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Life requires an energy source, and if a lifeform is to inhabit an
environment it needs to have the ability to transform the energy from
the surroundings into a form it can use itself. The diversity of lifeforms
is grand, and life can thrive in very different environments. Even so, the
fundamental energy-conversion processes among lifeforms are alike at
the molecular level. A fundamental part of these processes is the
transfer of protons from one side of a membrane to the other. This
generates an electrochemical gradient that drives the synthesis of ATP,
which is the main energy currency in cells. Both the membranes and the
proteins that are involved in these processes are vital components of
energy-conversion machineries. In this thesis, I discuss proton transfer
at surfaces of membranes and proteins, as well as proton translocation
across membranes via enzymes.
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Abstract
Proton-transfer reactions belong to the most prevalent reactions in the biosphere and make life on Earth possible, as they 
are central to energy conversion. In most known organisms, protons are translocated from one side of a membrane to the 
other, which generates an electrochemical gradient that drives ATP synthesis. Both the membranes and the proteins that 
are involved in these processes are vital components of energy-conversion machineries. This thesis presents and discusses 
proton transfer at surfaces of membranes and proteins, as well as proton translocation across membranes via enzymes.

In the first work, we developed a single-enzyme approach to study proton translocation by the proton pump cytochrome 
bo3 (cyt. bo3). The generated proton gradients were stable as long as substrate (electrons, oxygen) was available. 
Individual cyt. bo3 could generate proton gradients of ~2 pH units, which correspond to the measured electrochemical 
gradient in Escherichia coli cells.

When acidic and basic amino acids are in close proximity to each other on a protein surface, their individual Coulomb 
cages can merge to form a proton antenna that enables fast proton transfer to specific groups. To investigate how the 
function of a proton pump is affected by structural changes in a proton antenna, close to a proton uptake pathway, we 
characterized the function and structure of genetic variants of cytochrome c oxidase (CytcO). When a Glu, located about 
10 Å from the first residue of the D-pathway, was replaced by a non-protonatable residue (Ala) the proton pumping 
efficiency decreased by more than half compared to the wild-type enzyme. The proton-uptake kinetics was also altered 
in this variant.

Cardiolipin (CL) is found in membranes where ATP is generated. This phospholipid alters the membrane structure and 
binds a variety of proteins including all complexes that take part in oxidative phosphorylation. To investigate the role of 
CL in proton-transfer reactions on the surface of membranes we used fluorescence correlation spectroscopy to study inner 
mitochondrial membranes from Saccharomyces cerevisiae. The protonation rate at wild-type membranes was about 50%
of that measured with membranes prepared from mitochondria lacking CL. The protonation rate on the surface of small 
unilamellar vesicles (SUVs) decreased by about a factor of three when DOPC-SUVs were supplemented with 20% CL. 
Furthermore, phosphate buffer titrations with SUVs showed that CL can act as a local proton buffer in a membrane.

The respiratory supercomplex factor 1 (Rcf1) has been suggested to facilitate direct electron transfer from the 
bc1 complex to CytcO by bridging the enzymes and binding cytochrome c (cyt. c) to a flexible domain of Rcf1. We 
investigated biding of cyt. c to Rcf1 reconstituted into different membrane environments. The apparent KD of the binding 
between cyt. c and DOPC-liposomes was almost five times lower when Rcf1 was present in the vesicles. Moreover, the 
apparent KD between cyt. c and liposome reconstituted CytcO was about nine times lower for CytcO isolated from a wild-
type strain compared to a Rcf1-lacking strain.

Keywords: biological membranes, cardiolipin, cytochrome bo3, cytochrome c oxidase, energy conversion, fluorescence 
correlation spectroscopy (FCS), localized coupling, mitochondria, proton transfer, Rcf1, respiration, single-enzyme 
measurement.
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Abbreviations  

CL       cardiolipin 
Complex I     NADH dehydrogenase 
Complex II     succinate:ubiquinone oxidoreductase 
Complex III    cytochrome bc1 complex 
Complex IV     cytochrome c oxidase (CytcO) 
cyt.      cytochrome 
CytcO      cytochrome c oxidase 
Δp       proton-motive force  
DPC       dodecylphosphocholine 
FAD       flavin adenine dinucleotide 
GUVs      giant unilamellar vesicles 
GTP       guanosine-5'-triphosphate 
Hig1      hypoxia-induced gene 1 
IMM       inner mitochondrial membrane 
IMS       intermembrane space 
n/p-side     the more negative/positive side of the membrane  
NADH      nicotinamide adenine dinucleotide 
OMM      outer mitochondrial membrane 
OXPHOS     oxidative phosphorylation 
PC       phosphatidylcholine 
PE       phosphatidylethanolamine 
PG       phosphatidylglycerol 
PLS       proton-loading site 
Q/QH2      ubiquinone/ubiquinol  
Rcf      respiratory supercomplex factor 
SMPs      submitochondrial particles 
SUVs       small unilamellar vesicles 
TH       transmembrane helix 
Tm     transition temperature between the ordered gel phase   

   and the liquid crystalline phase of a lipid 





 

Table of contents 

List of publications and manuscripts ............................................................................................................ i 

Additional publication .................................................................................................................................. ii 

Abbreviations .............................................................................................................................................. iii 

1 Introduction .................................................................................................................................... 1 

2 Aerobic respiration ......................................................................................................................... 3 

3 Biological membranes ..................................................................................................................... 7 

4 Mitochondrion .............................................................................................................................. 11 

5 Cardiolipin ..................................................................................................................................... 13 

5.1 The structure and chemical properties of cardiolipin ............................................................ 13 

5.2 Cardiolipin is common in bioenergetic membranes ............................................................... 15 

5.3 Cardiolipin binds and interacts with a large number of proteins ........................................... 15 

5.4 Cardiolipin is vital for the morphology and function of native membranes ........................... 16 

5.5 Cardiolipin affects the properties of model membranes ....................................................... 18 

6 Cytochrome c oxidase ................................................................................................................... 19 

6.1 Structure and function of the A-type oxidases ....................................................................... 19 

6.2 Proton pumping by cytochrome c oxidase ............................................................................. 21 

6.3 Proton-uptake pathways in A-type heme-copper oxidases ................................................... 21 

6.4 Catalytic cycle of the reaction of the aa3 oxidases ................................................................. 23 

6.5 Single-turnover measurements of heme-copper oxidases ..................................................... 25 

6.6 Cytochrome bo3 ...................................................................................................................... 26 

7 Single-molecule methods ............................................................................................................. 29 

7.1 Single enzyme proton-transfer studies ................................................................................... 29 

8 Proton transfer in solution and along biological membranes and proteins ................................. 33 

8.1 Proton transfer in solution ..................................................................................................... 33 

8.2 Protonation studies in solution .............................................................................................. 36 

8.3 Protons move along the surface of membranes .................................................................... 37 

8.4 Experimental evidence for localized proton transfer ............................................................. 37 

8.5 Membranes are surrounded by electrostatic barriers ........................................................... 38 

8.6 Experimental studies of proton transfer along membranes .................................................. 39 

8.7 Computational studies of proton transfer along membranes ................................................ 40 



 

8.8 Fluorescence correlation spectroscopy as a tool to study protonation kinetics .................... 41 

8.9 The influence of lipids and membrane size on lateral proton transfer .................................. 44 

8.10      Proton-collecting antenna increases the proton-transfer rate to specific groups .................. 45 

8.11      Characteristics of proton-collecting antenna ......................................................................... 47 

8.12      Proton-collecting antenna on the surface of proteins ............................................................ 47 

8.13      Proton-collecting antenna on cytochrome c oxidase ............................................................. 48 

8.14      Overview of proton transfer along biological membranes ..................................................... 51 

9 Respiratory supercomplex factors ................................................................................................ 53 

10 Concluding remarks ...................................................................................................................... 55 

11 Populärvetenskaplig sammanfattning .......................................................................................... 57 

11.1      Syret vi andas in driver turbinerna som omvandlar maten till användbar energi .................. 57 

11.2      Protonpumpar pumpar ständigt så länge det finns elektroner och syre tillgängligt .............. 61 

11.3      Prontonantenner kan reglera protonpumpars effektivitet .................................................... 61 

11.4      Kardiolipin fungerar som en lokal protonbuffert .................................................................... 62 

11.5      Direkt elektronöverföring mellan komplex III och komplex IV ............................................... 63 

12 Acknowledgements ....................................................................................................................... 65 

13 References .................................................................................................................................... 69 

 

 



1 

1 Introduction 

Life requires an energy source, and if a lifeform is to inhabit an environment 
it needs to have the ability to transform the energy from the surroundings 
into a form it can use itself. The diversity of lifeforms is grand, and life can 
thrive in very different environments. Even so, the fundamental energy-
conversion processes among lifeforms are alike at the molecular level. This is 
why studies of bacteria and yeast can improve our understanding of energy 
conversion in humans. A central part of biological energy conversion is the 
transfer of protons from one side of a membrane to the other. In the first 
step, energy from the surrounding environment is used as a driving force to 
translocate protons across a membrane. In the second step, the generated 
electrochemical proton gradient is used to synthesize a type of molecule that 
drives cellular reactions, which are needed for the cell to live. In essence, 
proton gradients are vital for life and even the first living cells on Earth may 
have used the same principle [1].  
 
Organisms are either phototrophs or chemotrophs, and the source of the 
driving force that generates proton gradients differs between them. 
Phototrophs, for instance plants, cyanobacteria and algae, absorb sunlight to 
generate proton gradients and produce carbohydrates from CO2 or 
bicarbonate [2, 3]. This process is called photosynthesis. Chemotrophs, such 
as animals, ingest the produced carbohydrates and use oxygen in a process 
where CO2 is finally produced, to generate proton gradients. This process is 
called aerobic respiration. In essence, photosynthesis and aerobic respiration 
are linked in symbiotic networks that are driven by sunlight. 
 
This thesis presents and discusses topics that are related to proton transfer 
and energy conversion. It begins by describing how the molecules that drive 
energy-requiring processes are formed by aerobic respiration. A description 
of the structure and properties of biological membranes, with a highlight on 
the phospholipid cardiolipin (CL), then follows. The two proton pumps 
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cytochrome bo3 (cyt. bo3) and cytochrome c oxidase (CytcO), which are 
studied in the work described in papers I and II, respectively, are then 
presented. After this, different aspects of proton transfer at membrane 
surfaces are presented, some of these topics are examined in paper III. A part 
of that chapter is about proton-collecting antenna (paper II). Finally, I discuss 
a protein called respiratory supercomplex factor 1 (Rcf1), which was recently 
discovered to influence the function and organization of respiratory enzymes 
(paper IV). 
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2 Aerobic respiration 

Countless chemical reactions take place continuously in living cells. Many of 
these reactions have a high activation energy (Ea) and need to be coupled to 
hydrolysis of adenosine-5'-triphosphate (ATP). In fact, ATP is the main energy 
currency of all living organisms [4]. This molecule is formed by the 
phosphorylation of adenosine-5ʹ-diphosphate (ADP), which primarily occurs 
through oxidative phosphorylation (OXPHOS, explained below) [5]. The total 
amount of ATP that is formed in a human per day approximately equals the 
body weight, but the total amount of ATP and ADP is ∼250 g at any given 
time. Clearly, ADP is being recycled back to ATP at a high rate [6, 7]. 
 
In humans and other higher chemotrophs the processes of generating ATP 
by the oxidation of nutrients can be divided into three phases [6]. First, 
digestion occurs, which is the degradation of larger molecules into smaller 
ones. This includes hydrolysis of lipids to fatty acids and glycerol, disassembly 
of proteins to amino acids, and splitting of polysaccharides into simpler 
sugars. In the second stage, most of these smaller molecules are reformed 
into the acetyl group of acetyl coenzyme A (CoA). For example, in the process 
of glycolysis, two pyruvate molecules are formed from one glucose molecule. 
The pyruvate molecule then transfers an acetyl group to CoA in the process 
of pyruvate decarboxylation. Some ATP is formed in the second stage; 
however, the large majority of ATP is generated in the third stage, which 
consists of the Krebs cycle and OXPHOS. The Krebs cycle starts with the 
complete oxidation of the acetyl group of acetyl-CoA. Briefly, just one 
guanosine-5'-triphosphate (GTP) molecule (which can be converted to ATP) 
is generated in the Krebs cycle from each acetyl group but more importantly 
three nicotinamide adenine dinucleotide (NAD+) are reduced to NADH and 
one flavin adenine dinucleotide (FAD) is reduced to FADH2. FADH2 is a redox-
active cofactor that, for instance, is found in succinate reductase (complex 
II). As presented below, more ATP molecules are formed when NADH and 
FADH2 are oxidized in the process of OXPHOS. The yield of produced ATP per 
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glucose molecule is higher in aerobic respiration compared to fermentation 
[8]. 
 
