuOs. 

Figure 4. Overview of three different types of HCuOs: aa3-type (a), NOR (of the c-
class) (b) and cbb3-type oxidase (c). The letters a, b and c refer to the types of heme 
groups in the HCuOs. Proton transfer reactions are illustrated by arrows. Only the 
subunits containing redox-active centers are shown. 

Cytochrome c oxidase 

Overall structure 
High-resolution three-dimensional X-ray crystal structures have so far been 
solved for CytcOs from five species, of which three CytcOs are of the aa3-
type: The mitochondrial enzyme from bovine heart [7, 8], and the bacterial 
enzymes from Paracoccus  denitrificans [9] and Rhodobacter sphaeroides 

a.                   b.                  c. 
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[10]. The bacterium R. sphaeroides belongs to a subgroup of purple bacteria, 
from which mitochondria are thought to have evolved. It has a respiratory 
chain similar to that of mitochondria, making it a suitable model system for 
functional studies. The use of bacterial enzymes enables investigations of the 
structure-function relation using site-directed mutagenesis. 

CytcO from R. sphaeroides is composed of four subunits (SU), as depicted 
in Figure 5 a, denoted SU I-IV and has a total molecular mass of ~125 kDa. 
The catalytic subunit, SU I, is composed of 12 transmembrane helices, 
within which three of the enzyme’s four redox-active centers can be found 
(Figure 5 b); the low-spin (six-coordinated) heme a, the high-spin (five-
coordinated) heme a3 and CuB. SU II consists of two transmembrane helices 
and a large water-soluble globular domain, on the P-side of the membrane, 
in which the di-nuclear copper ion center CuA resides, close to the interface 
to SU I. The periplasmic domain of SU II has the structure of a 10-stranded 
β-barrel. The highly hydrophobic SU III is made up of seven 
transmembrane helices and forms a V-shaped cleft that binds to SU I on the 
opposite side of SU II. Even though SU III contains no redox-active centers 
it is part of the catalytic core and an important part of the enzyme as it 
stabilizes the structure during turnover [21] and provides rapid proton uptake 
for the O2-reduction [22]. SU IV is a single transmembrane helix attached to 
SU I and SU III and its role is not known. 

The four redox-active centers in CytcO are involved in the transfer of 
electrons and the reduction of O2 to water. Electrons are typically donated by 
cyt. c, which binds electrostatically in a region at the interface of SU I and 
SU II. The di-nuclear copper ion center, CuA, is the primary electron 
acceptor, from which electrons are further transferred to the low-spin heme 
a, situated ~13 Å from the P-side (and ~30 Å from the N-side), about 1/3 of 
the total membrane-spanning part of the enzyme. The electrons are then 
transferred to the binuclear heme a3-CuB center (BNC) where the O2-
chemistry takes place. The iron-to-iron distance of the two heme groups is 
~13.5 Å, while the iron of heme a3 and CuB are separated by ~4.5 Å. The 
distance from CuA to heme a and heme a3 is ~19 Å and ~22 Å, respectively 
(center-to-center). There is also a non-redox-active Mg2+-ion in SU I (not 
shown in Figure 5), above the BNC, which may be of some importance for 
the function of CytcO because a structural variant of CytcO, in which the 
metal ion was lost, displayed reduced activity. The Mg2+-ion is thought to be 
located near the exit pathway for pumped protons [23]. 
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Figure 5. (a) The structure of CytcO from R. sphaeroides (PDB entry 1M56), with 
the four subunits indicated by colors, and approximate positions in the membrane. 
(b) The four redox-active centers, CuA, heme a, heme a3 and CuB and a selection of 
residues lining the D- and K-pathway, as described in the text. Water molecules 
resolved in the crystal structure are indicated by red spheres. The figures were 
prepared using the VMD software [24]. 
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Proton transfer pathways 
Rapid transfer of protons to the catalytic site is essential for efficient 
catalytic activity. These protons are transferred through specific pathways 
made up of hydrogen-bonded networks of water molecules and polar 
residues (c.f. the HBC described previously), through which protons are 
transferred by the Grotthuss mechanism. Two proton transfer pathways have 
been identified in the aa3-type CytcO from R. sphaeroides: the D- and the K-
pathway (Figure 5 b). The D-pathway starts at an aspartatic acid, D(I-132), 
at the N-side of the membrane. From here, the pathway continues via N(I-
207), N(I-139), Y(I-33), S(I-200), S(I-201) and S(I-197), and water 
molecules, to a glutamate, E(I-286), which acts as a proton donor/acceptor 
[25]. This glutamate is believed to play an important role in directing protons 
that are either used for the O2-reduction or that are to be pumped [9, 26] and 
has been shown to have an apparent pKa of ~9.4 [27, 28]. The K-pathway is 
named after a highly conserved lysine, K(I-362), which is situated in the 
middle of the pathway. The N-side entrance of the K-pathway is presumably 
located close to a glutamate in SU II, E(II-101), [29-31]. However, different 
entry points can be found in CytcOs from other species [32]. The K-pathway 
continues from E(II-101) towards the catalytic site via K(I-362), T(I-359) 
and the farnesyl hydroxyl group of heme a3, and ends at Y(I-288), which 
together with the BNC make up the catalytic site. Only a few water 
molecules are resolved in the crystal structures in this pathway and there is 
an additional residue, S(I-299), that has been suggested to be 
electrostatically bound to K(I-362) via a water molecule [26]. 

The D-pathway is used for the transfer of two to three of the protons 
needed for the reduction of O2 to water, as well as for the transfer of all four 
pumped protons [33-35]. The K-pathway is used for uptake of one to two 
substrate protons [35-39], but presumably only during the reduction of the 
BNC [38]. Even though no protons are taken up through this pathway during 
O2-reduction, it is most likely also employed to facilitate transfer of electrons 
to the BNC. This may be accomplished by moving internal protons or 
positively charged side chains, such as that of K(I-362), towards the catalytic 
site, compensating for excess negative charge during the reaction [26, 40] 
(and paper II), as was first proposed by Peter Rich [41]. 

The existence of a proton-collecting antenna has been proposed [42] that 
further facilitates proton uptake from the bulk solution to the D-pathway at 
physiological pH [22]. It is suggested to be made up of negatively charged 
groups, e.g. carboxylates, which attract protons through electrostatic 
interactions, and histidines that may act as local protein-derived buffering 
residues. Several of these residues are located in SU III, which has its N-
terminal adjacent to D(I-132). Rapid proton transfer shortens the lifetime of 
reactive O2-intermediates formed at the catalytic site during turnover. The 
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removal of SU III has been shown to result in a decreased rate of proton 
uptake [22], and ultimately leading to inactivation of the enzyme, involving 
irreversible alteration of the BNC where CuB is ultimately lost [43].  

Summary of the catalytic cycle 
Because the electrons required for the reduction of O2 to water are 
transferred one-by-one to the catalytic site during turnover, CytcO cycles 
between several different intermediate states (reviewed in e.g. [44, 45]) that 
can be distinguished by their optical spectra. These states are commonly 
denoted by single-letter codes, together with a superscript, which indicates 
the number of electrons present in the BNC (e.g. P2 means intermediate “P” 
with two electrons in the BNC). The catalytic cycle can be divided into two 
parts: The reductive phase (O → R), where electrons are transferred to the 
oxidized BNC, and the oxidative phase (R → O), where O2 is bound to the 
reduced BNC, and is reduced to water, and thus oxidizing the BNC. 

O2 binds to the BNC as soon as it is reduced by two electrons. However, a 
convenient approach when studying the function of CytcO is to start from 
the four-electron reduced state, i.e. two electrons at the BNC and one 
electron at each of the heme a and CuA sites. A distinction has to be made 
between the four- and the two electron reduced CytcO since the electron and 
proton transfer reactions are the same, but the sequence is different. The 
catalytic cycle of CytcO is illustrated in Figure 6.  

 

Figure 6. Schematic illustration of the catalytic cycle for the reaction of CytcO and 
O2 during turnover (a) and for the fully reduced CytcO (b), as described in the text. 
Each intermediate state is denoted by a one-letter code together with a superscript, 
indicating the number of electrons transferred to the BNC. Black circles symbolize a 
reduced redox-active center. Proton pumping is not shown. 
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Starting with the fully oxidized state (the O0-intermediate), the transfer of 
the first two electrons to the BNC from the P-side, via CuA and heme a, is 
accompanied by uptake of two protons from the N-side, forming first the E1 
and then the R2-intermediates (Figure 6 a). The O0 to E1 and E1 to R2 
transitions are presumably associated with pumping of one proton each [46-
48]. O2 binds to the BNC, forming the A2-intermediate [49, 50] (not shown 
in Figure 6), which spontaneously decays into the P2-intermadiate where the 
O-O bond is broken [51, 52]. Upon transfer of the next electron to the 
catalytic site, another proton is taken up, resulting in the F3-intermediate [53, 
54]. The last electron transfer is also linked to proton uptake, ending the 
reaction at the completely oxidized O4-intermediate (equivalent to the O0-
intermediate). Each electron transfer to the catalytic site, during the P2 to F3 
and F3 to O4 transitions, is linked to pumping of one proton across the 
membrane [55]. 

In contrast, when starting the reaction with the fully reduced enzyme 
(Figure 6 b), one electron is transferred from heme a to the BNC in the A2 
to P3 transition, when the O-O bond is cleaved [56, 57]. During the P3 to F3 
transition, the electron at CuA equilibrates between CuA and heme a, and one 
proton is taken up to the catalytic site. Notably, this transition is not 
associated with any electron transfer to the BNC. The last electron moves 
from the equilibrium to the BNC, forming the O4-intermediate, 
concomitantly with uptake of one proton. The O0 to R2-transition is 
associated with pumping of two protons across the membrane, while the P3 
to F3 and F3 to O4 transitions are associated with pumping of one proton 
each [55, 58, 59]. 

The cleavage of the O-O bond requires four electrons and one proton. In the 
case when starting with the two-electron reduced state, three of the electrons 
are provided by the BNC (by oxidation of CuB

+ and Fe(a3)
2+ to CuB

2+ and 
Fe(a3)

4+, respectively), while the fourth electron and the proton are provided 
by a tyrosine, Y(I-288), located in a vicinity, resulting in a tyrosine radical 
[60-64]. Formation of the F3-intermediate is completed by the injection of 
the third electron to the catalytic site [53, 54], via CuA and heme a, and the 
transfer of a proton to Y(I-288), transiently via E(I-286), from the bulk 
solution [25, 65]. 

When starting with the fully reduced state, the fourth electron is provided 
by heme a (by oxidation of Fe(a)2+ to Fe(a)3+), the other three by the BNC, 
while the proton is transferred from Y(I-288), thus leaving the tyrosine with 
one additional negative charge compared to the previously described 
reaction scheme. Formation of the F3-intermediate is rate limited by proton 
transfer from E(I-286) to reprotonate Y(I-288), upon which E(I-286) is 
reprotonated, concomitantly with equilibration of the electron between CuA 
and heme a [28, 65]. Reducing O2 completely with four electrons in one step 
is believed to prevent the release of potentially harmful O2-radicals. 
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Nitric oxide reductase 

Overall structure and function 
Bacterial nitric oxide reductases (NORs) are integral membrane proteins that 
are part of the denitrification pathway in which nitrate (NO3

-) is stepwise 
reduced to di-nitrogen (N2) (Eq. 3). Nitrate is reduced to nitrite (NO2

-) using 
either the membrane bound respiratory nitrate reductase (NAR) or the 
periplasmic nitrate reductase (NAP) [66]. Nitrite is subsequently reduced to 
nitric oxide (NO) by one of two periplasmic enzymes cytochrome cd1 (Cyt. 
cd1) or cytochrome c nitrite reductase (NIR). Thereafter NOR reduces NO in 
nitrous oxide (N2O) that is finally reduced to N2 by nitrous oxide reductase 
(N2OR) [67]: 

NO3
- → NO2

- →  NO → N2O → N2 Eq. 3 

Even though the reduction of NO to N2O is essentially as exergonic as the 
reduction of O2 to water, the NOR-reaction is non-electrogenic and the 
NORs do not pump protons across the membrane [11-13]. Some NORs are 
also able to reduce O2, as do the other HCuOs, and probably use the same 
catalytic components as with NO [68, 69]. Reduction of O2 by NOR is also 
non-electrogenic (paper V). 