Oxidative phosphorylation is the process where electrons obtained from the 
oxidation of various nutrients are used to generate ATP. This process takes 
place in electron-transport chains in the plasma membrane of archaea and 
bacteria or in the inner mitochondrial membrane (IMM) in eukaryotes. In 
electron-transport chains electrons are transferred via redox sites, within 
and between protein complexes, towards compounds with higher redox 
potentials. A large fraction of the free energy released from these reactions 
is conserved by the translocation of protons across the membrane by proton 
transporters, which maintain an electrochemical proton gradient (the 
proton-motive force (Δp)). This gradient is utilized by cells to drive energy-
requiring processes, for example synthesis of ATP (illustrated in figure 1) or 
transmembrane transport. For example, about 25% of the generated Δp is 
used by the ATP-ADP translocase to couple transport of ADP and ATP [6].  
 
It is common to express Δp in units of electric potential and the definition 
then becomes:  
 

Δp=	
$%&'

(
= 	Δᴪ −	,../0

(
ΔpH             (Eq. 1) 

 
in which Δµ4'  is the proton electrochemical potential, F  is the Faraday 
constant, Δψ is the membrane potential, R	 is the gas constant, T	 is the 
absolute temperature and ΔpH is the difference in pH between the more 
positive (p-side) and more negative sides (n-side) of the membrane. At room 
temperature the term 2.3RT/F is equal to about 60 mV. The magnitude of 
Δp varies between different bacteria (see [9] for a list of Δψ and ΔpH values). 
 
The composition of the electron transport chain (also called the respiratory 
chain) differs among organisms. The mammalian mitochondrial respiratory 
chain consists of the enzyme complexes NADH dehydrogenase (complex I), 
complex II, cytochrome bc1 complex (complex III) and cytochrome c oxidase 
(complex IV), see figure 1. These complexes are connected by the mobile 
electron carriers ubiquinone/ubiquinol (Q/QH2) and cytochrome c (cyt. c). 
Ubiquinol is a hydrophobic molecule, which diffuses in membranes and 
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carries two electrons and two protons. One QH2 per two electrons is 
generated in complex I by the oxidation of one NADH. The two protons that 
are needed for the reduction are taken from the n-side. In addition, complex 
I translocates four protons, from the n-side to the p-side, per oxidized NADH 
[10].  
 
In contrast to complex I, complex II does not pump protons. However, it can 
generate QH2 from another substrate: succinate. In this oxidation reaction, 
which is part of the of the Krebs cycle, fumarate is formed and FAD is reduced 
to FADH2 [11] while Q is reduced to QH2.  
 
As opposed to Q/QH2, cyt. c is a one-electron carrier. Complex III oxidizes QH2 

in a process called the Q-cycle [12], where electrons are donated one-by-one 
to two cyt. c (in this process two protons are also taken up from the n-side). 
Complex III does not pump protons; however, two protons are taken up from 
the n-side and four protons are released on the p-side for every oxidized QH2.  
 
In the last step of the generation of Δp, electrons are donated by the water-
soluble cyt. c, which binds to complex IV on its p-side surface (see chapter 
6.1). The final electron acceptor in aerobic electron-transfer chains is oxygen. 
The reduction of O2 to water in complex IV is an exergonic reaction that is 
coupled to the pumping of four protons from the n- to the p-side of the 
membrane [13, 14]. Both proton pumping and O2 reduction in complex IV are 
electrogenic as a net charge is translocated across the membrane in both 
cases [15]. In anaerobic environments, bacteria and archaea use organic 
compounds (e.g. lactate), reduced metal ions (such as Fe2+) or oxyanions (like 
NO2

-) as electron acceptors instead of oxygen [2, 16].  
 
The conversion of Δp into chemical energy involves proton transfer along the 
gradient through the ATP synthase, which is coupled to phosphorylation of 
ADP to ATP [10]. The number of H+ that is needed to synthesize one ATP is 
acquired by dividing the number of c-subunits of the specific ATP synthase 
with 3. In almost all vertebrates, including humans, the number of c-subunits 
that form the so-called c-ring of the ATP synthase, which is where protons 
are transferred, is 8, meaning that on average ∼2.7 H+ are required to 
synthesize one ATP. The number of c-subunits varies between 10-15 in 
eubacteria, fungi, and plant chloroplasts [17].  
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Figure 1. Schematic illustration of the electron and proton-transfer reactions in the 
mitochondrial electron-transport chain and ATP synthase. NADH dehydrogenase 
(I), succinate:ubiquinone oxidoreductase (II), cytochrome bc1 complex (III) and 
cytochrome c oxidase (IV) form the electron-transport chain jointly with the mobile 
electron carriers ubiquinone/ubiquinol and cyt. c, which transport electrons from 
NADH and succinate to oxygen, forming water as the final product. Electron transfer 
and proton transfer are displayed with red and blue arrows, respectively. Relocation 
of protons from the matrix to the cristae lumen (see chapter 4) yields a charge 
separation (c.f. positive (p) and negative (n) sides, respectively). Protons are 
transferred down its concentration gradient through ATP synthase (V). This is 
coupled to the formation of ATP from ADP and inorganic phosphate (Pi). To 
completely reduce one O2, two NADH are required. In this process complex I pumps 
8 H+ and takes up 4 H+ from the n-side to reduce 2 Q to 2 QH2. Moreover, 2 H+ are 
released in the n-side bulk by the oxidation of NADH to NAD+. Complex IV pumps 4 
H+ and takes up 4 H+ from the n-side to reduce O2 to H2O. In addition, 4 H+ are taken 
up from the n-side and 8 H+ are released to the p-side in the Q-cycle in complex III. 
According to the localized coupling theory (see chapter 8.3) protons move laterally 
along the membrane surfaces between the proton translocating enzymes, rather 
than equilibrating with the aqueous bulk. The enzyme structures were prepared in 
PyMOL from the PDB files 5XTD (Homo (H.) sapiens complex I), 2H88 (Gallus gallus 
complex II), 5XTE (H. sapiens complex III), 5Z62 (H. sapiens complex IV), 6J5K (Sus 
scrofa complex V), and 5TY3 (H. sapiens cyt. c). 
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3 Biological membranes 

The outermost part of a cell consists of a cell membrane, which separates the 
cell from the exterior. In addition, eukaryotes contain intracellular 
membranes that surround organelles (e.g. the nucleus) and that also may 
divide the organelle into restricted volumes (e.g. the inner and outer 
membrane of the mitochondrion). The functional roles of biological 
membranes are diverse and include molecular signal transduction, selective 
export/import of molecules and generation of ion gradients. Biological 
membranes are made up of lipids, proteins, and carbohydrates. These types 
of membranes are held together by non-covalent weak intermolecular forces 
that make them dynamic. The composition of biological membranes varies. 
For example, lipids constitute ∼20% of the dry weight of IMMs whereas the 
corresponding number in human myelin cells is ∼70-85% [18, 19]. The lipid 
composition also varies [20-22]. For instance, CL is mostly found in 
membranes where ATP is generated (see chapter 5.2).  
 
The three categories of lipids that are present in biological membranes are 
sterols (e.g. cholesterol), phospholipids, and glycolipids [23]. Phospholipids 
are, in general, present at high concentrations in eukaryote membranes [22, 
24]. Phospholipids are amphipathic since they contain a polar head group, 
consisting of a phosphate group where an additional group may be attached, 
as well as a nonpolar region made up by two fatty acids. Phospholipids 
display a rich diversity in their structural and chemical properties because 
both the head group (e.g. size, charge and hydrogen bonding capability) and 
the fatty acids (e.g. length and saturation) vary. The lipids of biological 
membranes are not only important for the structure of the membrane; they 
also modulate function of membrane proteins [25]. Lipids are sometimes 
located between subunits of protein complexes and can even act as 
prosthetic groups [26]. 
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Depending on the relative size of the head group and the hydrophobic region, 
a lipid is either classified as cylindrically or conically shaped [27]. Cylindrical 
lipids have head groups that are about as wide as their fatty acids. These 
types of lipids promote bilayer formation. Conical lipids have head groups 
that are less wide than the fatty acids and promote non-bilayer formation. 
Typically, biological membranes contain both types of lipids. Conically 
shaped lipids form structures with a negative curvature, and one of the most 
common structures in biological membranes is the inverted hexagonal phase 
[28]. In this structure, lipids form tubes where the hydrophilic head groups 
are on the inside and the hydrophobic fatty acids are on the outside. An 
example of a conical lipid is CL, which has been shown to alter the structure 
of membranes (see chapters 5.4-5.5).  
 
Lamellar membranes consist of two layers of phospholipids. The polar head 
groups face the aqueous phases of the two sides of the membrane. The fatty 
acids fill the room between the polar headgroups and form the core of the 
membrane. The bilayer arrangement is due to the hydrophobic effect, which 
minimizes the contact area between the polar water molecules and the 
hydrophobic fatty acids by displacing the water molecules away from the 
fatty acids [29]. This type of conformation also increases van der Waals 
interactions between the fatty acids. The thickness of phospholipid bilayers 
is 40-60 Å and the fatty acid region usually makes up 25-40 Å of the entire 
thickness [30]. 
 
The center of the cell membrane is hydrophobic; therefore small, non-polar 
molecules readily move across the membrane. However, this environment 
hinders the passage of polar and charged molecules [31, 32]. The 
concentration of a molecule also influences its ability to pass. For example, 
even though water is polar it diffuses across the membrane because of its 
high cellular concentration. 
 
Membranes are not static structures; the composition of the membrane 
adapts after environmental changes and lipids as well as proteins move 
laterally along the membrane. The lateral diffusion coefficient of lipids in 
biological membranes is in the range 10-9-10-8 cm2/s [33, 34]. However, 
immobile microdomains of lipid molecules and proteins may also be present 
[35, 36]. Membrane fluidity is important for adequate diffusion of integral 
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membrane proteins and lipids in the membrane. Cells adapt the fluidity of 
membranes by changing the lipid composition of membranes, this may alter 
the morphology of the membrane, which is necessary for certain processes 
(e.g. cell division) [37]. The fluidity of a membrane depends on the lipid 
dynamics, which in turn depends on the strength of the intermolecular 
interactions between the lipids (the stronger the interactions, the more rigid 
the membrane). Biological membrane domains are either in an ordered gel 
phase or in a liquid crystalline phase state, and the shift between these states 
occurs at the transition temperature of the lipids (Tm) [24]. 
 
The two sides of biological membranes may contain different compositions 
of proteins, lipids, and carbohydrates. This asymmetry can, for instance, be 
seen in the IMM [38]. One reason why the membrane topology of the two 
sides may differ is that membrane proteins are inserted into membranes in 
specific orientations. The lipid asymmetry results primarily from different 
lipid types being synthesized in different parts of the cell [39]. The asymmetry 
is upheld because lipids rarely move on their own from one leaflet to the 
other. In addition, there are a variety of transbilayer lipid transporters, 
collectively called “flippases”, that transfer specific lipids [39]. Membrane 
proteins do not flip [40]. 
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4 Mitochondrion 

The mitochondrion is an organelle in eukaryotes in which the vast majority 
of ATP is generated. This organelle is also involved in several biological 
processes such as apoptosis and calcium storage [41]. Mitochondria consist 
of two types of membranes; the IMM and the outer mitochondrial 
membrane (OMM). These two membranes have diverse properties 
stemming from the different lipid [20, 42] and protein compositions [43]. The 
volume between the OMM and the IMM is called the intermembrane space 
(IMS). The outer membrane separates the mitochondria from the cytosol of 
the cell and contains protein channels, called porins, that allow small and 
water-soluble molecules to pass freely. Large and hydrophobic molecules can 
only pass through various membrane transporters. As a result, the ion 
composition of the IMS is similar to the cytosol, whereas the protein 
composition differs [44, 45]. The IMM is packed with proteins (∼80% of the 
dry weight is proteins [19]) and the OXPHOS proteins are situated in this 
membrane. In contrast to the OMM, the IMM is not permeable to small 
hydrophilic molecules, such as ions. The IMM is folded into so-called cristae, 
which significantly increases the surface area to volume ratio (e.g. about 
seven times in canine hearts [46]). Analogous membrane infolding is also 
present in some bacteria (e.g. thylakoids in cyanobacteria). The volume 
inside the IMM is called the matrix, and it contains a large concentration of 
proteins (for instance, the water-soluble proteins of the Krebs cycle). It also 
contains mitochondrial DNA, rRNAs, tRNAs and ribosomes that together 
express among other things some of the hydrophobic subunits of the 
respiratory complexes [47]. The phase structure of the cristae can be 
described as hexagonal (see chapter 3 and [38, 48]). These infolding facilitate 
formation of constrained small regions, called cristae lumen. It has been 
suggested that local proton gradients may form between the cristae lumen 
and the matrix. These would increase the ATP production rate by preventing 
pumped protons from moving to the IMS and cytoplasm [38, 49]. 
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5 Cardiolipin 

Cardiolipin is a phospholipid that is vital for the structure and function of 
membranes taking part in energy-conversion processes [50]. This 
phospholipid also binds a great variety of proteins, for instance the OXPHOS 
proteins [51]. The name “cardiolipin” derives from the fact that it was first 
isolated and characterized from beef heart mitochondria [52]. 
 
The functional role of CL in proton transfer along membrane surfaces is 
studied in paper III. This chapter begins with a presentation of the chemical 
properties of CL and then focuses on its interactions with proteins. The 
chapter ends with a description of how CL alters the morphology and 
properties of membranes. 