The NOR from P. denitrificans is a cNOR, purified as a complex between 
the subunits NorB and NorC. The NorB contains the low-spin heme b, the 
high-spin heme b3 and a non-heme iron, FeB. The latter two make up the 
BNC where NO or O2 are bound and reduced. The NorC holds the low-spin 
heme c that is the primary electron acceptor from soluble electron donors 
such as cyt. c (hence the classification cNOR) [70]. The fully reduced NOR 
holds four electrons, sufficient for one turnover when reducing O2 and two 
turnovers when reducing NO. Despite having a non-heme FeB in the BNC 
instead of a CuB, and not generating an electrochemical proton gradient, the 
NORs are classed as divergent members of the HCuO-family based on 
comparison of the sequence for the catalytic subunit [71, 72]. 

Another class of NORs has been identified, which was isolated as a single 
subunit enzyme, lacking heme c. These NORs accept electrons from quinols 
and are consequently termed qNORs. The mechanism of NO-reduction 
catalyzed by the bacterial NORs is not known but the similarity of the 
catalytic sites of cNOR and qNOR suggest that the mechanisms are very 
similar in these NOR-classes.  

The conserved amino acids that make up the D- and the K-pathway in the 
aa3-type oxidases are not found in the NORs. This suggests that an 
alternative pathway is in operation to move protons to the BNC. Sequence 
homology searches of the NorB have shown that there are five highly 
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conserved glutamate residues, not found in the rest of the HCuO-family, 
which may constitute part of a proton transfer pathway. Figure 7 shows an 
overview of a generated model for the P. denitrificans NorB  (paper V) that 
was based on the structure of the bo3 oxidase from Escherichia coli [73]. The 
figure also shows a suggested proton pathway (paper V) together with the 
redox-active centers (Figure 7 b). 

One of the conserved glutamates, E80 (P. denitrificans numbering 
throughout the text), is located on the N-side of the membrane, but aligns 
with the D(I-132) residue in the aa3-type CytcO (R. sphaeroides numbering). 
Except for Y343 and E202, the other conserved protonatable groups are 
located above, or close to, the BNC. The only residues that could be acting 
as the entry points for the protons are E122 and E125, located ~30 Å from 
the BNC. These two residues have been shown, using site-directed 
mutagenesis, to be essential for normal steady-state NO-reduction activity 
[69, 74]. As these residues are located far from the BNC, a role for them in 
proton transfer is likely. The other conserved glutamates, E198, E202 and 
E267 are located below the BNC, in the lower part of the suggested proton 
transfer pathway (E198 and E267), or are not part of it (E202). E198 and 
E267 have also been shown to be important for steady-state NO-reduction 
activity [69, 74]. The distance between the P-side surface glutamates and the 
next conserved protonatable residue, D185, is ~15 Å but a water molecule 
can be fitted in between, and an arginine (R121, not shown in Figure 7 as 
this residue is not conserved) may also participate in the transfer of protons. 
The distance to the next protonatable residue, T243, from D185 is ~13 Å, but 
a serine, S264, can be found in between these residues, ~7.5 Å from T243, 
and possibly a cluster of three water molecules. Even though S264 is located 
closer to the BNC, ~6.4 Å, E267 and E198 have been included in the 
pathway as these are essential for catalytic activity [69, 74]. Some of the 
distances between the residues are too long for hydrogen bonding but water 
molecules (or more protonatable groups) may bridge the gaps. 

cbb3-type oxidase 

Overall structure and function 
The cbb3-type oxidases were first found in nitrogen-fixing and pathogenic 
bacteria and are terminal oxidases in the respiratory chain. They have a very 
high O2 affinity but also a substantial NO-reduction capability [75] (paper 
VI). The cbb3-type oxidases provide a link between the bacterial NORs and 
the aa3-type HCuOs by having the highest sequence similarity among the 
O2-reducing HCuOs to the bacterial NORs. Despite having low sequence 
similarity to the aa3-type oxidases and lacking most of the protonatable 
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groups shown to be of importance for proton pumping [76], the cbb3-type 
oxidases have been shown to pump protons [15, 16]. However, the pumping 
stoichiometry is usually lower than for the aa3-type oxidases and appears to 
be variable [16-18]. 

The purified cbb3 oxidase from R. sphaeroides consists of three subunits 
in which the redox-active centers are located. The largest subunit, CcoN, is 
related to the catalytic SU I of the aa3-type CytcOs, and contains the high-
spin heme b3-CuB BNC and a low-spin heme b, which transfers electrons to 
the BNC. The second subunit, CcoO, holds one c-type heme while the third 
subunit, CcoP, contains two c-type hemes [77]. There is also possibly a 
fourth small subunit, CcoQ, which has no redox-active centers [78]. 
Sequence alignments of the catalytic subunits in the HCuO-family have 
shown that there is no equivalence to the aa3-type CytcO D-pathway in the 
cbb3-type oxidases. The pattern of conserved residues supports the presence 
of only one proton input pathway, made up of nine polar residues, of which 
five have been shown to be of functional importance for catalytic activity by 
site-directed mutagenesis [79]. This suggested pathway is located in the 
CcoN and is spatially analogous to the K-pathway in aa3-type oxidases [76]. 
Figure 8 shows an overview of a generated model for the R. sphaeroides 
CcoN [20], and the five residues in the suggested input pathway (Y311, 
T275, H303, Y377 and N349), shown to be required for catalytic activity 
[79], together with the redox-active centers (Figure 8 b). No homologue of 
the conserved glutamate in SU II of the aa3-type oxidases, located at the 
presumed entry point for the K-pathway in some species, can be found. 
However, a tyrosine, covalently bound to one of the histidine ligands of CuB, 
has been identified, corresponding to the terminus of the K-pathway in the 
aa3-type oxidases [19, 20].  

The cbb3 oxidases are distinct from other HCuOs in terms of their strategy 
for receiving electrons. Instead of having the di-nuclear copper ion center, 
CuA, found in the aa3-type CytcOs as a primary acceptor for electrons, they 
have three c-type hemes. Consequently, the fully reduced cbb3 oxidase holds 
six electrons, sufficient for 1.5 turnovers when reducing O2 and three 
turnovers when reducing NO.  
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Figure 7. (a) The modeled structure of the catalytic subunit, NorB, in NOR from P. 
denitrificans (paper V). The conserved glutamate residues are shown in red, others 
in blue. (b) A close-up view of the suggested proton transfer pathway and the redox-
active centers. The illustrations were prepared using the VMD software [24]. 
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Figure 8. (a) The modeled structure of the catalytic subunit, CcoN, in cbb3 oxidase 
from R. sphaeroides [20]. Residues, likely to constitute a proton input pathway, are 
shown in red [79]. (b) A close-up view of the suggested proton transfer pathway and 
the redox-active centers. The illustrations were prepared using the VMD software 
[24]. 

CuB 

heme b3 
heme b 

Y311 

Y377 

H303 T275 

N349 

Y311 

Y377 

H303 

T275 
N349 

P-side 

N-side 

a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

b. 



 20

Methodology 

Some commonly used analysis methods for enzyme functions are based on 
the use of spectroscopic techniques, such as the stopped-flow and flow-flash 
set-up, in which changes in absorbance, as a result of the catalytic reaction 
can be measured. These changes can either originate from changes in the 
reduction states of redox-active centers, or from added reagents, such as pH-
sensitive dyes. Consequently, the absorbance changes at the redox-active 
centers provide information about electron transfer within the protein, while 
absorbance changes in the dye provide information on proton transfer. 
Furthermore, reconstitution of the enzyme in closed vesicles (SUVs – Small 
Unilamellar Vesicles, usually prepared as described in e.g. [58]), and adding 
the pH-sensitive dye on either the in- or outside of the SUVs, makes it 
possible to study the release and uptake of protons separately. 

A different approach has to be applied in order to obtain information on 
proton transfer within the enzyme, as internal proton translocation is 
generally not seen in the absorbance spectra. For this purpose, an 
electrometric technique has been developed, which is sensitive to any 
transfer of charges, or movement of charged side chains, that occur 
perpendicular to the SUV-membrane plane. Such studies provide 
information on the origin of potential-generating reactions, collectively 
referred to as electrogenic events. The electrometric technique may also 
reveal electrogenic events that would otherwise be undetected by 
spectroscopic techniques. When combined, the spectroscopic and the 
electrometric techniques make up a versatile and powerful approach that 
makes it possible to shed light on important questions regarding the 
mechanism behind charge-transfer reactions.  

Because development and construction of an electrometric set-up was part of 
this thesis project, the primary focus in this section will be on the 
electrometric technique. This has also been the principal technique used for 
the studies presented in this thesis.  
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Spectroscopic techniques 
 

Stopped-flow spectroscopy 
Stopped-flow measurements are useful for studies of slower reactions, where 
the time for mixing the substrate and enzyme is faster than the probed 
reaction, when only the final state is of importance, or when multiple 
turnovers are studied.  

A stopped-flow set-up can be used in combination with spectroscopy for 
steady-state proton pumping measurements (Figure 9, excluding the laser). 
Normally, a solution of oxidized enzyme, such as CytcO, reconstituted into 
SUVs, is mixed with an electron donor, e.g. reduced cyt. c, at a fixed 
concentration, so that a well defined number of turnovers are obtained. 
When pH changes are measured, all solutions must be unbuffered, and a pH-
sensitive dye is added to one of the two solutions. The electrical component 
of the electrochemical proton gradient is dissipated by adding an ionophore, 
such as valinomycin, which makes the SUV-membranes permeable for K+-
ions. The change in the dye absorbance originates at this point from 
acidification caused by proton release on the outside of the SUVs. Then, a 
protonophore, such as FCCP (carbonyl cyanide-p-triflourmethoxyphenyl-
hydrazon), is added, which equilibrates the proton concentration on the 
inside with the outside of the SUVs. Under these conditions, only the 
protons consumed in the reaction with the substrate are detected. When the 
number of protons required for the conversion of one substrate molecule into 
its product is known, the amplitude in absorbance of this trace can be used to 
normalize the trace obtained in the absence of valinomycin to estimate the 
number of protons released on the outside of the SUVs.  

The use of ionophores and protonophores can be applied when 
establishing the quality of the SUVs. This is done by measuring the 
respiratory control ratio (RCR), using an O2/NO electrode. The rate of the 
consumption of O2 or NO during turnover for intact SUVs is compared to 
the rate when the electrochemical proton gradient is dissipated. A ratio 
greater than one between the O2 or NO consumption rate for permeable 
SUVs and intact ones indicates that an electrochemical proton gradient is 
generated during turnover. 

Flow-flash spectroscopy 
For faster reactions, where the kinetics of specific reaction steps are of 
interest, such as the single-turnover O2-reduction by CytcO, the reaction 
needs to be concerted and triggered at a well-defined time. To achieve high 
time resolution for the measurement, the flow-flash technique makes use of 
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the fact that CO blocks the substrate binding site at the BNC of many 
HCuOs by binding to the reduced BNC. Once the reduced, CO-inhibited 
enzyme is mixed with a substrate solution in an optical cuvette, the CO-
ligand is dissociated by a laser flash. The reaction is conveniently studied by 
preloading the enzyme molecules with all electrons required for the reaction. 

When the flow-flash technique is combined with spectroscopy, rapid 
transfer of electrons, or uptake and release of protons, can be measured as 
changes in absorption. The principle behind the flow-flash technique is 
schematically illustrated in Figure 9 below and has been thoroughly 
described in the past (see e.g. [40]). 

Figure 9. Schematic illustration of the flow-flash spectroscopy set-up. The contents 
in two syringes, one containing reduced CO-bound enzyme (Syr. 1), and the other 
substrate solution (Syr. 2), are mixed in an optical cuvette. The “stop-syringe” 
triggers the laser that flashes off the CO-ligand, initiating the reaction, and triggers 
the digital oscilloscope via a photodiode. A Xe-lamp provides white measuring 
light, which passes through a monochromator (MC). The transmitted light passes 
trough another monochromator, and then to a photomultiplier tube (PMT) that 
converts the light intensity into an electrical current and then to a potential. The 
absorbance changes are displayed and recorded by the digital oscilloscope. A similar 
set-up is used for stopped-flow measurements, but excluding the laser. 
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In brief, the contents of a syringe with reduced, CO-inhibited, enzyme is 
mixed in an optical cuvette with another syringe, containing a substrate 
solution. A “stop-syringe” triggers the laser that flashes off the CO-ligand, 
initiating the reaction. White measuring light, provided by a Xe-lamp, is set 
to the desired wavelength by a monochromator (MC). The monochromatic 
light passes through the optical cuvette, and the transmitted light passes 
through an additional MC, which removes scattered laser-light. The changes 
in light intensity are converted into an electrical current by a photomultiplier 
tube (PMT), and then into a change in potential, which is monitored by an 
oscilloscope. 