5.1 The structure and chemical properties of cardiolipin 

 
The hydrophobic and ionic interactions between CL and adjacent molecules 
in the membrane change the properties of biological membranes in ways 
that other common phospholipids do not [53]. This is because CL, in contrast 
to other phospholipids, consists of a glycerol that links two phosphatidic 
acids [54]. The glycerol headgroup is a rather small molecule, therefore, the 
average headgroup area per phosphatidic acid is considerably smaller 
compared to other phospholipids [54]. Due to the rather small headgroup, 
and the four hydrophobic side chains, CL has a conical shape that promotes 
non-bilayer phase formation and negative curvature [53, 54]. The Tm of CL is 
higher compared to most other phospholipids because the small headgroup 
enables relatively strong interactions between the side chains [54]. The 
miscibility of two substances is inversely proportional to the difference in 
their Tm values. This could partly explain the observed low miscibility of CL 
with other phospholipids [55]. However, when CL was introduced into 
monolayers of either DPPC or DPPE, with equally saturated chains, CL 
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domains only formed in CL-DPPE mixtures [56]. Evidently, the domains did 
not solely form because of the liquid crystalline-gel phase separation.  

The tendency of CL to form non-bilayer phases depends on how well the 
repulsive force from anionic phosphate groups of CL are shielded. Positively 
charged molecules (such as cations and some proteins) can neutralize the 
repulsive force from phosphate groups so that non-bilayer phases form [53]. 
The inclination to form non-bilayer phases also depends on the magnitude of 
the hydrophobic force from the side chains. For instance, the addition and 
removal of acyl groups on CL increases and decreases, respectively, the 
presence of inverted hexagonal phases [57]. The exact fatty acid composition 
of CL varies between organisms [52]; still, CL is generally composed of highly 
unsaturated fatty acid chains [58]. This makes CL especially sensitive to 
oxidative damage since it is located at complex I and III, which are the largest 
producers of reactive oxygen species [59]. 

All phospholipids in eukaryotes are made on the cytosolic face of the 
endoplasmic reticulum, except for CL [52, 53]. The synthesis of CL takes place 
in all mitochondrial compartments and the essential building blocks are fatty 
acids and glycerol-3-phosphate [53]. The regulation of CL synthesis depends 
on the ΔpH component of the Δp since it alters the activity of CL synthase 
[60]. Cardiolipin has an exceptionally long lifetime compared to other 
phospholipids [53], and often remains in the mitochondria until the cell dies 
[52].  
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5.2 Cardiolipin is common in bioenergetic membranes 

 
Cardiolipin is present in large concentrations in membranes where 
electrochemical gradients for ATP production are generated, for instance the 
IMM, chloroplasts, and bacterial plasma membranes [54]. Cardiolipin makes 
up 5-20% of the mole fraction of phospholipids in the IMM and bacterial 
plasma membranes [61]. Yet, CL mole fractions as high as 55-60% are present 
in certain archaea and bacteria, which live in extreme environments [54]. 
Cardiolipin is also found in peroxisomes, but at very small mole fractions of 
2-4% [62]. The mole fraction of CL in the IMM is somewhat higher in the outer 
leaflet compared to the leaflet that faces the matrix side [63]. In an 
experiment where synthesis of ATP was inhibited, the mole fraction of CL in 
the outer leaflet increased from ∼60% to ∼80%, indicating that the CL 
transport across the inner membrane is dependent on mitochondrial ATP 
production [63]. The proportion of CL in bacterial cytoplasmic membranes 
depends on the salt concentration of the surrounding environment [64].  
 
Bacteria prioritize producing CL over other phospholipids. For example, when 
Rhodobacter (R.) sphaeroides was grown in a phosphate-limited buffer, the 
following priority order for phospholipid synthesis was observed: CL, 
phosphatidylglycerol (PG), and lastly phosphatidylcholine (PC) or 
phosphatidylethanolamine (PE) [65, 66]. When cardiolipin synthase is 
knocked out in Saccharomyces (S.) cerevisiae, the mitochondrial CL is 
replaced by PG, and to some extent PE [67-72].  

5.3 Cardiolipin binds and interacts with a large number of proteins 

 
An important feature of CL is its capability to interact by non-covalent bonds 
with different types of proteins [73]. For instance, the small and water-
soluble cyt. c and larger transmembrane proteins such as complex III and the 
ADP/ATP carrier [53, 73] bind CL. Cardiolipin also plays a central role in the 
first steps of apoptosis, which take place in mitochondria. The phospholipid 
works as a signal integrator which, for example, binds Bid, caspase-8 and cyt. 
c [74-76]. Cardiolipin’s binding to soluble proteins is facilitated by its 
phosphate groups, which are exposed on the surface of membranes [53, 54]. 
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The acyl chains of CL can adopt a variety of conformations that enables 
binding to transmembrane proteins [53, 77]. 
 
Cardiolipin is known to bind all mitochondrial respiratory complexes except 
complex II. This complex takes part in OXPHOS but not in the generation of 
the proton gradient that ATP synthase uses. For reviews on CL binding to 
specific proteins, see [51, 78]. Cardiolipin has been resolved in the crystal and 
cryo-EM structures of several OXPHOS complexes [73, 79-84], and in CIII it 
has even been proposed to be a prosthetic group for the proton uptake 
pathway [26]. Cardiolipin is able to connect adjacent proteins and fill space 
at protein-protein interfaces due to its particular structure where two 
phosphatidyl molecules are connected [85]. For example, CL is vital for the 
stability of respiratory supercomplexes; when CL is absent, these still form, 
but they are more prone to dissociation [67]. In addition, the presence of CL 
shifts the equlibrium from individual respiratory complexes towards 
assocation and supercomplex formation [53, 67, 73]. However, it is not 
known whether or not individual CL or clusters are necessary for 
supercomplex formation [73]. The number of resolved CL in recent high-
resolution structures of various respiratory supercomplexes is 4-8 [82, 86, 
87]. 

5.4 Cardiolipin is vital for the morphology and function of native 
membranes 

 
Electron microscopy studies have shown that CL is needed to maintain the 
cristae morphology in mitochondria in a wide range of organisms [85, 88-90]. 
For instance, the cristae becomes “onion-like” in S. cerevisiae in the absence 
of CL [85]. Furthermore, CL is vital for the genesis of non-lamellar structures 
in the cytoplasm of Escherichia (E.) coli [91]. 
 
Cardiolipin can form membrane-cluster domains; this was seen both in 
computer simulations [92, 93] and in experimental studies using fluorescent 
dyes specific for CL [94] in lipid monolayers [95], liposomes [96] and E. coli 
[97]. In some cases, CL domains were only formed when the native form of 
mitochondrial creatine kinase was present [95, 96]. This protein is found at 
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contact sites between the inner and outer membranes and is believed to take 
part in mitochondria-mediated apoptosis. Cytochrome c is another protein 
that is known to bind CL [98, 99]. While three of the four acyl side chains of 
CL are anchored in the membrane the fourth side chain binds cyt. c [52]. The 
interaction between CL and cyt. c was investigated in giant unilamellar 
vesicles (GUVs) containing CL [100]. When cyt. c was added the morphology 
of areas with high local concentrations of CL changed considerably; small 
buds formed that merged into aggregated structures. Cardiolipin-rich areas 
of neighboring vesicles could also join each other. It should, however, be 
noted that these effects were not exclusive to cyt. c, comparable results were 
seen with polymers of similar size and net charge as cyt. c.  
 
In another study with CL containing GUVs, it was observed that when the 
proton concentration outside the outer leaflet increased, cristae-like 
structures formed [61]. However, it should be noted that these experiments 
simply show the capability of CL to induce domain formations, rather than 
providing an actual biological explanation to how cristae domains form [53]. 
In addition to these in vitro studies, it has been shown in vivo that CL is mostly 
detected in regions with high curvature, such as the septal region and on cell 
poles in E. coli [97]. It is possible that arrays of CL molecules at these sites are 
able to introduce negative curvature, which would stabilize the local 
membrane structure [93]. Cardiolipin is present in large amounts in contact 
sites between the IMM and the OMM [101]. It has also been suggested that 
CL and PE, which both are conically-shaped phospholipids, are present at 
high concentrations in the outer leaflet of cristae that faces the cristae lumen 
(IMS), while PC is mainly present in the positively curved leaflet that faces 
the matrix [38]. 
 
Cardiolipin may be involved in mitochondria’s response to changes in the 
energetic state [85], since the synthesis of CL is regulated by Δp [60]. 
Furthermore, the localization of CL in mitochondria changes with the 
respiratory state. This in turn changes the morphology of mitochondrial 
membranes, which influences the function of the mitochondria [50]. For 
example, the diffusion of proteins and metabolites between internal 
compartments depends on the mitochondrial structure. In addition, the 
distribution of CL in the inner membrane would also alter the balance 
between free respiratory complexes and supercomplexes [67]. 



18 

5.5 Cardiolipin affects the properties of model membranes 

 
Cardiolipin modifies the morphology and membrane properties of CL:PC 
bilayers [92, 102-106]. The use of atomic force microscopy revealed that 
“flowerlike” domains appeared when 5% CL was present in CL:PC bilayers 
[105]. Furthermore, the mechanical stability decreased while the fluidity of 
the membrane increased with increasing CL concentration [106]. Moreover, 
CL decreased the energy that is needed to stretch the membrane, indicating 
that CL reduces the energy necessary for making folds in a membrane [106]. 
Additionally, at low pH, when CL has a -1 charge, non-lamellar phases such 
as curved microdomains begin to form in CL:PC bilayers [104]. 
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6 Cytochrome c oxidase 

Cytochrome c oxidase is a vital component of the energy-conversion 
machinery in aerobic organisms. In fact, about 95% of the oxygen that 
humans breathe finds its way to the enzyme where the exergonic reduction 
of oxygen to H2O drives the endergonic transfer of protons from the matrix 
to the IMS of mitochondria [107, 108]. Cytochrome c oxidase belongs to the 
superfamily of heme-copper oxidases, which is divided into the three main 
subfamilies A, B , and C [109]. Depending on whether a heme–copper oxidase 
uses cyt. c or QH2, as the electron donor, it is defined as a cytochrome c or 
quinol type oxidase. Heme-copper oxidases are the final electron acceptors 
in the respiratory chains in mitochondria and aerobic bacteria [109]. In this 
thesis work, A1 heme-copper oxidases from E. coli, R. sphaeroides, and 
S. cerevisiae were studied. Cytochrome c oxidase, found in the two latter 
organisms, contains hemes a and a3 and are therefore named aa3 oxidases. 
Cytochrome bo3, which is found in E. coli, is a homolog to CytcO and contains 
b and o3 hemes ([110], see also chapter 6.6). Type A1 is a subcategory of 
mitochondrial like oxidases (type A) that has a specific D-channel motif, 
including a Glu (e.g. Glu286 in CytcO from R. sphaeroides), at the end, near 
the catalytic site [111].  

6.1 Structure and function of the A-type oxidases 

 
The A-type oxidases contain a core of three membrane-spanning subunits (I-
III) which are well conserved [109]. The total number of subunits in CytcO 
differs between organisms; R. sphaeroides has four subunits [112] while 
S. cerevisiae has 12 subunits [81] and bovine CytcO (Bos taurus) has 13 
subunits [113]. The role and function of the additional subunits could be 
related to regulation of CytcO [114, 115] and/or provide stability and aid in 
the biogenesis of the protein [116]. 
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In the catalytic cycle of aa3 oxidases electrons are transferred by the water-
soluble protein cyt. c, one by one, to the primary electron acceptor in CytcO: 
CuA. This site consists of two copper ions located in a b-sheet rich and solvent 
exposed domain of subunit II. Electrons from CuA are transferred to the low-
spin heme a, located in subunit I (which consists of twelve transmembrane 
helixes), and further on to the catalytic site composed of the high-spin heme 
a3 and a copper ion, CuB (also located in subunit I), where O2 is reduced to 
water (figure 2). Both hemes are situated at an equal distance from the 
membrane surface. The catalytic site of heme-copper oxygen reductases are 
well conserved [117]. Subunit III does not harbor any redox-active sites. 
Removal of this subunit destabilizes the catalytic site (by the loss of CuB) and 
reduces both the proton-uptake rate to the D-channel [118, 119], and the 
proton pumping stoichiometry (H+/e-, see [120, 121]). 
 

 
 
Figure 2. Structure of cytochrome c oxidase from R. sphaeroides. a) Membrane view 
of the four-subunit enzyme. b) Redox-active groups and proton-uptake pathways. 
The approximate electron and proton pathways are indicated by red and blue 
arrows, respectively. Electrons are donated by soluble cyt. c (not shown) and 
transferred to CuA, heme a, and the catalytic site composed of heme a3, CuB, and 
Tyr288. The D pathway starts at Asp132 and leads to Glu286. The K pathway, named 
after the conserved Lys362, starts at Glu101 (subunit II). Water molecules that are 
part of the D and K channels are displayed as red spheres. The figure was prepared 
from PDB entry 1M56 by using PyMOL.  
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6.2 Proton pumping by cytochrome c oxidase 

 
A proton pump transfers protons against its gradient, whereas a proton 
channel enables protons to move along with the gradient. Both the active 
(proton pump) and passive (channel) proton transporters contain proton 
pathways, made up of charged and polar residues, as well as water 
molecules, which connect the n and p-sides. A proton pump must have a 
gating element and a mechanism that prevents protons from leaking back, 
with the gradient [122]. The D-channel residue Glu286 (R. sphaeroides 
numbering) is a branching point in CytcO from where protons are transferred 
either to the catalytic site, or to the proton-loading site (PLS), from where 
they exit to the p-side [123]. The location of the proton exit pathway is not 
known [124]. The PLS has been suggested to be located at, or close to, the A-
ring propionate of heme a3 [125, 126]. The gating mechanism in CytcO (which 
is discussed in [107, 127-131]) could involve pKa shifts of the gating element 
due to structural changes that facilitate proton uptake from the n-side and 
proton release to the p-side. In this model the pKa is relatively high when the 
element is coupled with the n-side and low when coupled with the p-side 
[123, 132]. 

6.3 Proton-uptake pathways in A-type heme-copper oxidases 

 
In A-type heme-copper oxidases (found in e.g. mitochondria, R. sphaeroides 
and Paracoccus (P.) denitrificans) there are two proton-uptake pathways, 
named D and K, which are used to transfer protons that are to be pumped , 
and to be used in the reduction reaction with oxygen (see figure 2b and [112, 
133, 134]). These proton-conducting pathways consist of protonatable 
amino acids and water molecules, which together form hydrogen-bonded 
networks that facilitate transfer of protons in the otherwise non-polar 
environment inside the enzyme. The D pathway in CytcO from R. sphaeroides 
begins at Asp132, which is located on the enzyme surface facing the n-side. 
Amino-acid residue Glu286 is at the end of the pathway. In X-ray crystal 
structures of the R. sphaeroides enzyme ten water molecules connect the 
protonatable amino acids of the D pathway, however, computational work 
indicates that the number of water molecules could be higher [112, 135]. All 
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four protons that are pumped and two to three of the protons that are used 
to reduce oxygen, are transferred through the D pathway [136-138]. Some 
amino acids that are located on the surface outside the D pathway form a 
proton-collecting antenna (see chapter 8.13).  
 
The K pathway begins at Glu101 (subunit II). The pathway is named after the 
conserved Lys362 that is located in the middle of the pathway. Only two 
water molecules are observed in the K pathway in X-ray crystal structures of 
R. sphaeroides CytcO [112, 139]. One or two protons, which reduce oxygen 
to water in the reductive part of the catalytic cycle, are transferred through 
the K pathway [137, 140, 141]. 
 
Bovine CytcO may have an additional pathway, named H, that is used for 
proton pumping [142, 143]. Nevertheless, this pathway is not functional in 
CytcO isolated from another eukaryote, (S. cerevisiae [144]), or the bacterial 
oxidases studied to date [145, 146]. 
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6.4 Catalytic cycle of the reaction of the aa3 oxidases 

 
There are several intermediate states in the catalytic cycle of CytcO from that 
an oxygen molecule binds to the reduced catalytic site and to the release of 
water molecules from the catalytic site. The catalytic cycle of CytcO is shortly 
presented below (figure 3), for detailed reviews on this topic see e.g. [123, 
147-150].  
 
When CytcO is purified, it is usually in the oxidized state O0 (the superscript 
depicts the number of electrons transferred to the catalytic site). Starting 
from here, the first part of the enzymatic cycle is the reductive phase, in 
which the oxidized protein is reduced in two steps (O0àE1àR2). In each step, 
the transfer of one electron and substrate proton to the catalytic site leads 
to the pumping of one proton as well as the formation of one water 
molecule. The electrons are donated to CuA by two cyt. c. In the first step of 
the oxidative phase (R2àA2), oxygen binds to heme a3. This is followed in 
time by rearrangement of electrons and protons within the catalytic site, 
which ultimately leads to the cleavage of the O-O bond, forming state P2. 
From here, two consecutive transfers of one electron and proton occurs, 
P2àF3 and F3àO4(0), respectively. One proton is pumped in each of these two 
steps of the catalytic cycle. 
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Figure 3. Schematic representation of the catalytic cycle in cytochrome c oxidase. 
The reaction during turnover (a) or when the completely reduced enzyme reacts with 
O2 (b). The redox sites of CytcO and the redox states are defined in the middle of the 
catalytic cycle. One-letter codes designate the intermediate state and the 
superscript specifies the number of electrons at the catalytic site. The conformation 
of the catalytic site in each intermediate state in (a) is shown in the blue boxes [123]. 
The transition rates between the intermediate states are presented for the 
R. sphaeroides enzyme [147]. Electron transfer is displayed by red arrows. All 
pumped protons are transferred through the D pathway. Protons that are used as 
substrate in the reduction of oxygen are transferred in the D pathway (blue) or K 
pathway (purple). It is not known whether the D or K pathway is used in the O0àE1 
transition (orange) [138].The subscript s and p denote protons that are used as 
substrate or are pumped, respectively. 
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In summary, the overall reaction catalyzed by CytcO is: 
 
4cyt	@,A + 8HDEFGHI

A + O, → 4cyt	@.A + 4HLEFGHI	
A + 2H,O  (Eq. 2) 

 
The A-type oxidases characterized to date pump 1 H+ per electron [151].  

6.5 Single-turnover measurements of heme-copper oxidases 

 
The flow-flash method can be used to examine the oxidative catalytic 
reaction steps of a single-turnover reaction between CytcO and oxygen. 
Thus, in contrast to multi-turnover measurements not just the rate-limiting 
step of the turnover reaction is monitored (which in the case of CytcO is the 
re-reduction). In essence, the flow-flash method combines the fast mixing of 
a stopped-flow machine with a laser flash that initiates the reaction between 
CytcO and oxygen. The CytcO sample is transferred to an anaerobic cuvette 
where it is reduced (see below). The sample is then incubated with CO, which 
binds to the reduced heme a3 of the catalytic site. Next, the sample is 
transferred to a syringe of a stopped-flow apparatus and another syringe is 
filled with an oxygen-saturated buffer. At the start of a measurement the two 
solutions are rapidly mixed in a cuvette of the stopped-flow machine. Mixing 
is followed in time by laser-flash illumination that dissociates the bound CO 
from heme a3 allowing O2 to bind in with a time constant of ∼10 µs at 1 mM 
O2. The laser flash is required since the reactions that are to be monitored 
would be over within the mixing time of the sample (∼1 ms). Next, electrons 
are transferred consecutively to the catalytic site to reduce O2 to H2O, this is 
linked to proton uptake and pumping (see figure 3). The functional properties 
of CytcO are studied by monitoring time-dependent absorbance changes at 
wavelengths that are characteristic to intermediates of the reaction cycle (see 
e.g. [140, 152]). The flow-flash method can also be used to study proton-
uptake and release. Proton-uptake measurements are done by monitoring 
time-resolved absorbance changes of a pH-sensitive dye (see paper II). 
 
The initial reduction level of CytcO can be varied, even so, flow-flash 
measurements are commonly done with a fully reduced enzyme. In the initial 
state (R2) of this type of measurement all four redox sites of the enzyme are 
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reduced (figure 3b). Upon binding of oxygen to heme a3, state A2 is formed. 
Binding of O2 to heme a3 is followed in time by transfer of an electron from 
heme a to the catalytic site, leading to the breakage of the O-O bond and 
formation of P3. In the following phase (P3àF3) one proton is transferred to 
the catalytic site and one proton is pumped. In this transition the electron at 
CuA equilibrates with heme a resulting in fractional reduction of the latter. In 
the last transition, F3àO4, one electron and one proton are transferred to 
the catalytic site accompanied and one proton is pumped. This last transition 
likely resembles the reaction that takes place in vivo, where the enzyme 
presumably never is fully reduced during turnover (figure 3a). In this 
transition an electron is transferred from CuA to the catalytic site (in the 
previous transitions the electrons already occupy redox sites and are not 
transferred from CuA). The time constants of the different transitions are 
found in figure 3. 

6.6 Cytochrome bo3 

 
The composition of the respiratory chain varies among organisms. For 
example, E. coli expresses either cyt. bo3 or cytochrome bd as the final 
electron acceptor complex, depending on whether the oxygen level is high 
or low, respectively [153-155]. Cytochrome bo3 is a four subunit quinol-type 
oxidase [110] and its core subunits (I, II, III) are homologous to the equivalent 
subunits in the aa3 type CytcO (see figure 4). Subunit II of cyt. bo3 lacks CuA. 
The enzyme instead receives electrons from ubiquinol-8, which binds at the 
QH site located in subunit I [110, 156]. This subunit contains the other redox 
active groups; a low spin heme b, which passes electrons from QH to the 
catalytic site, consisting of a heme o3 and a copper ion (CuB) [110]. 
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When two QH2 molecules are fully oxidized, four protons are released to the 
p-side. The turnover reaction by cyt. bo3 is presented below: 
 
O, + 8HDEFGHI

A + 2QH,(4eE, 4HA) → 4HLEFGHI
A + 4HR	ST	.

A + 2Q + 2H,O   (Eq. 3) 
 
 
 

 
 
Figure 4. Comparison of cytochrome c oxidase and cytochrome bo3. Subunit I 
(green), subunit II (blue), and subunit III (purple) of the two enzymes are 
homologous. Subunit IV (orange) is the smallest subunit in both enzymes. The 
function of subunit IV of cyt. bo3 is not known and there is no known homolog [110]. 
Both enzymes are A1 type heme-copper oxidases. The main difference between the 
enzymes is that cyt. bo3 receives electrons from ubiquinol-8 that binds the QH site in 
subunit I, whereas CytcO receives electrons from cyt. c that binds the CuA site in 
subunit II. The figure was prepared in PyMOL from the PDB files 1M56 (CytcO from 
R. sphaeroides) and 1FFT (cyt. bo3). 
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7 Single-molecule methods 

Single-molecule methods facilitate observation of diversities within 
populations of molecules, also as a function of time [157-159]. For example, 
single-enzyme measurements with cyt. bo3 revealed that the enzyme is able 
to preserve proton gradients as long as substrates are available (paper I). In 
addition, it was observed that the size of the generated proton gradient in 
some liposomes was comparable to the measured  electrochemical potential 
in E. coli cells. Another advantage with single-molecule methods is that small 
amounts of sample, in general, is required. 

Almost 60 years have passed since the first experiments with single proteins 
were performed [160]. From that point, new insights into how proteins work 
were gained. For instance, it has been shown that the F1 part of ATP synthase 
moves in discrete 120 degree steps during synthesis of ATP [161], kinesin can 
move at least 600 nm along a microtubule [162] and that enzymes may have 
a “molecular memory” where the enzymatic turnover depends on the 
preceding turnovers [157]. Moreover, techniques for detecting movement of 
individual, unlabeled proteins have improved [163] as well as drug-screening 
methods [164].  

7.1 Single enzyme proton-transfer studies 

 
Even though some single-molecule studies of liposome-reconstituted 
proteins were published (e.g. [165-171]) it was not until about the last five 
years that studies of proton transfer appeared in the literature ([172-175] 
and paper I).  

Li et al. suggest that cyt. bo3 [172, 173] may enter a leak mode during 
turnover in which protons move along with the proton gradient. Similarly, 
Veshaguri and colleagues report that a P-type ATPase from Arabidopsis 
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thaliana may leak protons during turnover [174]. As described in chapter 2, 
energy is conserved by the generation of Δp. If respiratory complexes leak 
protons and their collective leaking rate is faster than the rate at which Δp is 
generated, this process would lead to dissipation of Δp. In any case, proton 
leaks reduce the yield of  produced ATP in a respiratory chain. We decided to 
perform single-enzyme experiments with cyt. bo3, using a slightly different 
method (paper I) compared to Li et al. [172, 173]. The main difference 
between the experiments was how the enzymes were reduced. Li et al. 
immobilized proteoliposomes with reconstituted cyt. bo3 onto a 
functionalized (6-mercapto-1-hexanol self-assembled monolayer) gold 
surface and used a potentiostat to reduce the enzymes. The functional assay 
that we used resembled conventional activity assays (similar to in vivo) 
where soluble QH2 is used as an electron donor (see e.g. [176-179]). In our 
measurements the K+ ionophore valinomycin was added before ubiquinol-1 
so that proton gradients were formed by the enzymes (paper I). The proton 
gradients were stable until the addition of nigericin, which is an antiporter of 
H+ and K+. It is not straightforward to explain the different results between 
paper I and those published by Li et al. [172, 173]. It should, however, be 
noted that our measurements were done in a saturated ubiquinol-1 
environment, while the measurements reported by Li et al. were done in a 
non-saturating ubiquinol-10 environment (due to a substrate inhibition 
effect [180]). 
 