The electrometric technique 
The electrometric set-up was designed for measuring membrane potential 
generation in bacterial reaction centers and bacteriorhodopsin by Drachev et 

al. [80] and was later modified for studies of the reaction of CytcO with O2 
[59]. Much of the principles for the electrometric technique are the same as 
for flow-flash spectroscopy, but the information derived from the studies 
differ, as the actual transfer of charges is measured and not changes in the 
reduction state of redox-active centers, or in proton concentration.  

The measuring cell consists of two chambers, separated by a thinly 
stretched (~1 µm) Teflon film, on which a lipid monolayer is applied 
(Figure 10). Enzyme molecules reconstituted into SUVs are attached to one 
side of the Teflon film by incubating them in a buffer containing CaCl2. The 
Ca2+-ions bridge the negatively charged head-groups of the lipids. The 
measuring cell is placed in an airtight chamber, in which the atmosphere is 
made anaerobic on a vacuum line by repeatedly exchanging it for N2, and 
then for CO (Figure 11). The redox-active centers are reduced by various 
additions that also ensure anaerobicity and allow measurements to be 
repeated several times on the same sample. The reaction is initiated by 
photolyzing the CO-ligand, that binds to the reduced BNC, with a laser 
flash, shortly after injecting substrate-enriched buffer in a direction towards 
the Teflon film, producing a locally high substrate concentration. The build-
up of potential at the Teflon film is detected by Ag/AgCl electrodes, inserted 
in each of the two compartments. The signal is recorded by an oscilloscope.  

In principle, the Teflon film works as a capacitor. As charge moves 
within the membrane-spanning part of each SUV, an overall potential is 
generated on the side of the Teflon film where the SUVs are bound, while 
the other side is effectively a zero-point by connecting it to a common 
ground via the conducting buffer. The electrogenic events are assumed to be 
directly proportional to the amount of charge, as well as the distance the 
charge is transferred, perpendicular to the SUV-membrane plane. 
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Figure 11. Illustration showing the electrometric set-up. The trigger button starts the 
electric pump that injects substrate buffer, via a syringe, into the measuring cell that 
is sealed in a CO-filled container. The electric pump sends a trigger signal, via a 
delay box, to the laser. The laser-light, which is focused by a lens onto the Teflon 
film in the measuring cell, initiates the reaction and triggers the digital oscilloscope. 
The build-up of membrane potential is detected by the two electrodes, of which one 
is connected to a common ground, while the other is connected, via an amplifier, to 
the digital oscilloscope. 

Figure 10. A close-up view of 
the measuring cell. The 
measuring cell consists of two 
compartments, separated by a 
thinly stretched Teflon film (~1 
µm), on which a monolayer of 
lipids has been added. Enzyme 
reconstituted into SUVs is 
bound to this side of the Teflon 
film, by incubation in the 
presence of CaCl2. The 
measuring cell is made 
anaerobic, and the enzyme is 
reduced, after which CO is 
bound to the BNC. Prior to 
removing the CO-ligand by 
flash photolysis, substrate-
enriched buffer is injected in 
direction towards the Teflon 
film, via a syringe. The build-
up of potential at the Teflon 
film is detected by the two 
Ag/AgCl electrodes. 
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The electrometric technique is versatile in the sense that it enables 
measurements of electrogenic events that may not be directly related to 
changes in the optical spectrum and that it reveals the extent of charge-
transfer. These events can either be conformational changes of charged side 
chains, or internal transfer of protons between amino acids in the proton 
transfer pathways, or in some other part of the enzyme. However, it is 
difficult to compare signals from measurements performed on different 
samples. The measuring interface (i.e. the Teflon film together with the 
attached enzyme-containing SUVs) has to be prepared for each separate 
experiment and the exact number of enzyme-containing SUVs that are 
bound to the Teflon film may vary. Therefore, the signals are usually 
normalized for comparison.  

In addition, all electrogenic events are measured in one single trace. If 
two oppositely directed electrogenic events coincide, the one with smaller 
amplitude may not be detected, as the two events are superimposed. The 
starting point for the charge-transfer is difficult to assign and can only be 
assumed based on data obtained by using structural variants of the enzyme. 
Data collected using the electrometric technique has to be compared to data 
collected by other means, such as flow-flash spectroscopy, for similar 
conditions. Time constants derived from the electrogenic events are usually 
assigned to specific phase transitions based on optical measurements. 

There is also an inherent error in the electrometric set-up that cannot 
easily be overcome: the spontaneous electrical relaxation of the SUV-
membrane. The components in the electrometric set-up all display relaxation 
time constants, such as the capacitance of the Teflon-lipid interface, and the 
amplifier. These factors can be affected by e.g. stretching the Teflon 
membrane thinly (the capacitance of the Teflon film is inversely 
proportional to its thickness and the time constant for electrical relaxation is 
directly proportional to this capacitance), and by choosing an amplifier that 
has high input impedance. The relaxation of the SUV-membrane, on the 
other hand, cannot be manipulated in any other way than making sure that 
the SUVs have a high RCR. Consequently, measuring reactions that are 
slower than the time constants built into the set-up will always result in 
underestimation of the electrical amplitude, as well as an overestimation of 
the time constants, for slower reactions. Of course, underestimation of the 
relative amplitude for the slower components will lead to overestimation of 
relative amplitude for faster ones. This can be explained by considering the 
electrogenic events of the enzyme and the electrical relaxations as oppositely 
directed, competing reactions. In other words, the time constants of the 
measured signal must be faster than those of the components of the set-up 
[81]. Knowing the kinetics of the relaxation enables accurate correction of 
the measured signal for drifts. However, it is difficult to device such an 
experiment that reveals the relaxation time constants and amplitudes, hence 
theoretical models have to be used.  
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Transfer of charge equivalents in CytcO 
During the oxidative phase of the reaction of the fully reduced CytcO and 
O2, two protons are taken up for the O2-chemistry, and two additional 
protons are pumped across the membrane, via the D-pathway. One electron 
is transferred from CuA to the BNC. All other electron transfer reactions 
occur between heme a and heme a3, which are located at roughly equal 
dielectric distance from the membrane surface, and consequently do not 
contribute to the membrane potential. The distance between CuA and D(I-
132), at the entrance of the D-pathway, coincides approximately with the 
membrane-spanning part of the enzyme. The uptake of protons via the D-
pathway to the BNC amounts to a dielectric distance of about 2/3d, where d 
is the membrane thickness (~40 Å). A pumped proton is accordingly 
transferred a distance of 1d, while the electron transferred from CuA to heme 
a corresponds to transfer over a distance of 1/3d.  

Hence, during the oxidative part of the catalytic cycle of CytcO, the two 
chemical protons, the two pumped protons and the electron transfer CuA to 
heme result in transfer of ~3.67 charge equivalents (Qd, where Q is a unit 
charge), calculated as:  

2Q x 2/3d + 2Q x 1d + 1Q x 1/3d ≈ 3.67Qd Eq. 4 

As the electron moves in the opposite direction compared to the protons, it 
contributes to the signal with equal sign as the protons. In the case when the 
O2-chemistry is uncoupled from proton pumping, which is the case for some 
structural variants of the enzyme, a total of about 1.67Qd (Eq. 4 minus 2Q x 
1d) are transferred, as the fully reduced enzyme is oxidized, meaning that 
two protons are taken up to the BNC and all electrons are consumed. 

It is apparent from the reasoning above that the existence of solved high-
resolution structures of the studied system is required, as well as the relative 
position of the redox-active centers within the membrane, in order to 
correctly calculate the dielectric distances that charges are transferred. 
Although crude estimates can be done using modeled structures, conclusive 
and detailed explanations to the general mechanisms are often difficult to 
find. The generated net-membrane-potential can in some cases be used to 
draw conclusions regarding the overall directionality of the charge-transfer, 
and be used as an indication to whether protons are being pumped or not. 
Also, the signals can be used to decide from which side of the SUV-
membrane protons are taken up, when the orientation of the enzyme 
molecules in the membranes is known.  
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Results and discussion 

The experimental work summarized in this chapter concerns mainly 
electrogenic events in HCuOs during the catalytic reaction, and the 
conclusions that can be drawn from these observations. The background is 
briefly described, and necessary data obtained using other means of 
measurements than the electrometric technique, are also included. Paper I 
and II deal with the origin of the electrogenic events, associated with the 
oxidative part of the catalytic cycle, in wild-type CytcO from 
R. sphaeroides. Paper III and IV describe results from experiments 
performed on structural variants of CytcO from R. sphaeroides where the D-
pathway has been altered. In addition, some related unpublished results from 
electrometric measurements of other structural variant CytcOs are presented. 
Paper V describes the main results from measurements performed on NOR 
from P. denitrificans, and paper VI on cbb3-type oxidase from 
R. sphaeroides, using either NO or O2 as a substrate. 

The origin of the electrogenic events in CytcO 
The pH-dependence of the electron and proton transfer reactions during O2-
reduction in detergent solubilized CytcO from R. sphaeroides has previously 
been studied using flow-flash spectroscopy [27, 28]. In brief, after 
dissociation of the CO-ligand from the reduced CytcO (the R2-intermediate), 
O2 binds to the BNC, forming the A2-intermediate with a time constant of 
~10 µs, at pH 7. In the next transition, the electron at heme a is transferred to 
the BNC, with a time constant of ~30 µs, resulting in the P3-intermediate, in 
which the O-O bond is broken. The R2 to A2 and A2 to P3 transitions are not 
linked to proton uptake from solution. Next, the F3-intermediate is formed 
(τ ≅ 100 µs), concomitantly with proton uptake to the catalytic site, and 
equilibration of the electron at CuA, between CuA and heme a. Upon transfer 
of another proton, as well as transfer of the electron from the CuA-heme a 

equilibrium, to the catalytic site, the oxidized O4-intermediate is formed, 
with a time constant of ~1.1 ms. Each of the two latter transitions, P3 to F3 
and F3 to O4, are associated with pumping of one proton across the 
membrane [55, 58, 59]. 
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The A2 to P3 transition is only weakly pH-dependent, displaying a time 
constant of ~30 µs at pH 7.6 and ~70 µs at pH 10.5 (paper II, Figure 15 a). 
The time constant for the P3 to F3 transition is pH-independent (τ ≅ 100 µs) 
in the pH range 6 to ~9 (Figure 18 a) above which it increases with 
increasing pH, displaying a simple Henderson-Hasselbalch titration curve 
with an apparent pKa of 9.4, attributed to E(I-286), and finally merging with 
the F3 to O4 transition [27, 28]. The F3 to O4 transition exhibits a more 
complicated behavior (Figure 18 b), with a time constant that increases from 
~1 ms at pH 6.0 to ~10 ms at pH 11.0, titrating with two pKas of < 6.3 and 
8.9, respectively [82]. 

When Verkhovsky and Wikström used the electrometric technique to 
study the oxidative part of the catalytic cycle of CytcO [59], their experiment 
showed that, after a short electrically silent phase (τ ≅ 50 µs, at pH 7), the 
build-up of electrical potential across the membrane was dominated by three 
kinetic phases: one phase corresponding to the P3 to F3 transition 
(τ ≅ 100 µs), and two slower phases corresponding to the F3 to O4 transition 
(τ ≅ 0.5−1 ms and 1−5 ms). The relative amplitude of the first phase was 
~50%, while the other two together were responsible for the remaining 
signal. The biphasic behavior of the F3 to O4 transition has also been 
observed in spectroscopic measurement [58, 83]. In studies of the F3 to O4 
transition, when starting with the F3-intermediate, the faster component was 
attributed to transfer of a proton that is pumped across the membrane while 
the slower component was attributed to transfer of a substrate proton used 
for O2-reduction [84]. 