The single-enzyme method developed in paper I can be used to investigate 
other proton-translocating enzymes, for example CytcO (figure 5). A single-
enzyme approach would be particularly advantageous for studies of CytcO 
from S. cerevisiae since subpopulations of this enzyme exist [181-183].  
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Figure 5. Proton transfer by a single cytochrome c oxidase (from R. sphaeroides) in 
a liposome prepared from a PC extract of soybean lipids. The developed single-
enzyme method in paper I can also be used to study cytochrome c oxidases. The 
experimental conditions were the same as in paper I except for that ascorbate and 
hexaammineruthenium(II) chloride (HexaRu) was used as electron source and 
electron mediator, respectively. The addition of valinomycin ensured that a proton 
gradient was formed after the addition of HexaRu. The pH gradient was stable until 
the addition of nigericin, just as in the cyt. bo3 measurements (paper I). The buffer 
concentration in the bulk was ∼5 times higher compared to the aqueous inside of 
the liposomes (paper I), therefore the pH of the bulk set the intravesicular pH after 
the addition of nigericin. No pH calibration curve was generated when these 
measurements were done, thus the emission change of pyranine is reported instead 
(see paper I, figure 2f for examples of calibration curves). The addition of KOH 
demonstrates that the emission ratio (emission wavelength: ∼520 nm, excitation 
wavelengths: 405 nm & 458 nm) decreases with increasing pH.  
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8 Proton transfer in solution and along biological membranes 
and proteins 

Proton-transfer reactions belong to the most prevalent reactions in living 
organisms [184], and these types of reactions are the focus of this chapter. 
The chapter begins by describing how protons are transferred in solution and 
how short-distance proton transfer can be studied using pH-sensitive 
molecules. The attention then shifts to the interface between membranes 
and the aqueous bulk. Finally, relations between proton transfer along the 
surface of proteins and protein function, are described. 

8.1 Proton transfer in solution 

 
Proton transfer in water takes place by the so called Grotthuss mechanism, 
see [185] and figure 6. According to this mechanism, a proton first forms a 
hydrogen bond with a water molecule resulting in a hydronium ion (H3O+). 
One of the two initial protons of the hydronium is then temporarily shared 
with another adjacent water molecule, followed by the formation of a 
covalent bond. In this way, protons are able to “jump along a proton wire” 
consisting of water molecules and transiently formed hydronium ions. It 
should be noted that it is not the same proton, which is taken up by the first 
water molecule of the proton wire, that is ejected at the end. It should also 
be noted that only the charge and no mass is transferred in these hydrogen-
bond chains [186]. The step-wise transfer of a proton from a H3O+ to a water 
molecule is extremely fast and takes place in a few picoseconds [185-188]. 
The rate-limiting step of the proton transfer may be the cleavage of a single 
hydrogen bond [185]. The molecular mechanism of proton transfer is still 
under investigation, nonetheless, it seems to involve a fast equilibrium 
between the two forms where the excess proton is stable; the Eigen cation 

(H9O4
+) and the Zundel cation (H5O2

+) [185, 189-191].  
 



34 

Grotthuss-like proton transfer may also occur in proton channels of proteins 
[188, 192, 193], e.g. in bacteriorhodopsin [194, 195]. This type of transfer is, 
however, significantly slower than proton transfer in free solution. For 
example, a majority of the proton-transfer steps in bacteriorhodopsin take 
place over microseconds to milliseconds [194], and the maximum proton-
transfer time in the D channel (see chapter 6.3) in CytcO is about 100 μs 
[196]. In part, the slower transfer through proteins can be explained by the 
need to arrange individual groups of the proton pathway before the transfer 
can occur. Proton transfer may also be coupled to other reactions, such as 
electron transfer (e.g. in CytcO, see chapter 6.4) or conformational changes 
(for example in CytcO [197, 198]). 
 
Electron transfer within proteins occurs by tunneling [199]. The probability 
for electron transfer between redox active groups decreases exponentially 
with increasing distance and the distance between groups cannot be longer 
than ∼25 Å in order for transfer to take place at biologically relevant rates 
[200, 201]. Just like electrons, protons may also tunnel in proteins [202]. 
However, due to the relatively large mass of a proton, this type of transfer 
only occurs for distances up to ∼1 Å [203, 204]. Since the activation energy 
for proton transfer increases by 130-250 kJ /mol per Å, small changes of the 
orientation, or distance, between groups in a proton channel may enable or 
disable the ability of the channel to transfer protons [205]. This could explain 
how proton transfer is regulated by slight conformational changes, which 
also may alter the pKa of groups that are involved in proton transfer. Proton 
transfer over long distances, for example in proton channels, must involve 
ionizable groups at close proximity, which reduces the electrostatic barriers. 
Charged groups polarize water molecules and align donor and acceptor 
groups of the chain [190] so that the activation energy for proton transfer is 
lowered [205]. In conclusion, rearrangements of water molecules and 
dynamics of protonatable groups, which form a proton pathway, influence 
the rate of proton transfer [188, 193, 194]. 
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Figure 6. Schematic illustration of the Grotthuss mechanism of proton transfer in 
solution. The formation of “proton wires”, where covalent bonds are quickly formed 
and broken between adjacent hydronium ions and water molecules, enable fast 
proton-transfer. Before a second proton can be transferred in the proton wire the 
water molecules need to re-orient to the original configuration. 

 

The diffusion coefficient for protons in a buffered solution is not equal that 
of a H3O+ ion in a non-buffered water solution. Protons are taken up and 
released by buffer molecules to the aqueous solution, exchanged between 
buffer molecules and move together with buffer molecules [206]. The 
concentration of free protons in a cell varies between ∼10 nM (pH 8, matrix 
in mitochondria) and ∼30 μM (pH 4.5, lysosome) [207, 208]. The 
concentration of mobile proton buffer molecules is on the order of mM in 
the cytoplasm [209]. This means that the vast majority of protons are 
transferred with mobile buffer molecules (e.g. phosphate ions, carboxylic 
acids), which typically have diffusion coefficients that are about four times 
smaller than that of protons [209]. 
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8.2 Protonation studies in solution 

 
Fluorescein can be used to study protonation kinetics in aqueous solutions 
[210] or at the surfaces of membranes ([211-213] and paper III) and proteins 
[212, 214]. The dye has two different proton binding sites; one is at a 
carboxylate group attached to C2 on the phenol part of the molecule (pKa = 
5.2) and the other is the oxyanion on the xanthene structure (pKa = 6.6) [189, 
215]. When the former site is protonated, the molecule becomes non-
emitting due to the closing of a lactam ring. 
 
Short distance (intra-molecular) proton transfer can be studied in fluorescein 
by performing laser induced proton-pulse measurements, where pyranine 
act as a proton source (reviewed in [189]). In this method, the water-soluble 
fluorescent molecule pyranine (also used in paper I) is excited by a laser flash, 
which lowers its pKa and frees a proton. The liberated protons then react with 
fluorescein and ground state pyranine anion molecules. Due to the 
difference in pKa between the two proton-binding sites of fluorescein, the 
proton-transfer is virtually unidirectional and takes place from the 
carboxylate group to the oxyanion site [189, 215]. In practice, the proton is 
transferred in two different types of routes, both via water molecules [189]. 
In the first route, the proton leaves the carboxylate group and is transferred 
via the closest water molecules, surrounding the fluorescein molecule, which 
form the hydration shell. This proton route is fast because the proton moves 
within the Coulomb cage of the fluorescein molecule. A Coulomb cage is the 
space between an ion (e.g. a proton) and a protonatable group where the 
electrostatic potential equals the thermal energy (kBT) [216]. When a proton 
is inside a Coulomb cage its movement is controlled by electrostatic 
interactions rather than by diffusion. The second, alternative, proton route 
is diffusion controlled because the proton then leaves the Coulomb cage and 
enters the bulk where it moves in a water-molecule network until it finally 
protonates the oxyanion. As presented later in this chapter, fluorescein is 
also used to investigate local protonation kinetics on the surfaces of 
membranes and proteins. 
 
In addition to fluorescein, micelles are also used as a simple model system to 
study short distance protonation kinetics [209, 217-219]. 
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8.3 Protons move along the surface of membranes  

 
The chemiosmotic theory, which was presented by Mitchell in 1961 [220], 
describes how proton transport across a membrane links the exergonic 
process of oxidation of carbon compounds to the endergonic process of 
generating a proton electrochemical gradient, which is used for production 
of ATP. In this theory, protons are taken up by respiratory complexes from 
the aqueous bulk of the n-side and are then released to the bulk on the p- 
side. At the time when the chemiosmotic theory was published, Williams 
published an alternative variant of the chemiosmotic theory [221, 222]. He 
argued for localized coupling, where the ejected protons instead of 
equilibrating with the bulk phase (delocalized coupling), move along the 
membrane surface between the proton translocating proteins. In this way, 
protons may reach e.g. ATP synthase, without equilibrating with the bulk 
solution. Localized coupling likely takes place in alkaliphilic bacteria, which 
live in high pH-environments [223]. A well-studied organism of this group is 
Bacillus (B.) firmus, which has a maximum Δᴪ	of ∼200 mV and an interior pH 
that is ∼3 pH units below the pH of the surrounding environment [224]. 
Hence, the calculated Δp of B. firmus is close to zero (see Eq. 1). This indicates 
that the bacterium form ATP in other ways besides delocalized coupling 
[225]. 

8.4 Experimental evidence for localized proton transfer 

 
Evidence supporting lateral proton transfer along membranes comes from 
studies with planar purple membranes from Halobacterium (H.) salinarium 

[226, 227]. The light-activated proton pump bacteriorhodopsin was 
embedded in the native membranes, and fluorescein was covalently 
attached to the extracellular and cytoplasmic side of the enzyme. The bulk 
pH was monitored using pyranine. By using nanosecond light flashes proton 
pumping was activated resulting in the appearance of protons on the 
extracellular side of the membrane. The protonation of fluorescein at the 
different sites of bacteriorhodopsin was recorded. The released protons on 
the extracellular side were detected considerably faster on the cytoplasmic 
side compared to the bulk. Evidently, proton transfer along a membrane over 
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distances of ∼0.5 μm can be faster than the release of protons into the 
aqueous phase. It should be noted that the lateral proton diffusion rate along 
the membrane is not fast enough to explain why protons appear on the 
cytoplasmic side before being released to the bulk, it is rather the latter 
process that is significantly slower [226]. Due to this rate difference the 
proton concentration at the membrane interphase can be higher than in the 
surrounding aqueous phase (protons rather move along the surface than 
equilibrating with the bulk solution) [190]. The maximum proton 
concentration is found at the membrane interface and the pH increases with 
an increasing distance from the membrane [228]. It was also suggested that 
in non-equilibrium conditions the pH at the interface between a membrane 
and the bulk does not depend on the pH of the bulk, at least in neutral and 
alkaline environments [229].  
 
A reason for the slow transfer of protons to the bulk is that protonatable 
groups on the membrane (including amino acid side chains) with low pKa (e.g. 
carboxylates) form dense areas of proton-binding sites that work as “proton 
traps”, see [230] and chapters 8.12 - 8.13. In these traps, protons are 
exchanged between the protonatable groups enabling protons to stay on the 
surface. The higher proton concentration at the surface is also due to the 
presence of a potential barrier at the surface of biological membranes (see 
next chapter). An increased Δp along the surface interface of a membrane, 
in a non-equilibrium situation, could lead to elevated ATP production levels. 
This would, for example, be beneficial for alkaliphilic bacteria. 

8.5 Membranes are surrounded by electrostatic barriers 

 
There is an electrostatic barrier between a membrane surface and the bulk 
phase as revealed by experimental [228, 231, 232] and simulation studies 
[229, 233]. The nature of the barrier is partly explained by the negatively 
charged membrane surface, which polarizes the adjacent water molecules 
[190]. This is because of the low dielectric permittivity of surface water [206, 
233, 234]. The potential barrier has been estimated to be present in the 
closest vicinity (5-10 Å) of the aqueous phase that surrounds the membrane 
[229]. The height of the barrier is linearly dependent on the charge of the 
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penetrating ion and it is about 0.12 eV for protons. Molecular dynamics 
simulations have suggested that the barrier is ∼70% higher for protons that 
move from a membrane surface to the aqueous bulk, than for protons 
transferred in the reverse direction [235]. Another study integrated systems 
of diffusion equations to investigate how proton equilibration between 
differently shaped membranes and the aqueous bulk depends on e.g. the 
length of the potential barrier and the presence of mobile proton buffer 
molecules [233]. This study found that the size of the potential barrier 
increases with the electric charge of the invading ion. 

The existence of the potential barrier has experimentally been shown in 
kinetics measurements where it is evident that proton transfer from the 
membrane to the aqueous bulk is hindered by a kinetic barrier (summarized 
in [229]). The time constants for proton equilibration between a membrane 
surface and the bulk and for proton transfer between adjacent groups on a 
membrane surface are 0.1–10 ms and 0.1–10 μs, respectively [190]. Upon 
addition of soluble pH buffers the equilibration time constant for proton 
movement between a surface and the bulk decreases. The equilibration time 
constant depends on the charge of the added buffer; small monoanionic 
molecules decrease the time constant already at low concentrations (∼25 
μM), whereas di-anions need to be added at higher concentrations (>100 
μM) [190]. This type of dependence indicates the presence of a potential 
barrier around the membrane, which increases by the net charge of the ion 
that passes the barrier. 