The pH-dependence for the electrogenic events in CytcO 
The pH-dependence for the time constants of the electrogenic events 
described above is shown in Figure 12 (paper I). The time constant for the 
electrically silent phase, before the build-up of potential, was ~50 µs in the 
lower pH-range and decreased at pH > 9.5 to ~30 µs (data not shown). The 
time constant for the first electrogenic phase (Figure 12 a) was on average 
~200 µs in the pH range 6.5−9.0 (i.e. a factor of about 2 slower than that 
measured in detergent solution, as has previously been reported by Faxén et 

al. [55]), after which it decreased, reaching a value of ~80 µs at pH 11. This 
behavior is unexpected considering the above description of the time 
constants obtained using flow-flash spectroscopy, where the time constant 
for the P3 to F3 transition increased at pH > 9. However, this observation has 
previously been reported by Belevich et al. [85]. The time constant of the 
second kinetic phase (Figure 12 b) was rather unaffected by pH, increasing 
from ~0.7 ms at pH 6.5 to ~1.3 ms at pH 10−11. The third kinetic phase 
(Figure 12 c) exhibited a stronger pH-dependence, with time a constant 
gradually increasing from ~2.9 ms at pH 6.5 to ~17 ms at pH 11.  
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The relative amplitudes associated with the three kinetic phases are shown in 
Figure 13 (paper I). The amplitude of the first phase (Figure 13 a) 
decreased from ~60 % at pH 6.5−7.5, to ~45 % at pH 9.5−10, above which it 
increased to ~55 % at pH 11. The relative amplitude of the second kinetic 
phase (Figure 13 b) decreased slightly with increasing pH from ~25 % to 
~15 % while the amplitude of the third phase (Figure 13 c) was 15−20 % at 
pH 6.5−7.5 and then increased to ~40 % at pH 9.5, above which it decreased 
to ~25 % at pH 11. 

Figure 12. The pH-dependence of the time constants for the three kinetic phases 
observed in the potential build-up, in the reaction of fully reduced CytcO and O2, as 
described in the text. Each point in the plots is an average, based on three separate 
samples, and the error bars show the standard error.  

Figure 13. The pH-dependence for the normalized amplitudes, associated with the 
three kinetic phases observed during potential build-up, in the reaction of fully 
reduced CytcO and O2, as described in the text. Each point in the plots is an average, 
based on three separate samples, and the error bars show the standard error.  

The absolute membrane potential at high and low pH 
In another experiment, the absolute membrane potential generation was 
measured at pH 8 and pH 10.5, in the same sample (Figure 14). The time 
constants and relative amplitudes for the three kinetic phases were within the 
expected ranges (c.f. Figure 12 and 13) and the accelerated rate of the first 
kinetic phase at pH 10.5 is clearly visible in the inset of Figure 14 
(τ ≅ 110 µs, with a relative amplitude of ~54 %). Moreover, the absolute 
potential generated at pH 8 was ~30 mV and ~8 mV at pH 10.5, i.e. much 
less total charge is transferred at pH 10.5 than at pH 8, about 27 %. This 
indicates that the relative amplitudes presented in Figure 13 do not directly 

a.                           b.                         c. 

a.                        b.                        c. 
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translate into relative amounts of charge transferred and that a specific phase 
may originate from different electrogenic events at high and low pH. 

According to Eq. 4, during the oxidative part of the catalytic cycle of CytcO, 
the total number of transferred charge equivalents corresponds to ~3.67Qd. 
Assuming the same dielectric properties of the CytcO-membrane system at 
high and low pH, the potential build-up at pH 10.5 is thus equivalent to 0.27 
x 3.67 Qd ≈ 1Qd. As the electron transfer from CuA to the hemes contributes 
with ~0.3Qd (CuA and heme a are separated by a distance corresponding to 
~1/3 of the membrane-spanning part of CytcO), the remaining ~0.7Qd 
presumably originates from proton transfer. If assuming that this represents 
proton transfer from the N-side to the BNC, (corresponding to a dielectric 
distance of 2/3d), 0.7Qd/(2/3d) ≈ 1Q, i.e. one proton is taken up all the way 
to the BNC. This is about half the amount of substrate protons taken up at 
pH 8, which is consistent with the decreasing proton-uptake stoichiometry 
with increasing pH observed in mitochondrial CytcO [86]. In addition, this 
shows that CytcO does not pump protons at high pH, as has previously been 
reported for the E. coli cytochrome bo3 [87] and with the lowered proton-
release stoichiometry with increasing pH in mitochondrial CytcO [88]. 

At pH 10.5, the first electrogenic event contributed with ~54 % (53.5 ± 1.7 
%, standard error based on three samples) of the total signal (Figure 13 a), 
which translates to 0.54 x 1 Qd = 0.54Qd, i.e. transfer of one charge across 
54 % of the total dielectric distance across the membrane (c.f. 30 % given by 
in [85]). If the same electrogenic event would take place also at neutral pH, 
it would contribute with 15 % to the total signal (0.54Qd/3.7Qd), which 
agrees well with the corresponding value reported in [85]. Thus, this 
electrogenic event may also be present at low pH, but undetected due to the 
much larger signal from proton transfer reactions in the D-pathway, 
occurring on a similar time scale (separated by a factor of ~2). 

 

Figure 14. Comparison 
of the potential build-up 
at pH 8.0 (black) and pH 
10.5 (gray) in CytcO 
when reacting with O2, 
as described in the text. 
The absolute potential at 
pH 10.5 (right axis) 
corresponds to ~27 % of 
that observed at pH 8 
(left axis). The inset 
shows the first 1.5 ms of 
the measurements. 
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The origin of the 100-µs electrogenic phase 
One of the more interesting observations made in the pH-dependence 
measurements of the electrogenic events, associated with the reaction of 
CytcO and O2, is the accelerated rate of the first kinetic phase at high pH, 
from now on referred to as the “100-µs phase”. It is clear that it occurs on a 
time scale that differs from the first phase transition expected to generate a 
membrane potential, P3 to F3, and is much closer in time to the A2 to P3 
transition. The A2 to P3 is, however, not associated with uptake of protons 
and only involves electron transfer from heme a to heme a3, as described 
above, and consequently should be electrically silent. Belevich et al. 
attributed this voltage change to internal proton transfer from E(I-286), 
located in the end of the D-pathway, to an unidentified acceptor for pumped 
protons [85]. On the other hand, in an earlier study of structural variants of 
CytcO, where the K-pathway was modified, the A2 to P3 transition was 
slowed [40]. It was suggested that the positively charged side chain of K(I-
362) could change its conformation, moving towards the catalytic site, upon 
electron transfer to the BNC, to compensate for the excess negative charge at 
the BNC in the P3-intermediate [26, 40]. A structural rearrangement of this 
nature should be electrogenic. 

In order to test this hypothesis, membrane potential generation and 
absorbance changes, were measured and compared, for the reaction of O2 
with a structural variant of CytcO, where K(I-362) was replaced by a 
methionine, K(I-362)M [89] (paper II). The electrometric measurements 
were also done with another structural variant of CytcO in which S(I-299), 
located just below K(I-362) (see Figure 5 b), was replaced by a glutamine, 
S(I-299)E. The analogous S(I-299)D CytcO displayed qualitatively the same 
behavior as K(I-362)M, presumably because the side chain of K(I-362) is 
bound electrostatically to D(I-299) via a water molecule [31, 40]. 

The K(I-362)M CytcO 
The spectroscopic measurements, using the flow-flash technique, were 
performed on CytcO reconstituted into SUVs, in order to maintain similar 
conditions as for the electrometric measurements. The A2 to P3 transition 
(studied at wavelength 595 nm) for the wild-type CytcO (Figure 15 a) 
displayed time constants of ~30 µs at pH 7.6 and ~70 µs at pH 10.5 (black 
and gray trace, respectively). With the K(I-362)M CytcO (Figure 15 b) the 
transition was slower and less pH-dependent; ~90 µs at pH 7.6 and ~100 µs 
at pH 10.5 (black and gray trace, respectively).  
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Figure 15. Absorbance changes studied at 595 nm, in the reaction of the fully 
reduced wild-type (a) and the K(I-362)M CytcO (b) and O2 at pH 7.6 (black) and 
pH 10.5 (gray). The increase in absorbance reflects the formation of the A2-
intermediate while the subsequent decrease reflects the A2 to P3 transition. See text 
for details. 

Figure 16. Membrane potential generation in the fully reduced wild-type (black) 
and the K(I-362)M CytcO (gray), when reacting with O2, at pH 7.5 (a) and pH 10.5 
(b). The insets show the first 0.6 ms of the measurements. See text for details. 

In the electrical measurement for the wild-type CytcO at pH 7.5 (Figure 16 
a, black) the membrane potential developed in three kinetic phases with time 
constants of ~220 µs (~59 %), ~0.9 ms (~25 %) and ~3.8 ms (~16 %) 
(relative amplitudes in parentheses), after an electrically silent period 
(τ ≅ 55 µs). The results from the K(I-362)M CytcO at pH 7.5 (Figure 16 a, 
gray) were essentially identical to those obtained from the wild-type CytcO. 
After an electrically silent phase with a time constant of ~60 µs, three phases 
were detected, displaying the following time constants and relative 
amplitudes: ~330 µs (~66 %), ~1.1 ms (~24 %) and 4.0 ms (~10 %).  

At pH 10.5 the membrane potential for the wild-type CytcO (Figure 16 b, 
black) also developed in three phases, with time constants of ~110 µs 
(~53 %), ~1.3 ms (~17 %) and ~14 ms (~30 %). Only two phases could be 
observed with the K(I-362)M CytcO (Figure 16 b, gray), with time 
constants and relative amplitudes of ~1.3 ms (~55 %) and 12 ms (45 %). In 
other words, the rapid 100-µs phase, observed with the wild-type CytcO at 

a.                                  b. 

a.                                    b. 
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pH 10.5, was not observed with the K(I-362)M CytcO. For the wild-type 
CytcO at pH 10.5 the initial lag phase was ~35 µs, i.e. shorter than at pH 7.5, 
while for the K(I-362)M CytcO, the lag was much longer and closer to the 
A2 to P3 transition, as seen optically, ~95 µs. The electrometric 
measurements with the S(I-299)E CytcO (data not shown) were essentially 
identical to those obtained with the K(I-362)M CytcO, i.e. the 100-µs phase 
was not present.  

A relevant question is whether or not the side chain of K(I-362) is positively 
charged at high pH. Electrostatic calculations have indicated that it is neutral 
[90]. However, when a water molecule was included in such calculations, 
the pKa of K(I-362) increased such that the side chain was ~50 % charged up 
to pH 11.2 [91]. It is difficult to say whether or not it is the charged side 
chain of K(I-362) that moves towards the catalytic site or if an internal 
proton is transferred. If the side chain of K(I-362) changes its conformation 
it should reset at some later stage, which would effectively make the relative 
amplitude of this slower phase smaller, and consequently overestimate the 
contribution from the fast phase. This may also explain why the amplitude 
for fast phase in the wild-type CytcO at low pH was somewhat larger than 
expected (~60 % compared to ~50 %, when considering that similar charge-
transfer reactions occur in the P3 to F3 and F3 to O4 transitions).  

Taken together, the data presented above indicate that the 100-µs phase to a 
large extent originates from charge-transfer reactions within the K-pathway, 
linked to electron transfer from heme a to the BNC. 

The D(I-132)N CytcO 
Belevich et al. [85] also observed the 100-µs phase at neutral pH in the D(I-
132)N CytcO. In this structural variant there is no proton uptake from 
solution during the P3 to F3 transition because the D-pathway is blocked at 
the entrance [25]. Thus, electrogenic events detected during this phase 
transition only reflect the contribution of internal charge-transfer. Also in 
this variant CytcO the 100-µs voltage change corresponded to ~50 % (49.5 ± 
2.8 %, standard error based on three samples) of the total signal (Figure 17) 
(see also [85] and paper I). However, in this case the total voltage change 
originates from the uptake of two protons to the catalytic site (i.e. 2 x 2/3Qd) 
and electron transfer from CuA (i.e. 1/3Qd) as the D(I-132)N CytcO becomes 
fully oxidized, but no protons are pumped [23, 92]. Thus, the total voltage 
change is proportional to ~1.67Qd (calculated as: 2 x 2/3Qd + 1 x 1/3Qd ≈ 
1.67Qd). Consequently, the 100-µs voltage change is equivalent to 0.5 x 
1.67Qd ≈ 0.84Qd, which is larger than what was observed with the wild-type 
CytcO at high pH (paper I). However, it should be kept in mind that the 
measurements were conducted at different pH and the fact that this D(I-132) 
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signal is measured with a structural variant CytcO and the other with the 
wild-type CytcO.  

The P3 to F3 transition occurs on a similar time scale in the D(I-132)N 
variant (τ ≅ 120 µs, in solubilized enzyme, pH 7) as in the wild-type CytcO, 
presumably by transferring an internal proton to the catalytic site. The 
following phase transition, on the other hand, was slowed by a factor of 
~200 [25, 27]. The proton transfer from E(I-286) to the catalytic site is 
expected to contribute some to the total membrane potential during the P3 to 
F3 transition, but to a much lesser extent than the calculated 0.84Qd, as the 
proton is transferred only a short distance. It should also be noted that as the 
following electrogenic events, that are associated with proton uptake from 
the bulk solution, were significantly slowed compared to the wild-type 
CytcO, the electrical relaxation of the SUV-membrane may affect the 
accuracy of the electrical measurement. If the electrical relaxation of the 
SUV-membrane begins before the potential build-up is completed, the 
relative amplitude associated with the slower phases will be underestimated, 
and consequently, the relative amplitude of the 100-µs phase will be 
overestimated, as preciously discussed. The electrometric data suggests that 
this is the case as the measured time constant for the slowest phase was 
faster, τ ≅ 0.1 s, compared to what was observed optically [25, 27]. An 
intermediate phase was also detected in the electrometric data, with a time 
constant of ~10 ms, which cannot be attributed to any phase transition or 
specific charge-transfer reaction at this point. 

Another possibility is that, as proton transfer through the D-pathway is 
decelerated, a fraction of the protons used in the reduction of O2, during the 
slower kinetic phases, may be taken from the P-side of the membrane. This 
has been observed e.g. in the D(I-132)N CytcO during steady-state 
measurements [93] and also in the non-pumping S(I-197)D CytcO (paper 
IV) as well as in a structural variant of CytcO, D(I-132)A, in which SU III 
had also been removed [94]. The D(I-132)N CytcO also displayed increased 
steady-state activity in the presence of a proton gradient [93], which also 

Figure 17 Membrane 
potential generation in the 
D(I-132)N variant (pH 7.5, 
gray) and wild-type CytcO 
(pH 10.5, black). The inset 
shows the first 0.5 ms of the 
measurements, where the 
100-µs phase is clearly 
visible in both traces.  
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suggests that a fraction of the protons may be taken from the P-side. 
However, in these experiments the conditions were different compared to the 
single turnover electrical measurement as the enzyme worked against a built-
up electrochemical gradient, which is much smaller during single turnover 
measurements. 

In addition, at high pH values, E(I-286) is protonated to lesser extent than at 
neutral pH in the wild-type CytcO, according the model presented in [27], 
and no protons are pumped (paper I). Considering the above reasoning, it is 
doubtful that the large 100-µs voltage change is linked to proton pumping 
(c.f. [85]). 

Proton transfer through the D-pathway in CytcO 
In order to investigate the mechanism by which CytcO couples electron 
transfer to proton translocation during the reaction with O2, several structural 
variants of the enzyme have been studied in which specific residues in the D-
pathway have been altered. Some structural variants do not couple the 
reduction of O2 to proton pumping and are often referred to as “uncoupled” 
variant CytcOs. The uncoupling may in some cases be due to impaired 
proton uptake when the turnover rate is dramatically slowed down [93, 95, 
96], such that protonation of an acceptor for pumped proton is delayed [28, 
97, 98]. However, some structural variants have been shown to be uncoupled 
but still exhibit essentially unaffected turnover activity, e.g. the N(I-139)D 
CytcO (see Figure 5 b), where an asparagine was replaced by an aspartatic 
acid [28]. In this structural variant, the electron and proton transfer rates 
were unaffected but the pKa, tentatively attributed to E(I-286), in the pH-
dependence of phase transitions involving proton uptake through the D-
pathway, was increased by ~1.5 units [28]. The shift in the pKa was 
suggested to be the reason for the uncoupling. When making the same 
modification of another residue, situated near N(I-139), N(I-207)D, similar 
observations where made [99]. Because negatively charged residues were 
introduced in these two structural variants one possibility could be that the 
pKa is increased due to electrostatic interactions. This explanation has been 
questioned, based on a theoretical analysis [100]. The uncoupling could also 
be caused by structural alterations of the HBC within the D-pathway [28]. 

The N(I-139)T CytcO 
In order to further investigate the reason for uncoupling, the catalytic 
reaction with O2 was characterized in a variant CytcO, where a neutral 
residue was introduced at the N139 site, N(I-139)T (paper III). This 
structural variant displayed a significant (~40 %) O2-reduction activity that 
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was uncoupled from proton pumping. The pH-dependence for the P3 to F3 
and F3 to O4 transitions where measured using the flow-flash spectroscopy, 
and the transition rates where determined from absorbance changes at 445 
nm, 580 nm and 830 nm. The rate for the P3 to F3 transition was 
approximately the same in N(I-139)T as with the wild-type CytcO at low pH 
(Figure 18 a), which suggests that the D-pathway was intact in the variant 
CytcO. This rate decreased with increasing pH, displaying a pKa of ~7.6 with 
the N(I-139)T CytcO, i.e. lower almost 2 units lower than observed with the 
wild-type CytcO [27]. The F3 to O4 transition also titrated with the same pKa 
as the P3 to F3 transition in the variant CytcO (Figure 18 b) while it has been 
shown to titrate with two pKas of < 6.3 and ~8.9 in the wild-type CytcO [82]. 

Figure 18. The pH-dependence of the P3 to F3 (a) and F3 to O4 (b) transitions, in the 
reaction of the fully reduced wild-type (black) and the N(I-139)T (gray) CytcO, with 
O2. The N(I-139)T CytcO rates were fitted with standard titration curves (solid gray 
lines) with a pKa of 7.6 in both a and b. For the wild-type CytcO the pKas were 
previously determined to be ~9.4 [27] (a) and two pKas of < 6.3 and ~8.9 [82] (b). 

Figure 19. Oxidation of CuA (a) and proton uptake (b) in the N(I-139)T CytcO 
when reacting with O2 at pH 7.8. CuA was oxidized in two distinct phases in the N(I-
139)T CytcO (a), corresponding to the P3 to F3 and F3 to O4 transitions, with 
amplitudes of ~70 % and ~30 % respectively. Proton uptake, measured as 
absorbance change in the added dye phenol red  (b), also occurred in two phases 
consistent with the P3 to F3 and F3 to O4 transitions, with amplitudes of ~53 % and 
~47 %, respectively. 

a.                                   b. 

a.                                      b. 
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Changes in the redox-state of CuA were detected in the absorbance changes 
at 830 nm. As seen in Figure 19 a, CuA was oxidized in two distinct phases 
in the N(I-139)T CytcO at pH 7.8, displaying time constants of ~350 µs (~70 
% of the amplitude) and ~2 ms (~30 %), i.e. corresponding to the P3 to F3 
and F3 to O4 transitions. Proton uptake from solution was monitored at pH 
7.8 as absorbance changes of the dye phenol red at 560 nm. The absorbance 
of the dye also changed in two phases, with time constants also 
corresponding to the P3 to F3 and F3 to O4 transitions with relative 
amplitudes of ~53 % and ~47 %, respectively (Figure 19 b). 

The results from the electrical measurements at pH 6.5 with the wild-type 
CytcO (Figure 20, black) were in agreement with the results presented 
previously (paper I). The membrane potential was generated in three 
phases, displaying time constants of ~170 µs, ~0.7 ms and ~2.9 ms, with 
relative amplitude of ~60 %, ~20 % and ~20 %, respectively. The first phase 
was consistent with the P3 to F3 transition and two following phases with 
biphasic reactions associated with the F3 to O4 transition. For the N(I-139)T 
CytcO at pH 6.5 (Figure 20, gray), the three kinetic phases displayed time 
constants of ~130 µs, ~1.1 ms and 5.9 ms. The relative amplitudes for the 
phases where ~35 % (35.2 ± 2.3 %, standard error based on three samples), 
~40 % and ~25 %, respectively. It should be pointed out that the total signal 
corresponds to transfer of less charge in the N(I-139)T CytcO than in the 
wild-type CytcO, as the former is uncoupled. 

The electrical measurements for the reaction of the reduced N(I-139)T 
CytcO during the reaction with O2 provides further information that is useful 
in comparing the wild-type and the N(I-139)T CytcOs. As previously 
discussed, the membrane potential for the wild-type CytcO originates from 
uptake of two substrate protons, electron transfer from CuA to heme a and 
pumping of two protons, i.e. equivalent to transfer of ~3.67Qd. Because the 
N(I-139)T CytcO is uncoupled, the measured potential was a result of only 

Figure 20. Membrane 
potential generation in the 
wild-type (black) and the 
N(I-139)T  (gray) CytcO 
at pH 6.5, as described in 
the text. The traces are 
normalized for 
comparison. The inset 
shows the first 0.5 ms of 
the measurements.  
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the uptake of two substrate protons and electron transfer from CuA to heme 
a, i.e. proportional to 2Q x (2/3)d + 1Q x (1/3)d ≈ 1.67Qd. The relative 
amplitude of the first kinetic phase of 35% for the N(I-139)T CytcO, 
coincident with the P3 to F3 transition, gives 0.35 x 1.67Qd ≈ 0.58Qd. The 
contribution from proton transfer during this transition is calculated by 
subtracting the contribution from the electron transfer between CuA and 
heme a for this phase, i.e. ~70 % (Figure 19 a) of 1/3Qd: 0.58Qd – 0.7 x 
1/3Qd ≈ 0.35Qd. The remaining 65 % of the total signal is associated with 
the F3 to O4, 0.65 x 1.67Qd ≈ 1.1Qd. When subtracting the contribution from 
the electron transfer in this transition, i.e. 30 %, the proton transfer is found 
to be 1.1Qd - 0.3 x 1/3Qd ≈ 1Qd. In other words, the proton transfer is 
distributed as 0.35/(0.35 + 1) ≈ 26 % in the P3 to F3 transition and 74 % in 
the F3 to O4 transition, i.e. different from the proton uptake measurements.  

The smaller P3 to F3 voltage change associated with proton transfer in the 
N(I-139)T CytcO can be explained in terms of a shorter distance for the 
charge-transfer. Considering that the F3-intermediate is formed, the proton 
must be transferred from within the D-pathway to the catalytic site. This 
internal proton donor is not known, but one candidate is a water cluster 
surrounded by residues S(I-197), S(I-200), S(I-201) and F(I-108) [101]. The 
data suggests that the internal proton donor is not reprotonated on the time 
scale of the P3 to F3 transition, but during the subsequent F3 to O4 transition, 
presumably because of decelerated proton transfer via the introduced T(I-
139) residue. However, as proton uptake from solution was observed during 
the P3 to F3 transition optically (Figure 19 b), this has to be non-
electrogenic, which would imply that the proton is bound at the surface of 
the protein, presumably due to electrostatic interactions between the water 
cluster discussed above and residues around the entrance of the D-pathway. 
Thus, the proton transfer via the D-pathway appears to be at least a two-step 
reaction in the N(I-139)T CytcO. 

In the wild-type CytcO, the P3 to F3 transition (τ ≅ 100 µs, at pH 6) involves 
only proton uptake from solution, and is not associated with simultaneous 
electron transfer to the BNC and the rate of this transition is consequently 
only determined by proton transfer via the D-pathway. In addition, the 
electron at CuA equilibrates with heme a, which results in ~50% oxidation of 
CuA [83] upon formation of the F3-intermediate. An earlier study showed 
that this electron transfer only takes place if E(I-286) is reprotonated from 
solution after the initial proton transfer from E(I-286) to the catalytic site 
[25]. Similar to the wild-type CytcO, the P3 to F3 transition in the N(I-139)T 
variant CytcO was associated with oxidation of CuA (~70 %, Figure 19 a) 
and proton uptake from solution (Figure 19 b). The sign of the signal 
measured in the electrometric set-up was the same with the N(I-139)T 
enzyme as the wild-type CytcO, which indicates that protons are taken up 
from the N-side of the membrane also in the N(I-139)T CytcO. The proton 
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transfer between solution and E(I-286) is assumed to be rapid and that the 
rate-limiting step is the proton transfer from E(I-286) to the catalytic site 
[27]. Consequently, the similar proton transfer rates at pH < 7.5 in the wild-
type and N(I-139)T CytcOs indicates that the proton transfer rate from E(I-
286) to the catalytic site was unaltered in the variant CytcO but at pH > 7.5 
the rate for this phase transition differs between the wild-type and N(I-139)T 
CytcO. This difference is likely to be due to the decrease in the pKa of E(I-
286) from ~9.4 to ~7.6 in the variant CytcO. 

The S(I-197)D CytcO  
To study how changes in the environment in the neighborhood of E(I-286) in 
CytcO affect the mechanism of proton transfer through the D-pathway, 
measurements were performed with two additional structural variants in 
which S(I-197) had been modified (paper IV). This residue is located ~7 Å 
from E(I-286) (see Figure 5 b) and it is hydrogen-bonded to a water 
molecule that is part of the proton transfer pathway. In the first structural 
variant, a non-hydrogen-bonding alanine was introduced and in the other, an 
aspartatic acid.  