8.6 Experimental studies of proton transfer along membranes 

 
The ability of protons to move rapidly along phospholipid-water interfaces 
has been studied on monolayers with pH sensitive dyes incorporated [228, 
231, 236, 237], as well as by investigating the proton flux across [238] or on 
[239, 240] planar bilayers. For example, the proton diffusion rate along 
phospholipid membranes accelerated when additional proton-binding sites 
were introduced on the membrane surface [239]. Lateral proton movement 
can occur over large distances (up to ∼100 µm) in diluted buffer [240], 
however, at physiological buffer concentrations the distance was reduced to 
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∼10 nm. Clearly, the proton-transfer distance depends on experimental 
conditions. In another study, the interaction between cyt. bo3 and ATP 
synthase was studied in liposomes and it was concluded that the largest 
distance of proton transfer between the enzymes along the surface was ∼80 
nm [241]. 
 
The estimated diffusion coefficient for lateral proton transfer along 
membranes differ between proton-pulse measurements (∼10-5 cm2/s), 
which detect proton movement on the micrometer scale, and FCS 
measurements (∼10-7 cm2/s), which detect local proton movement on the 
nanometer scale [212]. This is because FCS measurements (see chapter 8.8) 
detect protonation dynamics at the membrane-water interface (the interface 

zone, see figure 10) while proton-pulse experiments also detect proton 
transfer in the bulk near the membrane surface (the adjacent bulk zone, see 
figure 10) [212, 242]. In addition, the diffusion of protons that are bound to 
buffer molecules is also detected in proton-pulse measurements. 

8.7 Computational studies of proton transfer along membranes 

 
Theoretical calculations have estimated how the distance between two 
anions on a phospholipid membrane affects the probability for proton 
transfer between the sites in an ideal system with no counterions [206, 215]. 
When the distance between the donor and acceptor is <12 Å the probability 
for lateral proton transfer between them, rather than to the bulk, is ∼1. Upon 
doubling the distance, the probability decreases to ∼0.8. In another 
computational study, the effect of ions was taken into account when 
calculating electrostatic potentials for charges at the surface of lipid bilayers 
of different lipid compositions [243]. At an ionic strength of 100 mM the 
Coulomb cage of a charge that is located on the surface of a membrane 
reaches about 7 Å along the membrane/water interface. However, due to 
the ellipsoid shape of the Coulomb cage the distance between two adjacent 
protonatable groups needs to be considerably smaller than < 14 Å (2*7 Å). 
Hence at distances <7 Å there is an overlap of the Coulomb cages which 
would increase the probability for proton transfer between two groups, 
rather than equilibrating with the bulk. 
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To gain more insight into how protons interact with a membrane surface on 
a molecular level, molecular dynamics simulations were done on a 
dipalmitoylphosphatidylcholine (DMPC) membrane [235]. The simulations 
show that proton diffusion is effectively slowed as a proton enters the polar 
part of the lipid membrane, which leads to large changes in the structure of 
hydronium groups. The proton is transferred into the small space between 
adjoining lipid head groups. From there, hydronium merges with the polar 
headgroup of the lipid, which contributes to the formation of bonds between 
neighboring lipids that stabilizes the newly formed arrangement. Proton-
translocating proteins have buried water molecules (see chapter 6.3) that 
participate in proton transfer. These water molecules can interchange 
protons with water molecules on the membrane surface [188, 240] utilizing 
the Grotthuss mechanism (see chapter 8.1). Surface-bound water molecules 
may also use the Grotthuss mechanism to transfer protons along membrane 
surfaces [188]. 

8.8 Fluorescence correlation spectroscopy as a tool to study 
protonation kinetics 

 
Fluorescence correlation spectroscopy is a method where the intensity of a 
fluorescence emission signal is monitored over time in a small (∼1 fL) 
detection volume. The measurements are usually done with a confocal 
microscope and the detection volume is equal to the size of the diffraction 
limited spot of the microscope. Molecules that diffuse in the detection 
volume give rise to fluorescence fluctuations over time and these 
fluctuations decrease with an increasing number of fluorophores in the 
detection volume. Hence, FCS measurements are done in dilute solutions 
(fluorophore concentrations of ∼1 nM) with fluorophores that preferably 
have high quantum yields. 
 
Experimental parameters are determined by calculating the normalized 
autocorrelation function U(V)	and fitting it with a mathematical model (see 
Paper III for an example): 
 

U(V) =
〈X(Y)X(YAZ)〉

〈X(Y)〉\
                  (Eq. 4) 
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where angle brackets denote time average, ](^) is the fluorescence intensity 
at a time ^ and V is the correlation time. U(V) specifies the probability to 
detect a new photon from the same molecule after a photon was emitted at 
τ	= 0.  
 
Two of the most commonly determined parameters are the average number 
of fluorescent molecules (N) and the mean diffusion time (tD). The 
concentration and size of the fluorophore are calculated from N and tD, 
respectively. In addition, the kinetics of any process that influences the 
emission pattern of the fluorescent molecule can be determined because the 
process alters the correlation function. 
 
Depending on whether fluorescein is deprotonated or protonated it emits 
photons, or stays dark, respectively ([189, 215] and chapter 8.2). Hence, 
proton-transfer reactions where fluorescein participates can be studied by 
monitoring the emission changes of the fluorophore. The “blinking” behavior 
of fluorescein alters the correlation function and the proton-exchange rate 
(Kprot, see below), which is determined from the correlation function (figure 
7). Another dark state (besides the protonated state) is the triplet state and 
transitions between singlet-triplet states also causes fluorescein to "blink" 
[244]. However, these transitions are faster than the τ region, in which 
protonation kinetics is observed. Therefore, these two types of kinetics can 
be separated. In order to study correlation changes for ^ in the sub-
microsecond time region, the FCS measurements in paper III were done with 
two detectors, so that cross-correlation curves, instead of autocorrelation 
curves, could be obtained. Two benefits of cross-correlating the signal from 
the two detectors is that the afterpulsing and dead time of the detectors are 
avoided, which otherwise introduce an unwanted amplitude in the 
correlation curve [245]. 
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The proton-exchange rate is defined as the sum of the deprotonation rate 
constant (k-1) and the protonation rate (k+1*[H+]bulk) of the fluorophore: 
 

Kprot = k-1 + k+1*[H+]bulk                 (Eq. 5) 
 
From this linear function, k-1 and k+1 are determined by plotting Kprot at 
different proton concentrations. 
 

 
Figure 7. Fluorescence correlation spectroscopy enables studies of protonation 
kinetics. a) Fluorescence fluctuations that originate from passing molecules in the 
detection volume are monitored. Fluorescein only emits photons when it is 
deprotonated and it therefore “blinks” when it participates in proton-transfer 
reactions. b) Insert:	](^)	describes changes in emission intensity over time. A 
normalized correlation function G(τ) is computed from ](^) and is plotted against 
the correlation time (τ). Large figure: the data displays cross-correlation curves of 
fluorescein-labeled small unilamellar vesicles made of DOPC in solutions of different 
pH. The data was normalized. The protonation kinetics alters G(τ) for τ of 10-2-10-1 

ms and the proton exchange rate (Kprot) is determined in this region. The singlet-
triplet transitions occur for τ < 10-3 ms. As seen in the figure, decreasing proton 
concentrations decrease the rate of the transition. This transition is termed the 
proton-relaxation time (τprot). Since Kprot = 1/τprot it means that Kprot  increases with 
proton concentration. 
 
FCS was also used to determine apparent binding constants for the 
interaction between cyt. c with CytcO or Rcf1 (paper IV). These 
measurements were done by monitoring the diffusion time of fluorescently 
labeled cyt. c in titration experiments with liposomes containing either CytcO 
or Rcf1.  
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8.9 The influence of lipids and membrane size on lateral proton 
transfer 

 
The properties of lipids (e.g. the pKa, charge, structure) influence proton 
transfer along membrane surfaces. For example, the deprotonation time of 
a lipid head group increases with increasing pKa. When CL (see chapter 5) is 
arranged as a bilayer the pKas of the phosphate groups are ∼3 and 7.5-9.5, 
respectively [52, 246]. The presence of CL in inner-mitochondrial membranes 
and in small unilamellar vesicles (SUVs) lowers Kprot (paper III). This effect is 
partly due to the relatively long deprotonation time of CL. In addition, CL’s 
ability to alter the structure of membranes (see chapters 5.4-5.5) and the 
structural changes that occur in the phospholipid with changing pH [52, 246], 
could increase the mean distance among protonatable groups, leading to 
decreased proton-transfer rates.  
 
The protonation rate on surfaces of membranes composed of zwitterionic 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) is about two times slower 
compared to membranes made of anionic DOPG [213]. Since both DOPC and 
DOPG have a pKa of ∼3 in SUVs [213], their different protonation rates cannot 
be explained by a pKa difference. This indicates that the negative charge of 
DOPG increases the proton concentration on the surface, which in turn 
increases the protonation rate due to an electrostatic attraction. To study 
this further, titration measurements were done where the concentration of 
NaCl was increased in protonation measurements with SUVs made of DOPG. 
The protonation rate slowed down with increasing salt concentrations due 
to the screening of surface charges [213].  
 
DOPA is an anionic phospholipid with a pKa of ∼7.4 [211]. Thus, for DOPA-
SUVs the deprotonation time is longer compared to SUVs made of DOPC or 
DOPG. Yet, titration experiments where DOPA was incorporated in DOPG 
SUVs [211], showed that the protonation rate increased with increasing 
DOPA concentrations. In this case, the faster protonation rate was also due 
to the higher proton concentration at the membrane surface interphase. 
Another lipid that facilitates lateral transfer on a membrane surface is 
phosphatidylserine [238, 247], which has a pKa of ∼3.6 and ∼4.6 when 
ordered as a SUV [248] or as a micelle [247], respectively. 
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In addition to the lipid composition of a membrane, the size of the membrane 
also affects the rate of proton transfer along the surface. This subject was 
studied by introducing fluorescein into lipid nanodiscs with a diameter of 
either 9 nm or 12 nm [212]. The FCS measurements showed that the 
protonation rate increased by a factor of ∼100 when fluorescein was 
incorporated into nanodiscs, compared to the rate in solution. Notably, the 
protonation rate of fluorescein bound to CytcO increased in a similar way 
only when it was reconstituted into the larger nanodisc (12 nm). Clearly, 
there is a minimal surface area that needs to enclose CytcO in order to 
increase the protonation rate on the surface of the protein. Monte Carlo 
simulations suggested that the proton-exchange rate does not increase 
significantly for nanodisc diameters <10 nm [212].  
 
In contrast to other studies, a report by Springer and colleagues concluded 
that lateral proton transfer takes place in the membrane’s hydration layer, 
rather than between protonatable groups on the surface [249]. It was 
observed that fast proton diffusion occurred even when there were no 
charged groups in the membrane and the diffusion rate was largely slowed 
in D2O, compared to H2O. In a comment on this study it was stated that the 
caged protons that are released upon UV illumination could quickly saturate 
the membrane with protons, independent of the lipid composition, which 
would result in similar proton diffusion times for the different samples [250]. 

8.10 Proton-collecting antenna increases the proton-transfer rate to 
specific groups 

 
The distance between phospholipid head groups on biological membranes is 
7-10 Å [206] and the distance between protonatable groups in proteins can 
be even shorter. When protonatable groups are close to each other, their 
individual Coulomb cages merge and form a proton-collecting antenna 
where protons are readily transferred between the residues [206, 215, 216, 
251-255]. Since protons on membrane surfaces move in two dimensions, 
they are transferred considerably faster than a proton in solution, which 
moves in three dimensions (figure 8). For example, in solution under 
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physiological conditions a proton reacts with a single negatively charged ion 
at a maximum rate of ∼(2-4)*1010 M-1*s-1 [206] while the corresponding rate, 
determined by FCS on surfaces of liposomes, nanodiscs and 
submitochondrial particles (SMPs), is on the order of 1012 M-1*s-1 ([211-214] 
and paper III). This offers an explanation to how proton-uptake rates in 
membrane proteins can be faster than the rate of proton-diffusion in 
solution. These types of fast proton-uptake rates have, for example, been 
observed in the proton pumps CytcO and bacteriorhodopsin [209, 215, 216, 
256, 257]. 
 

 

Figure 8. Schematic illustration of protonation kinetics on submitochondrial 
particles. The blue spheres represent protons. The protonation kinetics was studied 
using FCS by introducing fluorescein on inner mitochondrial membranes (paper III, 
see also chapter 8.8). At high proton concentrations (pH < 8) fluorescein is mainly 
protonated from the bulk resulting in diffusion limited protonation rates (∼1010 M-

1*s-1). At low proton concentrations (pH > 8) fluorescein is mainly protonated from 
the water/surface interphase resulting in protonation rates that are about 100 times 
faster (see text above for explanation). 
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8.11 Characteristics of proton-collecting antenna 

 
The pKa of protonatable groups on membranes and proteins can vary 
considerably. A pKa depends on the intrinsic, chemical properties of the 
molecule as well as on the surrounding environment. For example, the pKas 
of fluorescein and oregon green are increased by ∼2 pH units when these 
molecules are introduced into SUVs of DOPG, compared to when the 
molecules are in solution [213]. The distribution of groups with different pKa 
on a membrane affects lateral proton exchange mechanisms. Chemical 
groups with low pKas and negative charges, such as the carboxylate side 
group of Asp and Glu (pKa ∼4 [258]) or phosphates of lipid head groups, 
shuttle protons to residues with higher pKa. Surface residues with near 
neutral pKas, as the protonated imidazole group of His or the hydroxyl group 
of phosphatidic acid, may act as proton buffers [259]. Proton-buffer groups 
are important since mobile buffer molecules at concentrations as low as a 
few mM are able to pick up protons at rates of < 1 µs-1, which is considerably 
faster than the turnover rate of most enzymes [215]. Cardiolipin can also 
function as a local buffer molecule in membranes, as shown with phosphate 
buffer titration experiments for SUVs (paper III). These results are in line with 
that CL may function as a “proton trap”, as suggested by Haines [259, 260]. 
Since the local CL concentration in certain membrane regions is high and CL 
binds to respiratory complexes, this phospholipid may facilitate lateral 
proton movement on the membrane between transporters and consumers 
of protons [260]. 
 

8.12 Proton-collecting antenna on the surface of proteins 

 
The surface of proton-translocating proteins can act as proton-collecting 
antenna (reviewed in [190, 215, 216]). The proton collecting antenna effect 
was first studied in proteins [206] by labelling bovine serum albumin with 
fluorescein isothiocyanate and measuring protonation kinetics with laser 
induced proton pulses [261]. When half of the carboxyl groups were 
amidated protonation of the fluorescein molecules was impaired [206]. 
Other studies showed that carboxyl groups affect lateral proton transfer on 
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membrane surfaces [239, 262]. When pyranine was attached to lysozyme, it 
was evident that the fluorescent probe reported local protonation kinetics at 
the vicinity of the probe, rather than the protonation dynamics of the whole 
protein [263]. This conclusion derives from that the measured rate constant 
did not change as much as calculated, when the total charge of the protein 
was increased by amidation of free carboxylate groups. It was also found that 
depending on the observation time scale, one can either study how bulk 
protons enter the Coulomb cage of the inserted fluorophore (microseconds) 
or how protons try to breakout from the Coulomb cage (nanoseconds). 
 
A structural analysis of six different proton pumps and six energy-transducing 
proteins, which do not transfer protons, revealed that the average minimal 
distance between charged amino acids on the membrane surface is ∼7 Å and 
∼10 Å, respectively [190]. Interestingly, 7 Å facilitates the fastest proton-
transfer rates along acidic polymers and monolayers [190] and allows 
overlaps of adjacent Coulomb cages (chapter 8.7). 

8.13 Proton-collecting antenna on cytochrome c oxidase 

 
There are several clusters on the n-side surface of CytcO from R. sphaeroides 
where acidic residues and histidines are within 10 Å from each other (figure 
9, see also [216]). 
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Figure 9. Membrane view of the acidic residues and His in cytochrome c oxidase 
from R. sphaeroides. The first amino-acid residue of the D pathway (Asp132) is about 
10 Å “above” Glu552. This Glu was changed to an Ala in paper II, see text below. 
 
 
The concentration of Asp, Glu, and His is high around the entrance to the D 
pathway of CytcO. This type of arrangement seems to be a general feature 
of the entry to proton pathways [190]. The amino-acid residues that form the 
proton-collecting antenna in CytcO from R. sphaeroides are found on subunit 
I and III [118, 119, 264].  
 
The significance of protonatable groups on the surface of proteins was 
evident when the first residue of the D pathway in CytcO (Asp132) from 
R. sphaeroides was changed to an Ala [265] or an Asn [266]. Neither of the 
two variants were capable of pumping protons and the ability of Asp132Ala 
to reduce oxygen was also considerably lowered. The addition of molecules 
that contain carboxyl groups, such as long chain fatty acids, increased the 
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capability of Asp132Ala to reduce oxygen by a factor of three to seven. 
Apparently, the added carboxyl groups “rescued” the activity of the enzyme, 
but not its ability to pump protons. Furthermore, proton uptake through the 
D pathway in the Asp132Asn variant was impaired. 
 
In paper II we studied a CytcO variant from R. sphaeroides where Glu552 was 
changed to Ala (figure 9). This Glu is located ∼10 Å below the entrance to the 
D-pathway and is part of a proton collecting antenna. Even though the 
replaced residue is outside the actual proton channel and about 40 Å from 
the proton loading site, the proton-pumping stoichiometry was reduced to 
<50% of that of the wild-type enzyme. In conclusion, the proton-pumping 
stoichiometry of CytcO may be regulated by the composition of the proton-
collecting antenna that surrounds the entryway to the D pathway. 

To investigate whether a membrane can increase the protonation rate of 
specific residues on a protein, CytcO was labeled with fluorescein on a Cys 
and the protein was reconstituted into SUVs [214]. Due to the increased size 
of the proton collecting antenna, the protonation rate increased more than 
∼400 times, compared to when the protein was solubilized in detergent. 
Moreover, the protonation rate at the fluorescein group was about four 
times larger than expected when the enzyme was in detergent solution (not 
reconstituted). The increased proton transfer rate was likely due to that 
within about 10 Å, from the presumed location of the labeled Cys, there are 
several Asp, Glu and His that together form a proton collecting antenna. 
Results from other studies showed that reconstitution of CytcO in a lipid 
membrane resulted in accelerated proton uptake through the K pathway 
[267, 268]. Presumably, the entry point of the K pathway is connected to the 
membrane surface, which increases the area of the proton collecting 
antenna. 
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8.14 Overview of proton transfer along biological membranes 

 
Mechanisms of proton transfer at the vicinity of biological membranes is 
summarized in figure 10. 
 

 

 

Figure 10. Schematic illustration of proton transfer at the surface and surroundings 
of biological membranes. Starting from the left, protons are transferred through 
proton channels across the membrane. The ejected proton may either move along 
protonatable groups of the protein surface or be transferred to the bulk by mobile 
buffer molecules or water molecules. The proton concentration in the closest vicinity 
of the membrane (the interface zone) is higher compared to the bulk due to proton 
binding to phosphate and carbonyl groups. The presence of an electrostatic barrier 
also results in an increased proton concentration in the interface zone. Protons move 
between the interface zone and the adjacent bulk zone and can in this way make 
longer “jumps” (red arrow) between groups of the interface zone. This type of 
exchange between the zones is facilitated by mobile buffer molecules. The figure is 
modified from [242]. 
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9 Respiratory supercomplex factors 

The respiratory supercomplex factors 1 and 2 (Rcf1/2) are integral 
membrane proteins that are situated in the IMM and associate with CytcO 
and complex III in S. cerevisiae [269-271]. These proteins are involved in 
formation and maintenance of supercomplexes in S. cerevisiae; for example 
III2IV2 [269, 272]. In addition, Rcf1 regulates the activity of CytcO [182, 183, 
269, 273] and may be an assembly factor for this enzyme [274]. Furthermore, 
cyt. c co-purifies with CytcO when isolated from a wild-type strain, but not 
from a strain lacking Rcf1 (paper IV). Both Rcf1 and Rcf2 belong to the 
hypoxia-induced gene 1 (Hig1) protein family [272, 275], however, their 
presence among organisms differ; Rcf2 was only reported to be present in 
fungi while Rcf1 is well conserved in bacteria and eukaryotes [182]. The N-
terminal end of Rcf1 contains the Hig1 homology domain, whereas the 
prolonged C-terminus region appears to solely be present in fungi [269]. The 
presence of the Hig1 domain, which is not exclusively a part of Rcf1, is 
essential to yield fully assembled CytcO. Other members of the Hig1 protein 
family could also be involved in the same process [269].  
 
Proteinase-treatment studies with mitochondria suggest that Rcf1 has two 
transmembrane helixes (THs) [269]. However, as determined by NMR, Rcf1 
forms a homodimer consisting of five THs in each monomer when solubilized 
in dodecylphosphocholine (DPC) micelles [276]. Notably, cyt. c binds four 
charged amino-acid residues in the soluble part of the protein, which is 
predicted to face the IMS. In other studies, it was indicated that cyt. c binds 
Rcf1 [182] and Higd1a/2a (human orthologs to Rcf1) [273]. Furthermore, FCS 
measurements revealed that cyt. c. binds Rcf1 when it is reconstituted into a 
membrane (paper IV). When cyt. c was titrated with liposomes containing 
Rcf1 the apparent KD was about five times lower than that for liposomes 
without Rcf1. When similar titrations were done with liposomes containing 
CytcO the affinity between cyt. c. and CytcO purified from a wild-type strain 
was about nine times higher than that for CytcO purified from a rcf1Δ strain.  
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The membrane topology of Rcf2, when solubilized in DPC micelles, appears 
to be similar to that of Rcf1; it forms a dimer, where each monomer consists 
of five THs, and where the C- and N-end are on the opposite side of the 
membrane [272]. The activity of CytcO in mitochondria was reported not to 
be dependent on the presence of Rcf2 [269, 270]. However, other 
observations indicate that the removal of Rcf2 lowers [182, 277], or increases 
[271], the activity of CytcO in mitochondria.  
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10 Concluding remarks 

The common theme of this thesis is proton transfer across and along 
membranes. A variety of experimental methods was used and the main 
findings from the papers are: 
 

I. Cytochrome bo3 transfers protons as long as substrates are available. 
This proton pump is able to generate pH-gradients that are 
consistent with measured Δp in E. coli cells. 

II. A single protonatable residue of a proton antenna, close to a proton-
uptake pathway, may alter the proton-pumping efficiency of a 
proton pump. 

III. Cardiolipin is a local pH buffer in membranes. The protonation rate 
of surface groups is slowed in membranes containing CL.  

IV. Respiratory supercomplex factor 1, reconstituted into a membrane 
environment, binds cyt. c. 

The research field of charge-transfer in biological systems is large and 
diverse. Both experimental, computational and theoretical efforts resulted 
in detailed knowledge of how respiratory enzymes and ATP synthases work 
at the molecular level. From a technical point of view, the future of charge-
transfer studies is bright. Just over the last years, with the advances of cryo-
EM, it has become possible to obtain protein structures in different 
conformations in relevant and physiological conditions [278-280]. In 
addition, the development of super-resolution microscopy techniques offers 
possibilities to increase our understanding of complex processes. For 
example, STED measurements revealed that cristae in individual 
mitochondria may have different local membrane potentials [281]. It would 
be interesting to use STED-FCS [282] to study protonation kinetics at the 
surface of native membranes. For example, how does the protonation 
kinetics change at specific sites of OXPHOS enzymes when respiratory chains 
are stimulated in various ways? Furthermore, the developed single-enzyme 
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approach in paper I could be used to study heterogeneous samples, like 
respiratory supercomplexes [67, 283]. Our knowledge of the structure and 
organization of respiratory enzymes increased recently, but less is known 
about the functional meaning of forming these conformations. It may be that 
one, for instance, could detect both the individual and coupled proton 
transfer activity, of respiratory complexes that have associated and become 
supercomplexes, using a similar approach as in paper I. These types of 
measurements would likely be easier to perform if the samples are 
immobilized in microfluidic channels that enable fast and controlled 
exchange of solutions. Hopefully, we will soon have a better understanding 
of why respiratory supercomplexes form.  
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11 Populärvetenskaplig sammanfattning 

11.1 Syret vi andas in driver turbinerna som omvandlar maten till 
användbar energi  

 
En förutsättning för allt liv är förmågan att omvandla energi som finns 
tillgänglig i den omgivande miljön till en annan form som både kan användas 
direkt eller senare. Nästan bara fantasin sätter gränsen för hur olika 
organismer på jorden ser ut och lever men de grundläggande processerna för 
hur denna energiomvandling går till på en molekylär nivå är liknande för allt 
levande. Det är därför vi kan studera andra organismer såsom jäst, bakterier 
och möss för att lära oss hur människan fungerar. Den centrala principen för 
hur energiomvandlingen går till kan jämföras med hur en damm fungerar. I 
en damm samlas vatten på ena sidan av en barriär som har ett antal 
öppningar där det sitter turbiner vilka genererar elektricitet då de snurrar av 
vattnet som rinner igenom dem. Celler har, på ett liknande sätt, utrymmen 
som används för att lagra potentiell energi. Skillnaden mellan processerna är 
att celler lagrar vätejoner (protoner) istället för vatten och att det som bildas 
när turbinerna rör sig är molekylen adenosintrifosfat (ATP), istället för 
elektricitet. I en cell sker en uppsjö av kemiska reaktioner ständigt och en 
stor del av dessa utförs endast om ATP finns tillgängligt. ATP har alltså en 
central roll i cellers energiomsättning och kallas därför för cellens 

energivaluta.  
 