Both structural variants presumably induce changes in the water 
coordination pattern and, in the case of the S(I-197)D CytcO, also the 
electrostatic environment of the D-pathway. Although S(I-197) is hydrogen-
bonded to a water molecule that is part of the D-pathway, the S(I-197)A 
CytcO displayed unaffected proton transfer rates while the S(I-197)D CytcO 
displayed a turnover activity of ~35 %, of that of the wild-type CytcO, and 
was uncoupled. In addition, a fraction of the substrate protons (0.2 H+/e-) was 
taken from the P-side of the membrane during the steady-state proton 
pumping measurements and the pH-dependence of the proton transfer rate 
was altered (paper IV). 

The electron and proton transfer rates in the reaction of the fully reduced S(I-
197)D CytcO and O2 were measured using flow-flash spectroscopy. The rate 
of the R2 to A2 and A2 to P3 transitions were similar to the wild-type rates 
with time constants of ~8 µs and ~65 µs at pH 7.4, respectively. None of 
these transitions are associated with proton transfer in the D-pathway [102]. 
The formation of the F3-intermediate was difficult to resolve with the S(I-
197)D CytcO, which was interpreted such that the transition was accelerated 
and occurred on a time scale close to the formation of the P3-intermediate. 
The F3 to O4 transition was biphasic with time constants of ~30 ms and ~100 
ms and was pH-independent at pH > 7 (see paper IV). Below pH 7, the rate 
increased with decreasing pH, titrating with an estimated pKa of  ~6. 
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CuA was not significantly oxidized in the S(I-197)D CytcO on the time scale 
of the F3 formation of the wild-type CytcO, amounting only to ~10 % of the 
signal. Instead, two major kinetic phases were observed with time constants 
similar to the biphasic F3 to O4 transition in the S(I-197)D CytcO (Figure 20 
a). Proton uptake from the bulk solution was detected as absorbance changes 
in the dye phenol red at 560 nm. In the S(I-197)D CytcO the proton uptake 
measurement displayed three kinetic phases with time constants of ~100 µs, 
~30 ms and ~100 ms, with amplitudes corresponding to uptake of ~0.4 ± 0.1, 
~0.5 ± 0.1 and ~1 ± 0.1 H+/CytcO, respectively (Figure 20 b), i.e. a total of 
~1.9 H+/CytcO were taken up. As pointed out earlier, the electron transfer 
from CuA to heme a during the P3 to F3 transition have shown to be 
controlled by the reprotonation of E(I-286), which is consistent with the 
above described behavior [103]. The fractional proton uptake can be 
explained in terms of protonation of another group as a result of 
deprotonation of E(I-286), due to electrostatic interactions between the two 
groups. One possible such group is S(I-197). 

Figure 20. Oxidation of CuA measured at 830 nm (a) and proton uptake measured as 
absorbance changes in the added dye phenol red at 560 nm (b) in the wild-type 
(black) and the S(I-197)D (gray) CytcO, when reacting with O2 at pH 7.4. In the S(I-
197)D CytcO CuA was not significantly oxidized during the P3 to F3 transition but 
on the time scale of the F3 to O4 transitions, displaying time constants of 30 ms and 
100 ms (a). Also, only a small amount of proton uptake was detected during the P3 
to F3 transition and occurred mainly during the biphasic F3 to O4 transition (b). 

a.                                     b. 

Figure 21. Membrane potential 
build-up in the reaction of the 
fully reduced S(I-197)D CytcO 
with O2. Essentially three phase 
could be detected with time 
constants of ~75 µs, 30 ms and 
120 ms, with relative 
amplitudes of ~38 %, ~22 % 
and ~40%, respectively.  
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In the measurements of the membrane potential generation, three main 
phases could be detected in the S(I-197)D CytcO (Figure 21), with time 
constants of ~75 µs, ~30 ms and ~120 ms, i.e. consistent with the time 
constants observed in the flow-flash measurements, with relative amplitudes 
of ~38 %, ~22 % and ~40 %, respectively.  

According to the optical absorption data, ~0.4 protons were taken up 
during the P3 to F3 transition, and, at most, ~0.1 electrons were transferred 
from CuA to heme 

a. During the F3 to O4 transition, a total of ~1.5 protons 
were taken up from the bulk solution, and ~0.9 electrons were transferred 
from CuA

 to the BNC. Assuming once again that the dielectric distance 
between CuA and heme a is 1/3d of the membrane spanning part of the 
membrane, the P3 to F3 transition is expected to correspond to: 0.1 x 1Q x 
1/3d + 0.4Q x 2/3d = 0.3Qd, based on the above-described measurements of 
proton uptake and CuA oxidation, while the F3 to O4 transition should 
correspond to: 0.9 x 1Q x 1/3d + 1.5Q x 2/3d = 1.3Qd. In other words, the 
relative amplitudes for the two transitions should be distributed as ~19 % 
and ~81 %. This difference from the measured membrane potential 
generation can be an effect of decelerated proton transfer through the D-
pathway, or explained in terms of different transfer distances. A fraction of 
the protons taken during the F3 to O4 transition may also be taken from the 

P-
side of the membrane, which was observed in the steady-state proton 
pumping measurement. This would result in smaller electrogenic amplitude 
for the slower phase, and consequently in an overestimation of the 
contribution from the fast phase. However, in the single turnover 
measurements the situation is different as there is no significant 
electrochemical gradient present. Another explanation may be that internal 
charge-transfer reactions are included, on the time scale the fast phase, that 
cannot be explained by the optical measurements, such as charge-transfer 
within the K-pathway, as was suggested in the previous chapters (paper I 
and II). 

The S(I-197)D substitution is situated close to E(I-286), and if there is an 
electrostatic interaction between the groups, the pKa of one of them is 
expected to increase, whereas that of the other one should decrease [104]. It 
is also likely that the substitution would alter the water structure around E(I-
286), which was observed when minimizing the energy of the D-pathway, 
using molecular mechanics in the HyperChem 7 software (see paper IV). 

It has previously been suggested that the side chain of E(I-286) is flexible 
and changes conformation upon proton transfer to the catalytic site [10, 105, 
106]. The accelerated kinetics for the P3 to F3 transition observed in the S(I-
197)D CytcO may be explained by a change in the environment in the 
vicinity of E(I-286) such that the side chain of E(I-286) becomes fixed in a 
specific conformation. Assuming that this locked conformation initially 
provides rapid proton transfer to the catalytic site, this reaction occurs 
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rapidly, while reprotonation may become slow due to impaired protonic 
contact with the bulk solution. The ability for the side chain of E(I-286) to 
switch conformation and rapid reprotonation of E(I-286) from the bulk 
solution on the N-side is presumably important for a functioning proton 

pumping machinery, and thus, this would provide an explanation for the 
impaired proton pumping and the proton uptake from the wrong side of the 
membrane. 

In summary, the results with the S(I-197)A CytcO indicate that a Ser residue 
at position 197 is not necessary for the function of the D-pathway. The S(I-
197)D substitution presumably affects the local charge environment of E(I-
286) such that the intrinsic proton transfer from E(I-286) to the catalytic site 
is accelerated, whereas the proton transfer from the bulk solution to 
reprotonate E(I-286) is decelerated. As a result, the pKa of E(I-286) may be 
altered such that the residue can transfer protons efficiently to the catalytic 
site, whereas proton transfer to the acceptor for pumped protons is impaired. 
Minor changes in the coordination of water in the proton pathway appears to 
be allowed for normal catalytic activity, but alteration of the electrostatic 
potential within the pathway results in uncoupling of the proton translocation 

machinery.  

The S(I-200)V/S(I-201)V and S(I-200)V/S(I-201)Y CytcOs 
The water cluster surrounded by S(I-197), S(I-200), S(I-201) and F(I-108) 
has been suggested to act as an internal proton donor in the D-pathway 
[101]. To investigate this possibility, two structural variants of CytcO in 
which S(I-200) and S(I-201) had been exchanged for either valines, or a 
valine and a tyrosine, respectively (the S(I-200)V/S(I-201)V and S(I-
200)V/S(I-201)Y CytcOs) were investigated. Early assays showed that both 
structural variants had decreased catalytic activity. The S(I-200)V/S(I-201)V 
CytcO displayed an activity of ~37 % compared to that of the wild-type 
CytcO, and S(I-200)V/S(I-201)Y ~11 %. In addition, the proton pumping 
stoichiometry was decreased in both of these variants. The S(I-200)V/S(I-
201)V CytcO pumped protons with a stoichiometry of ~50 % compared to 
the wild-type CytcO, while the other variant was uncoupled (R.B. Gennis, 
personal communication). The time constants for the P3 to F3 and F3 to O4 
transitions at neutral pH where significantly increased at pH 7.5, ~8 ms and 
~30 ms, respectively, for the S(I-200)V/S(I-201)V CytcO, while the 
corresponding time constants for the S(I-200)V/S(I-201)Y CytcO were ~30 
ms and ~0.4 s, respectively and were pH insensitive (Emelie Svahn, 
unpublished data, not shown). The role of the water cluster is however 
unresolved as the two structural variants behaved differently and additional 
investigations are required. 
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In accordance with these observations, the electrometric measurements 
showed significantly altered behavior for the variants, compared to wild-type 
CytcO (Figure 22). The initial electrically silent phase was shorter in both 
variant, τ ≅ 35 µs compared to τ ≅ 55 µs. The membrane potential was 
generated in three phases in the S(I-200)V/S(I-201)V CytcO (Figure 22 a) 
with time constants of ~100 µs, ~4 ms and ~24 ms, with relative amplitudes 
of ~22 % (21.9 ± 0.3 %, standard error based on three samples), ~46 % and 
~32 %, respectively. The corresponding phases in the S(I-200)V/S(I-201)Y 
CytcO (Figure 22 b) displayed time constants of ~140 µs, 40 ms and 0.2 s, 
with relative amplitudes of  ~37 % (37.1 ± 0.9 %), ~13 % and ~50 %, 
respectively. In other words, the phase transitions detected in the optical 
measurements were also present in the electrometric data. Interestingly, in 
the electrometric data both variants displayed an additional fast electrogenic 
phase with substantial contribution, which occurs before the P3 to F3 and F3 
to O4 transitions. 

Figure 22. Membrane potential generation in the reaction in the fully reduced S(I-
200)V/S(I-201)V (a) and S(I-200)V/S(I-201)Y (b) CytcOs, and O2 at pH 7.5. The 
inset shows the measurements on a millisecond time scale. See text for details. 

Structural variant 
CytcO 

Calculated 
transfer of Qd 

Remark 

S(I-200)V/S(I-201)V 0.59Qd 

±0.01Qd 
Calculation based on a total 
transfer of 2.67Qd 

S(I-200)V/S(I-201)Y 0.62Qd 

± 0.02Qd 
Calculation based on a total 
transfer of 1.67Qd 

N(I-139)T 0.58Qd 
± 0.04Qd 

Calculation based on a total 
transfer of 1.67Qd (paper III) 

S(I-197)D 0.63Qd 

(No statistics) 
Calculation based on a total 
transfer of 1.67Qd (paper IV) 

Wild-type 0.54Qd 

± 0.02Qd 
Calculated for a total transfer 
of 1Qd, at pH 10.5 (paper I) 

Table 1. Summary of the calculated transfer of Qd during the oxidative part of the 
catalytic cycle in four structural variant CytcOs at pH 7.5 and wild-type CytcO at pH 
10.5, as described in the text. Each standard error is based on three separate 
measurements. 

a.                                   b. S200V/S201V S200V/S201Y
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Assuming that one proton was pumped in the S(I-200)V/S(I-201)V CytcO, 
the total transfer of charges in the oxidative phase of the catalytic cycle 
corresponded to 2.67Qd. The transfer of charge equivalent associated to the 
fast phase amounts to: 0.22 x 2.67Qd ≈ 0.59Qd (± 0.01Qd). The 
corresponding calculation for the uncoupled S(I-200)V/S(I-201)Y CytcO 
gives transfer of 0.62Qd (± 0.02Qd) for the same electrogenic event. These 
calculated numbers should be compared to the fast phase observed in e.g. the 
uncoupled N(I-139)T and S(I-197)D CytcOs (paper III and IV, 
respectively) where this phase amounts to 0.58Qd (± 0.04Qd) and 0.63Qd, 
respectively, when assuming that a total of 1.67Qd are transferred. In 
addition, the fast phase observed at high pH in wild-type CytcO was 
estimated to 0.54Qd (± 0.02Qd), based on measurement on the same sample 
at high and low pH (paper I). All these numbers are within comparable sizes 
(see Table 1) and it is clear that this fast electrogenic event originates, at 
least to some extent, from similar reactions. 