I naturen strävas det efter att jämviktstillstånd ska uppnås, detta kan 
illustreras med att droppa i några droppar karamellfärg i ett glas vatten och 
se hur färgen breder ut sig för att till slut färga hela vattnet på ett liknande 
sätt. För att celler ska kunna samla protoner i hög koncentration, i specifika 
utrymmen, krävs det en drivkraft eftersom protoner då transporteras mot 
ett jämviktstillstånd. Drivkraften för denna process kommer från energirika 
elektroner och beroende på hur en organism erhåller dessa är den antingen 
en fototrof eller kemotrof. 
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Fototrofer; som exempelvis växter, blågröna bakterier och alger utvinner 
elektroner genom att absorbera ljus av specifika våglängder från solen. 
Denna grupp av organismer utför även fotosyntes, alltså omvandlingen av 
koldioxid till kolhydrater, vilket möjliggör kemotrofers existens. Kemotrofer; 
till exempel människor och djur, utvinner elektronerna som behövs för 
energiomsättningen genom att bryta ner kolhydrater som fototrofer skapar. 
Men, hur kan detta i slutändan leda till en ”damm” fylld med protoner? För 
att förklara detta måste elektroners egenskaper beaktas. För det första 
fungerar elektroner som ett klister som kan hålla ihop atomer så att större 
molekyler bildas. En annan egenskap hos elektroner är att de har en energi; 
om de rör sig synkroniserat i en riktning kommer det bildas en elektrisk ström 
i den motsatta riktningen. Det som sker i vår kropp när mat bryts ner i mindre 
och mindre delar är att elektroner frigörs och sätter sig på molekyler som är 
specialiserade på att transportera elektroner. Dessa molekyler tar sig sedan 
till en del av cellen som heter mitokondrie. Det är i mitokondrierna som de 
flesta ATP-molekylerna i cellen bildas och därför kallas dessa för cellens 

kraftverk.  
 
Mitokondrier är uppbyggda av två stycken membran som består av lipider 
(fetter) och proteiner. Proteiner är molekyler som har olika uppgifter i en cell; 
exempelvis transporterar vissa specifika molekyler mellan en cells olika delar. 
Vårt DNA kodar för hur proteinerna ser ut. Enzymer är en typ av proteiner 
som katalyserar kemiska reaktioner, det vill säga, de ökar hastigheten för en 
specifik reaktion. I det innersta membranet sitter det enzymer som 
transporterar protoner från vattenfasen innanför det innersta membranet 
(den så kallade matrix) till vattenfasen mellan det yttersta och innersta 
membranet, vilket kallas inre membranområdet (IMO, se figur S1 nedan). 
Fyra enzymer är delaktiga i denna transport och de kallas för komplex I-IV. 
Eftersom koncentrationen av protoner i IMO är högre än i matrix krävs det 
en drivkraft för att transportera ytterligare protoner dit. Denna drivkraft 
kommer från syret som vi andas in. Atomer har olika behov av att ge eller ta 
emot elektroner. Syre tillhör de grundämnen som har högst behov av att ta 
emot elektroner (detta kallas för reducering) och därför kommer elektroner 
attraheras till det. Drivkraften är därför stor för att reaktioner där syre 
reduceras ska ske.  
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Protonpumparna i det inre membranet av mitokondrien kan transportera 
protoner genom att koppla dessa energikrävande processer med processen 
där elektroner reducerar syre. Med andra ord är drivkraften för att reducera 
syre större än arbetet som krävs för att pumpa protoner över det inre 
membranet. I mera detalj, så levereras elektroner från nedbrytningen av 
maten till olika protonpumpar, vilka sedan skickar elektronerna i en kedja 
(som kallas för andningskedja) mellan dem så att de slutligen når ett enzym 
som heter cytokrom c oxidas (kallas också för komplex IV). Det är här syret vi 
andas in reduceras och i denna process omvandlas syret till vatten. På detta 
sätt bildas en protongradient där protonkoncentrationen är högre i IMO 
jämfört med matrix. Eftersom protoner har en positiv laddning kallas denna 
protonkoncentrationsskillnad för en elektrokemisk gradient. I denna avsikt 
kan mitokondrien jämföras med ett batteri eftersom det är en elektrisk 
spänning över det inre membranet. 
 
Men, hur kan denna damm med protoner användas för att bilda ATP? Det 
inre membranet som separerar protonerna är tätt och protoner kan inte 
passera igenom det. Emellertid sitter det även ett enzym i membranet som 
heter ATP-syntas (kallas också komplex V). Detta enzym ser ut som en turbin 
och det finns så kallade protonkanaler inuti det som går från enda sidan av 
membranet, till den andra (se figur S1 nedan). Eftersom koncentrationen av 
protoner är högre på ena sidan kommer de spontant åka igenom dessa 
kanaler vilket i sin tur gör att turbinen snurrar. Denna rörelse gör att ATP 
bildas genom att en fosfatjon slås ihop med en så kallad adenosindifosfat 
(ADP). De bildade ATP-molekylerna transporteras sedan ut ur 
mitokondrierna så att de kan användas i energikrävande reaktioner. I sådana 
reaktioner släpps en fosfatjon från ATP, så att ADP åter bildas. Genom att 
ADP transporteras tillbaka till mitokondrier kan ATP återbildas. Människans 
system för att regenerera ATP är mycket effektivt; exempelvis väger den 
totala mängden ATP som återbildas varje dag ungefär lika mycket som 
kroppsvikten, men kroppen innehåller bara omkring 250 g ATP och ADP 
kontinuerligt.  
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Figur S1. Schematisk bild över hur bildningen av ATP sker. Produktionen av cellens 
energivaluta, ATP, sker genom att koppla bildandet av en elektrokemisk 
protongradient (Δp), över det inre membranet (”dammväggen”) i mitokondrier, till 
reducering av syre till vatten. Elektroner kommer från nedbrytningen av mat och rör 
sig (illustreras med röda pilar) i enzymkomplexen, samt mellan dem via 
elektrontransportörerna ubikinon(K)/ubikinol (KH2) och cytokrom c (cyt. c.), till 
komplex IV där vatten bildas. Drivkraften för att reducera syre är så stor att komplex 
IV kan pumpa protoner från matrix till IMO (protonrörelse visas med blåa pilar). 
Eftersom koncentrationen av protoner är högre i IMO än i matrix kommer protoner 
spontant åka igenom protonkanalerna i ATP-syntas (komplex V). Detta gör att delen 
som sitter i matrix och som liknar en turbin roterar. I denna rörelse bildas ATP genom 
att en ADP slås ihop med en fosfatjon (Pi). Protoner rör sig mellan enzymkomplexen 
på båda sidorna av membranet. Figur 1 (sida 6) presenterar en mer utförlig bild över 
hur ATP-bildning sker. Exempelvis visas inte komplex I här som pumpar protoner från 
matrix till IMO. 
 
I denna avhandling behandlas olika aspekter av andningskedjor med ett 
fokus på hur protoner förflyttas längs membranytor, samt genom 
protonpumpar. De fyra artiklarna som ligger till grund för avhandlingen 
sammanfattas nedan. 
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11.2 Protonpumpar pumpar ständigt så länge det finns elektroner 
och syre tillgängligt 

 
I det första arbetet utvecklades en metod som gör det möjligt att studera hur 
enskilda protonpumpar transporterar protoner. I vanliga studier av 
protonpumpar observeras deras funktion i genomsnitt vilket gör att mindre 
information fås från experimenten. Detta kan illustreras med ett exempel för 
hur sluttiderna i ett maratonlopp registreras. Exempelvis ger en metod som 
bara observerar ett genomsnitt medelsluttiden för alla deltagare. Men en 
metod som registrerar de individuella löparnas sluttider gör att det, till 
exempel, går att se hur elitlöparnas tider skiljer sig från motionärernas. I våra 
mätningar observerades det att storleken på de största protongradienterna 
motsvarar storleken på de gradienter som har uppmätts i celler som 
protonpumpen arbetar i. Genomsnittsstorleken var dock nästan hälften av 
det och den största storleken hade inte kunnat detekteras med en vanlig 
genomsnittsmetod. Utöver detta observerades det att alla protonpumpar 
arbetar kontinuerligt utan att stoppa så länge det finns substrat tillgängligt, 
alltså elektroner och syre. Detta är en viktig princip för att stabila 
protongradienter ska kunna skapas. 

11.3 Prontonantenner kan reglera protonpumpars effektivitet 

 
En förutsättning för att kunna bygga upp protongradienter är att membranet 
som separerar vattenfaserna inte släpper igenom protoner. Som tidigare 
nämnt transporteras protoner från ena sidan av ett membran till den andra 
via kanaler som går genom protonpumpar. Ett protein består av olika 
byggstenar, så kallade aminosyror. Aminosyror har olika egenskaper och 
därför kan proteiners funktion och struktur ändras om en eller flera av dem 
byts ut. I tidigare arbeten har aminosyror som bygger upp protonkanaler byts 
ut för att undersökta mekanismen för protontransport. Precis utanför 
protonupptagningskanaler finns det vanligen kluster av aminosyror som tar 
upp protoner som finns i närheten och skickar dem vidare till andra områden 
på proteinets yta. Tidigare studier har visat att dessa områden bildar något 
som kallas för en protonantenn, vars funktion är att fånga upp protoner som 
sedan tas upp av protonpumpen. För att undersöka detta närmare byttes en 
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aminosyra som tillhör en protonantenn i cytokrom c oxidas med en 
aminosyra som inte interagerar med protoner. Aminosyran som byttes ut 
satt nära ingången av en protonupptagningskanal. När denna ändring gjordes 
sjönk protonpumpens förmåga att pumpa protoner till mindre än hälften 
jämfört med det naturliga enzymet. Enzymets förmåga att reducera syre till 
vatten var dock intakt. Sammanfattningsvis föreslår resultaten från studien 
att protonpumpens effektivitet kan regleras av ändringar som sker i 
protonantenner utanför protonupptagningskanaler. 

11.4 Kardiolipin fungerar som en lokal protonbuffert 

 
Protoner kan tas upp av protonpumpar snabbare än hastigheten som 
protoner rör sig med i vattenlösningar. En förklaring till detta är att 
protonerna som tas upp av pumparna kommer från ytan av membranet de 
sitter i, istället för vattenlösningen. I en vattenlösning kan en proton röra sig 
fritt i tre riktningar (sidled, djupled, höjdled) medan en proton som rör sig 
mellan olika grupper på en membranyta i princip bara rör sig i två riktningar 
(sidled, djupled). Detta betyder att en proton som rör sig slumpvis längs en 
yta kan nå en målgrupp på membranet, eller proteinytan (exempelvis en 
protonupptagningskanal), snabbare än en proton som diffunderar i en 
vattenlösning nära membranytan. Olika lipidtyper har olika affinitet för att 
interagera med protoner vilket påverkar protoners rörelse längs ytan. 
Kardiolipin är en fosfolipid (ett typ av fett) som huvudsakligen finns i 
membran där ATP bildas. Eftersom kardiolipin har två stycken fosfatgrupper 
som kan binda protoner, samt interagerar med protein som tillhör 
andningskedjor, ville vi undersöka hur denna fosfolipid påverkar hastigheten 
för protonbindning (protonering) vid en lokal grupp på ytan. 
Protoneringshastigheten minskade när kardiolipin satt i membranen. Detta 
observerades både i naturliga membran, isolerade från det inre membranet 
av mitokondrier, samt längs modellmembran som bestod av kardiolipin och 
en annan typ av fosfolipid. Dessa resultat beror troligen på kardiolipins höga 
affinitet för protoner gör att protoner stannar en relativt lång stund innan de 
släpps iväg. Resultatet kan även bero på att kardiolipin ändrade 
membranstrukturen så att avståndet mellan olika grupper som kan 
interagera med protoner ökade. Slutligen visade vi att kardiolipin både kan 
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ta upp och avge protoner till andra grupper i närheten, alltså fungera som en 
lokal protonbuffertmolekyl. 

11.5 Direkt elektronöverföring mellan komplex III och komplex IV  

 
Komplex III är ett protein i andningskedjan som reducerar 
elektronbärarproteinet cytokrom c (den mottar alltså en elektron, se figur 
S1). Cytokrom c diffunderar sedan till vattenfasen (IMO) och när den möter 
och binder till komplex IV, som sitter i det inre membranet, skickas 
elektronen vidare till det komplexet. Andningskedjekomplex kan 
sammanföras och bilda större komplex, så kallade superkomplex. Exempelvis 
kan komplex III och komplex IV gå ihop bilda ett komplex med två komplex 
III i mitten (en dimer) och ett komplex IV på vardera sida av dimeren. 
Respiratory supercomplex factor 1 (Rcf1) är ett membranprotein som sitter i 
samma membran som andningskedjekomplexen och det kan både binda 
komplex III och komplex IV. Detta protein stabiliserar bildningen av 
superkomplex. 
 
Respiratory supercomplex factor 1 har flexibla regioner som rör sig och 
sticker ut i vattenfasen från membranet. Tidigare studier har observerat att 
cytokrom c kan binda till de flexibla regionerna när det är i vattenlösning och 
det har därför föreslagits att elektroner skulle kunna gå från komplex III via 
en bunden cytokrom c på Rcf1 och till komplex IV. Detta skulle öka 
elektrontransporthastigheten eftersom cytokrom c då inte skulle diffundera 
runt i lösningen för att hitta komplex IV. För att undersöka om, och hur starkt 
cytokrom c binder till Rcf1 när det sitter i ett membran, utfördes så kallade 
affinitetsmätningar med Rcf1 som var isolerat från bagerijäst. I dessa 
mätningar observerades det att affiniteten mellan cytokrom c och ett 
membran ökade fem gånger när Rcf1 satt i det. Vidare iakttogs det att 
affiniteten mellan cytokrom c och cytokrom c oxidas var nio gånger högre när 
cytokrom c oxidas isolerades från vanlig bagerijäst innehållandes Rcf1 
jämfört mot en bagerijäststam som saknade Rcf1. Sammanfattningsvis 
bekräftar våra resultat att cytokrom c binder Rcf1. 
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