 

Possible explanations for uncoupling in CytcO 
As already discussed in this chapter, studies of various structural variant 
CytcOs have shown that changes in the apparent pKa of E(I-286) are 
correlated with decreased, or complete lack of, proton pumping. For 
example, the N(I-139)D CytcO was uncoupled and the pKa of E(I-286) was 
increased from 9.4 to ~11 [28]. The N(I-207)D CytcO displayed similar 
behavior [99], while the N(I-129)T CytcO was uncoupled but displayed a 
decrease in the pKa (paper III). When introducing another substitution, D(I-
132)N, in the N(I-139)D CytcO (note that each of these single substitutions 
results in uncoupling), the pKa of E(I-286) dropped from ~11 to 9.7 and 
proton pumping was restored [107]. In addition, when E(I-286) was removed 
and a glutamate was introduced on the opposite site of the D-pathway (the 
E(I-286)A/I(I-112)E CytcO), the pKas in the P3 to F3 and F3 to O4 transitions 
decreased by > 3 and ~2 units, respectively [108], and the pumping 
stoichiometry decreased [109].  

Initially, the changes in the pKa were explained to be an effect of 
electrostatic interactions. For example, in the N(I-139)D, N(I-207)D and S(I-
197)D CytcOs, charged residues were introduced within the D-pathway, and 
in the D(I-132)N, a charged residue was removed, which could affect the 
electrostatic environment of E(I-286), even though it is located rather far 
away from the residues at positions 139 and 207 (~20 Å). Alternatively, the 
introduced charge could affect the structure of water molecules within the D-
pathway. This would explain why pumping was restored in the N(I-
139)D/D(I-132)N CytcO, and that the pKa decreased [107], but would not 
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explain the behavior for the N(I-139)T CytcO in which a neutral residue was 
introduced.  

In a more recent study it was suggested, based on theoretical calculations, 
that in the N(I-139)D CytcO, the proton is stabilized at a water molecule in a 
vicinity of E(I-286) when being transferred in the D-pathway. This would 
increase the energetic barrier for transferring the proton to the acceptor for 
pumped protons [100], which would explain the lowered proton pumping 
stoichiometry. In another theoretical study it was observed that an energetic 
barrier was created in a region between D(I-139) and E(I-286) when D(I-
139) was deprotonated [101, 110, 111], which would slow down the rate for 
proton transfer to E(I-286) in the D-pathway. However, these results cannot 
explain the behavior of the N(I-139)T CytcO because N(I-139)D could act as 
a transient proton donor/acceptor and would carry a charge when transiently 
deprotonated, which is not the case for the N(I-139)T CytcO. 

Wikström and Verkhovsky have suggested that proton transfer to E(I-
286) is slowed in the N(I-139)D CytcO, but still fast enough not to affect the 
turnover activity [45]. Slowed proton uptake through the D-pathway would 
result in protonation of the catalytic site before a proton is transferred to the 
acceptor for pumped protons, or before relaxation of structural changes 
required for proton pumping takes place [112]. This explanation may also 
apply to the N(I-139)T CytcO where the electrometric data suggested that 
E(I-286) was not in rapid equilibrium with the N-side solution and that the 
proton was taken from a site within the D-pathway. A slowed proton transfer 
rate would also explain the altered pKa observed in the P3 to F3 and F3 to O4 
transitions, as the pKa is an apparent value, determined by the measured 
transition rates, and the uncoupling, by eliminating the instant protonation of 
the acceptor in the pump site. In addition, if a reorientation of the E(I-286) 
side chain is required for proton transfer, the observed pKa would also reflect 
the equilibrium constant between these orientations. A change in the E(I-
286) environment may alter the pKa by altering the equilibrium constant 
between the two conformations of the residue. 

Proton transfer reactions in NOR 
The HCuOs generate an electrochemical proton gradient by using electrons 
and protons from opposite sides of the membrane during the reduction of O2 
to water, and in addition, couple the electron transfer to proton pumping. In 
contrast, the NORs, do not couple the two-electron reduction of NO to N2O 
to proton pumping, even though the free energy available from this reaction 
is even larger than for O2-reduction. The lack of electrogenicity in the NORs 
[11-13] implies that not only are the NORs not proton pumps, but also that 
the substrate protons needed for NO-reduction must come from the same 
side. The mechanism of proton transfer in NOR has previously been studied 
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using O2 as model substrate, since the chemical reactivity of NO in aqueous 
solutions impedes direct measurements of proton uptake using pH-sensitive 
dyes in unbuffered solutions [68]. O2-binding to heme b3 was shown to occur 
with a time constant of ~40 µs (at 1 mM O2, pH 7.5). The subsequent 
electron transfer from the low-spin hemes b and c to the BNC displayed a 
time constant of ~25 ms. A slower phase of electron transfer from hemes b 
and c, with a time constant of ~1 s, was also observed. The ~25 ms electron-
transfer phase was coupled to proton uptake from the bulk solution, 
displaying a pH-dependence consistent with limitation by internal proton 
transfer into the BNC from a protonatable group [68]. 

In the study summarized here (paper V), the question of which side protons 
are supplied from was further investigated, by using both spectroscopy, and 
electrometry. Proton uptake during multiple turnovers was measured in NOR 
from P. denitrificans, reconstituted into SUVs, using the stopped-flow set-
up. Reduced cyt. c was used as electron donor and the changes in proton 
concentration, during the reaction with O2, was measured as absorbance 
changes in the dye phenol red, added to the outside of the SUVs. The 
absorbance of phenol red (at 559 nm, Figure 23) increased due to an 
increase in pH, and the absorbance from reduced cyt. c (at 550 nm) 
decreased on the same time scale (data not shown). No significant difference 

Figure 23. Stopped-flow 
measurements of the changes in 
proton concentration during 
multiple turnover reaction of 
NOR and O2 at pH 7.6. No 
significant difference in 
absorbance was detected 
between the unbuffered (black) 
and uncoupled SUVs, when 
valinomycin and FCCP (dark 
gray) was added.  

Figure 24. Membrane potential 
generation in fully reduced 
NOR, reconstituted into SUVs, 
when reacting with O2 (black) 
or NO (gray), at pH 7.5. With 
NO, a rapid negative event was 
detected, that was not observed 
with O2. The membrane 
potential was built-up with a 
time constant of ~5-10 ms, 
with both NO and O2. 
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in absorbance was detected upon addition of the uncouplers FCCP and 
valinomycin, which indicated that no electrochemical proton gradient was 
generated. 1−2 protons were estimated to be taken up from the outside 
solution per electron delivered to the enzyme.  

The electrometric measurements were performed using either NO or O2 as 
substrate (Figure 24). Since the fully reduced NOR contains four electrons, 
this experiment should give one turnover with O2 and two turnovers with NO 
(Eq. 1 a and 2). The measurements using NO as a substrate was in good 
agreement with results previously reported by Hendriks et. al [11]. Upon 
initiation of the reaction, a rapid negative potential was detected, that was 
followed by a larger positive signal with a time constant of 3−5 ms (at pH 
7.5). When O2 was used as a substrate the build-up of membrane potential 
was very similar to the NO measurements, i.e. net generation of positive 
potential, with a time constant of ~5–10 ms. However, the rapid negative 
potential, detected when using NO as a substrate, was not observed. Instead, 
an electrically silent period preceded the electrogenic phase.  

Moreover, the positive polarity of the signals indicates that a larger extent 
of proton transfer occurred in the same direction as electron movement, i.e. 
from the P-side. Electrons transferred from the P-side towards the BNC 
should give a negative signal. The rate constant for relaxation of the 
membrane potential back was measured to 2−5 s-1 (data not shown), which 
may be the reason why the slower electron transfer (~1 s-1) phase previously 
mentioned was not detected. The fast negative electrogenic event in the NO 
signal has been proposed to originate from conformational changes of the 
side chain of a charged residue, concomitant with oxidation of the BNC, 
during the first two-electron turnover of NO to N2O, since it is not linked to 
electron transfer from the hemes situated towards the P-side of the 
membrane [11], above the BNC. 

As the electrometric set-up is only sensitive to internal charge-transfer, 
perpendicular to the SUV-membrane, the proton uptake was measured for 
the reaction of the fully reduced NOR, reconstituted into SUVs, and O2, 

Figure 25. Proton uptake in 
fully reduced NOR, 
reconstituted into SUVs, 
measured as absorbance 
changes in the phenol red dye, 
during the reaction with O2 at 
pH 7.8. The increase in 
absorbance, with a time 
constant of ~17 ms, indicates 
that protons are taken from the 
outside of the membrane. 
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using the flow-flash set-up with the dye phenol red added on the outside of 
the SUVs. The absorbance increased with a time constant of ~17 ms (at pH 
7.8) (Figure 25), concomitantly with oxidation of the hemes (data not 
shown). This result shows that the uptake of protons is coupled to electron 
transfer and occurs from the P-side of the SUVs. Combined with the 
similarity between the NO and O2 reactions in the electrometric data, these 
results indicate that protons used for the NO-reduction are also supplied 
from the outside. Even though the results described above show that a 
membrane potential was generated, it should be pointed out that because of 
the way the experiment was conducted, only the oxidative part of the NOR 
turnover is considered. A net-negative potential is presumably generated in 
the reductive phase, resulting in an electrically silent turnover reaction. 

Why do the NORs not pump protons? 
The question why NORs do not convert the free energy released during the 
reduction of NO or O2 to a proton gradient by pumping protons, or why 
protons and electrons are taken from the same side of the membrane, still 
remains. Several possible reasons have been proposed. First, it should be 
noted that NO is a very toxic molecule and needs to be kept at low 
concentrations. An efficient pump would work close to equilibrium and 
consume NO rather slowly. The low concentration of NO also provides less 
free-energy to harvest and the NO-reduction mechanism may have evolved 
into removing NO rather than conserving energy. The explanation can also 
be in the pKas of the intermediates formed at the BNC during turnover. 
These where found to be low in the NORs, compared to those formed in 
other HCuOs (see e.g. [27]), in a theoretical study of the NO-reduction 
mechanism [113]. Low pKas results in a reduced driving force for proton 
transfer against an electrochemical proton gradient. In addition, no proton 
transfer pathway has so far been identified, leading from the N-side of the 
membrane, while proton transfer pathways from the P-side have been 
suggested (see e.g. paper V). 

Proton transfer reactions in cbb3-type oxidase 
The cbb3-type oxidases are the HCuOs most closely related to the NORs of 
the c-class and have been shown, in similarity to the NORs, to also be able to 
use both NO and O2 as a substrate. The NO-reduction activity of the cbb3 
oxidases is the highest found among the HCuOs (excluding the NORs): 1.7 
e-/s for cbb3 oxidase from Pseudomonas stutzeri [75] and 2−10 e-1s-1 for the 
R. sphaeroides cbb3 oxidase (paper VI), compared to 0.05 e-/s for the ba3 

oxidase and 0.5 e-/s for the caa3 oxidase from Thermus thermophilus, 
respectively [114]. However, in contrast to the NORs, the cbb3 oxidases have 
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the capability of functioning as proton pumps [15, 16], even though the 
pumping stoichiometry is usually lower than for the aa3-type oxidases, and 
appears to be variable [16-18]. This raises the question if cbb3 oxidases are 
also able to pump protons when using NO as a substrate. In order to address 
this issue, the steady-state reaction of cbb3 oxidase from R. sphaeroides, 
reconstituted into SUVs, as well as the single turnover reaction, using flow-
flash spectroscopy and electrometry, was studied using either NO or O2 as a 
substrate (paper VI). 

The cbb3 oxidase turnover activity with O2 in the solubilized enzyme was 
250−600 e-/s (and similar with cbb3 reconstituted into SUVs), while the 
turnover activity with NO varied between preparations, from 2−10 e-/s. In 
addition, the RCR was between 3−6 when reducing O2 and ~1 for NO, 
indicating that no electrochemical proton gradient was generated in the latter 
reaction. During the single turnover measurements of the reaction with O2, 
one major phase of heme oxidation was detected, which displayed a time 
constant of ~1 ms, observed both in the Soret region (e.g. 420 nm and 430 
nm), and in the α-region (e.g. 550 nm and 560 nm). Figure 26 shows the 
absorbance changes at 420 nm and 550 nm, associated with the reaction of 
the fully reduced cbb3 oxidase with O2 (Figure 26 a) or NO (Figure 26 b). 
The absorbance changes in the Soret region are caused by oxidation of all 
heme groups, while the two wavelengths studied in the α-region show 
oxidation of the low-spin hemes c and b, respectively. As this rate was twice 
as high as the turnover number, the oxidative phase of the catalytic cycle of 
cbb3 oxidase is presumably not rate limiting with O2.  

When using NO as a substrate, the major phase of oxidation displayed a 
time constant of ~250 ms, with amplitudes similar at all wavelengths to 
those obtained with O2. This time constant correlates well with the turnover 
number, i.e. transferring electrons to NO bound to the BNC could be rate 
limiting for the overall reaction.  

Figure 26. Absorbance changes associated with the reaction of the fully reduced 
cbb3 oxidase and 0.6 mM O2 (a) or 1 mM NO (b), studied at 420 nm (black) and 550 
nm (gray). The major phases displayed time constants of ~1 ms with O2 and ~250 
ms with NO. 

a.                                   b. 
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It should be noted that the fully reduced cbb3 oxidase contains six electrons. 
Because only four electrons are needed to reduce O2 to water, two electrons 
remain somewhere in the protein after one turnover. Two electrons are 
required for reduction of NO to N2O, and consequently, there are electrons 
available for three turnovers. However, the extent of oxidation was similar 
for NO and O2, indicating that the reaction only comprises two turnovers 
with NO. 

The electrical measurements were carried out, first with O2 and then with 
NO (Figure 27), in the same sample. The membrane potential was generated 
in two phases, in the reaction with O2, with approximately equal amplitudes. 
The first kinetic phase displayed a time constant of ~1−2 ms, corresponding 
to the main absorbance changes observed in the optical measurements. The 
slower phase varied in rate and amplitude, depending on the electron 
mediator concentration, but was in the region of ~200 ms (at 15µM TMPD). 
With NO as the oxidant, only one kinetic phase could be distinguished, with 
a time constant of ~290 ms, correlating well to the time constant for the main 
oxidative phase observed optically. The amplitude of the signal with NO was 
~7% of the total O2 signal, and ~13% of the amplitude of the fast phase.  

 

 

Figure 28. Proton uptake 
upon reaction of the fully 
reduced solubilized cbb3 
oxidase with O2 (black) or 
NO (gray). The absorbance 
changes correlated well with 
the time constants reported 
for the major phases in the 
oxidation measurements, i.e. 
~1 ms for O2 and ~250 ms 
for NO.  

Figure 27. Membrane 
potential generation upon 
reaction of the fully 
reduced cbb3 oxidase with 
O2 (black) or NO (gray). 
The inset shows the first 10 
ms of the O2 measurement. 
The voltage scale to the 
left corresponds to the O2 
reaction, and the one to the 
right to the NO reaction.  
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Proton uptake for the same reactions was studied in solubilized cbb3 oxidase 
as absorbance changes of phenol red (Figure 28). The results show that 
protons were taken up from solution during both the O2- and NO-reduction 
on similar time scales as the major phases of oxidation. The somewhat 
smaller amplitude observed with NO may be due to a higher buffering 
capacity of the NO solution, but it corresponds to uptake of at least half the 
number of protons taken up when O2 is the substrate. 

From which side are protons taken up and why? 
The slower, ~200 ms, electrogenic event, observed in the electrometric data 
during the reduction of O2, has no equivalence in the flow-flash data and 
may be a result of turnover. Since this phase cannot be unambiguously 
assigned at this point, only the amplitude of the fast electrogenic phase for 
O2 will be considered here. Note that the sign of the signals in the 
electrometric measurements is negative, which indicates that a net-positive 
membrane potential is built-up. Electron transfer from the three c-type 
hemes towards the BNC is electrogenic and as these hemes were estimated 
to become fully oxidized, both for O2 and NO, three electrons are 
transferred. Assuming for simplicity that the BNC is located halfway 
through the membrane spanning part of the enzyme (1/2d), two substrate 
protons taken up from the N-side and one proton pumped all the way, gives 
for the reaction with O2: 3Q x 1/2d + 2Q x 1/2d + 1Q x 1d = 3.5Qd 

When reducing NO, three electrons are transferred towards the BNC, 
resulting in transfer of 3Q x 1/2d = 1.5Qd. This number of transferred charge 
equivalents is considerably larger (~42 % of 3.5Qd) than the measured ~13 
% of the membrane potential during the O2-reduction. Thus, it can be 
assumed that the substrate protons are taken up from the P-side for the NO-
reduction and that no protons are pumped. If two protons are taken up from 
solution the number of transferred charge equivalents amounts to: 3Q x 1/2d 
- 2Q x 1/2d = 0.5Qd. This number is ~14 % of the corresponding number for 
the O2-reduction (0.5Qd/3.5Qd), i.e. in good agreement with the measured 
~13 %. Using the same approach, but positioning the BNC 1/3d from the P-
side (as in CytcO), the same calculation (3Q x 1/3d - 2Q x 1/3d = 1/3Qd) 
gives a ratio of ~10 % between the NO and O2 reaction, i.e. the difference is 
within the error range of the electrometric measurements.  

Based on this reasoning, it can be postulated that protons are taken up from 
the P-side, when NO is the substrate for the cbb3 oxidase, and that no 
protons are pumped. In addition, protons are taken up from the N-side, when 
O2 is the substrate, and approximately one proton is pumped. In other words, 
the reduction of NO does not result in an electrochemical proton gradient, 
while the O2 reaction does, which was also indicated by the RCR 
measurements. 
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The protons taken up during NO-reduction are presumably transferred by 
reversing the direction of the pathway normally used for the output of the 
pumped protons. The cbb3 oxidases share conserved residues on the P-side 
with the NORs, which also take up protons from the P-side (paper V). In 
NOR, these residues, two glutamates (E122 and E125, P. denitrificans 
numbering, see Figure 7) have been shown to be needed for efficient 
catalysis [74] and to be involved in the proton pathway, where they act as 
proton donors to the BNC [115]. Substitution of the corresponding residues 
in the R. sphaeroides cbb3 oxidase, E80 and E183, leads to a significantly 
decrease in the O2-reduction activity [79]. The reason for the reversed proton 
uptake in the cbb3 oxidases is likely to be that the pKa generated at the BNC 
during the reduction of NO is too low to pull protons from the proton input 
pathway, as is presumably the case for the NORs. However, this hypothesis 
needs to be verified. 
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Summary 

The results from the pH-dependence measurements of the electrogenic 
events in CytcO differed from what was expected based on the previous 
spectroscopic studies. The membrane potential generation for the first phase, 
associated with the P3 to F3 transition in the low pH-range, was accelerated 
at high pH, approaching the time constant of the A2 to P3 transition. As no 
protons are taken up on that time scale it is obvious that this electrogenic 
event originates from internal charge-transfer, possibly within the K-
pathway. A comparison of the absolute membrane potential generation, at 
high and low pH, revealed that only one proton was taken up all the way to 
the BNC at high pH and that no protons were pumped. 

In order to address the question of the origin of this fast electrogenic 
event, measurements were performed with the K(I-362)M variant CytcO, in 
which the K-pathway is altered. In the low-pH range the membrane potential 
was almost identical that obtained with the wild-type CytcO, while the fast 
electrogenic event was not observed at high pH. This led to the conclusion 
that the fast electrogenic event to a large extent originates from charge-
transfer within the K-pathway.  

Charge-transfer reactions were also studied for several uncoupled 
structural variant CytcOs in which the D-pathway had been altered. In the 
N(I-139)T CytcO the pKa for the P3 to F3 and the F3 to O4 transitions was 
shifted such that both these transitions titrated with a pKa of ~7.6. Moreover, 
the amplitude for the first electrogenic event was smaller than expected from 
the proton uptake measurements, which indicates a shorter distance for the 
charge-transfer within the D-pathway associated with the P3 to F3 transition. 
A water cluster in a vicinity of E(I-286) was suggested to act as an internal 
proton donor that was reprotonated at a later stage due to decelerated proton 
transfer caused by the introduced threonine residue. 

The P3 to F3 transition was difficult to resolve in S(I-197)D CytcO, which 
may be due to accelerated transition rate such that it merges with the A2 to 
P3 transition, while the F3 to O4 transition was pH-independent above pH 7, 
but titrated with a pKa ~6. The electrical signal from the first electrogenic 
phase was larger than expected in this structural variant, based on proton 
uptake measurements. This may be an effect of relaxation the SUV-
membrane, or proton uptake from the P-side, during the subsequent slower 
phases. However, it is plausible that some contribution to the signal for the 
first phase originates from charge-transfer within the K-pathway, as 
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previously discussed. The results obtained for the S(I-197)D CytcO indicate 
that this substitution influences the environment of E(I-286), possibly by 
electrostatic interactions, such that protons can be transferred rapidly to the 
BNC but only slowly to towards the pump site, which would explain the 
uncoupling. 

The S(I-200)/S(I-201)V CytcO pumped protons with decreased 
stoichiometry while the S(I-200)/S(I-201)Y CytcO was uncoupled. Both 
structural variants displayed significantly decelerated, pH-independent P3 to 
F3 and F3 to O4 transitions and had an additional electrogenic phase that was 
considerably faster than the transition P3 to F3 transition. 

Interestingly, the calculated amount of transferred charge multiplied with 
the distance (Qd) for the initial electrogenic events coincided in the above-
discussed structural D-pathway variants, suggesting that a similar reaction 
occurs. The exact identity of this electrogenic event is unknown, but some 
contribution may come from charge-transfer within the K-pathway, either by 
shifting the positively charged side chain of K(I-362), or by transferring 
internal protons. The remaining part of the electrogenic event originates 
most likely from proton transfer within the D-pathway. The proton transfer 
towards the BNC is presumably a two-step process in which protons are 
temporarily taken from some group that is reprotonated at a later stage, when 
proton transfer is decelerated. Possible internal protons donors may be the 
water cluster located in between the S(I-197) and E(I-286) residues 
mentioned earlier. 

The measurements of the membrane potential generation in the NOR, 
when reducing either NO or O2, established that protons were taken up from 
the P-side of the membrane. The corresponding measurements for the cbb3 
oxidase revealed that the directionality for proton uptake appears to be 
dependent of the choice of substrate, such that protons were taken up from 
the P-side when reducing NO, and from the N-side when reducing O2. In 
addition, the electrometric data indicated that the enzyme was able to pump 
approximately one proton, but only during the reduction of O2. 

Concluding remarks 
The electrometric technique provides information about internal charge-
transfer reactions in transmembrane enzymes. This information cannot be 
easily obtained using other experimental approaches and therefore the 
technique has proved to be a very useful tool in such studies. The 
development and construction of the electrical set-up has been part of the 
thesis work and it has gradually been improved and modified. The most 
interesting future use for the electrometric set-up is, in my point of view, to 
further investigate charge-transfer reactions in the cbb3 oxidases, as well as 
other less well-characterized transmembrane enzymes compared to CytcO. 
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Sammanfattning på svenska 

Fotosyntetiska organismer utvinner energi ur solljus för att producera 
kolhydrater av vatten och koldioxid. Syrekrävande organismer utvinner 
energin bunden i födoämnen genom att använda elektroner, från 
nedbrytningen av kolhydrater, tillsammans med syrgas från andningen, för 
att bilda vatten. Denna reaktionen äger rum i ett membran och utförs av 
proteinet cytokrom c oxidas, som tillhör hemekopparoxidas-familjen. 
Energin sparas temporärt i form av en elektrokemisk gradient, genom att 
elektronerna och protonerna, positiva vätejoner, som används för att bilda 
vatten, tas från olika sidor av membranet. En del av energin som frigörs  då 
vatten bildas tas tillvara på genom att proteinet transporterar protoner över 
membranet. När protonerna strömmar tillbaka över membranet används 
protonflödet för att driva energikrävande processer i cellen, som t.ex. för att 
skapa ATP, cellernas energivaluta. På många sätt kan denna process liknas 
med hur energi sparas i ett batteri, där elektroner är separerade och energin 
utvinns när man kopplar ihop plus- och minuspolen. Ungefär 90 % av 
syrgasen vi andas används för att omvandla den kemiska energin i 
födoämnen till andra former som cellerna kan använda sig av, och det är 
denna reaktion som gör att vi måste andas. 

I denna avhandling beskrivs hur cytokrom c oxidas transporterar protoner 
över membranet, men även hur två andra typer av membranbundna proteiner 
från samma familj, kvävemonoxidreduktas och cbb3-oxidas, utför liknande 
processer. Resultaten som presenteras har till stor del erhållits genom att 
utnyttja en teknik som mäter de spänningsskillnader som genereras över 
membranet när proteinerna arbetar, i realtid. Fördelen med denna metod är 
att man kan mäta hur långt och hur många laddningar som transporteras 
inom proteinet i olika delar av reaktionen. 
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