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Abstract
In the denitrification process where nitrate is stepwise reduced to nitrogen gas, the toxic molecule nitric oxide (NO) is 
formed as an intermediate. Nitric oxide is produced by the enzyme cd1 Nitrite reductase (cd1NiR) by reduction of nitrite 
and is later reduced to nitrous oxide by nitric oxide reductase (cNOR).

We have investigated if a complex, with the role to facilitate rapid removal of NO, is formed between the two enzymes 
cd1NiR and cNOR in the bacterium P. denitrificans. Using activity measurements, we found transient interactions between 
the two enzymes influencing enzymatic activity of cNOR and dimerization of cd1NiR. This complex formation may be 
important in the transition between aerobic and anaerobic respiration of the bacteria.

Heme-copper oxidases are terminal components of the respiratory chain, catalysing the reduction of oxygen to water. 
We have investigated possible supercomplex formation between the bc1-complex and the heme-copper oxidase of either 
the aa3 or cbb3 type, in the respiratory chain of Rhodobacter sphaeroides. We found evidence for a functional supercomplex 
between bc1-aa3, but not between bc1-cbb3.

The C-type (cbb3) oxidase from Vibrio cholerae has one proton transfer pathway for delivering protons both to the 
catalytic site and for protons being pumped. We identified an internal proton donor (XH), which could act as a branching 
point in the pathway. We also suggest which residues may function as this branching point; Y321 or Y321 and N293 
together with water molecules. We were also interested in the C-type oxidase from Helicobacter pylori and its interaction 
with NO. We successfully expressed and purified an active H. pylori cbb3 in V. cholerae. We found that this cbb3 was 
reversibly inhibited by nitric oxide similar to other oxidases, and that it also displayed a nitric oxide reductase activity.

Keywords: Heme-copper oxidase, nitrite reductase, nitric oxide reductase, nitric oxide, supercomplex, Paracoccus 
denitrificans, denitrification pathway, proton transfer pathway, C-type oxidase, Helicobacter pylori.
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1 Introduction 

Every living organism is dependent on energy supply. Photosynthetic 
organisms such as plants, algae and cyanobacteria use the sunlight as 
energy source to form energy-rich carbohydrates from water and 
atmospheric carbon dioxide for their metabolism and survival. During 
these reactions, oxygen is released. Non-photosynthetic organisms in turn 
obtain energy from degradation of these carbohydrates produced in plants. 
During this degradation electrons are transferred from electron donors to 
electron acceptors in sequential redox reactions in the cell, reaching a final 
electron acceptor. In aerobic respiration oxygen acts as a final electron 
acceptor and is reduced to water. The large amount of energy released from 
these redox reactions is temporarily stored in the form of a transmembrane 
electrochemical proton gradient (or proton motive force, pmf). This 
process is catalyzed by membrane bound proteins building up the 
respiratory chain localized in the mitochondria in eukaryotic cells and in 
the cell membrane in prokaryotic cells. The energy stored as pmf 
subsequently drives the synthesis of ATP catalyzed by ATP synthase. ATP 
is an energy rich molecule which is used in many reactions in the cell. 
Mitochondria and many bacteria use cytochrome c oxidase (aa3) as a 
terminal enzyme in their respiratory chains. However, bacteria have the 
ability to express different types of terminal oxidases depending on the 
environmental factors. Rhodobacter sphaeroides and Vibrio cholerae are 
examples of bacteria that are able to use an oxidase, named C-type oxidase 
(cbb3), which is expressed under low oxygen conditions. Some bacteria 
can utilize nitrate as final electron acceptor instead of oxygen (an example 
of anaerobic respiration) in the respiratory chain to build up a pmf for 
production of ATP. In this process, named denitrification, nitrate is 
stepwise reduced to nitrogen resulting in the formation of the intermediates 
nitrite, nitric oxide and nitrous oxide, each step catalyzed by a specific 
enzyme.  
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2 Respiration in mitochondria and in prokaryotes 

2.1 Aerobic respiration in mitochondria 

The aerobic respiratory chain in eukaryotes is located in the mitochondrial 
inner membrane and consists of four membrane bound complexes (I-IV) 
(Figure 1).  

 

 
Figure 1: The aerobic respiratory chain in mitochondria and many bacteria. 
Electrons are transferred through four membrane bound complexes (I-IV) 
coupled to the build-up of an electrochemical proton gradient, which is used to 
produce ATP by ATP- synthase. Oxygen acts as final electron acceptor and is 
reduced to water. The electrons are transferred from complex I (CI) and complex 
II (CII) to complex III (CIII) via quinone and from CIII to complex IV (CIV) via 
cytochrome c (in red). Protons are translocated in complex I, III and IV. Figure 
inspired by [1]. 

The chain starts with the oxidation of NADH to NAD+ by Complex I 
(NADH – UQ oxidoreductase). The electrons are transferred to the 
quinone, which is reduced to quinol. Complex II (succinate 
dehydrogenase) catalyzes the oxidation of succinate to fumarate and also 
here electrons are used to reduce quinone to quinol. Succinate 
dehydrogenase is part of the citric acid cycle. The quinols from complex I 
and II are thereafter transferred to complex III, bc1-complex (ubiquinol- 
cytochrome c oxidoreductase), where the electrons are used in the 
reduction of soluble cytochrome c (cyt c). The role of cyt c is to transfer 
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electrons to complex IV, named cytochrome c oxidase, which catalyzes the 
reduction of oxygen to water. 
The exergonic electron transfer through the complexes is coupled to 
endergonic proton translocation across the membrane. Complex I and IV 
pump protons from the N-side to the P-side. In complex III protons are 
taken up from the N-side and delivered to the P-side via the so-called Q-
cycle[2]. These processes together create a transmembrane proton 
gradient, which is used by ATP synthase to produce ATP (Figure 1). The 
charge separation mechanism was first postulated in the chemiosmotic 
theory published by Peter Mitchell in 1961[3]. During this process a 
transmembrane electrical potential difference and a proton concentration 
gradient are created both contributing to the proton motive force (pmf).  
 
 

2.2 Respiration in prokaryotes 

In bacteria and archaea, the aerobic respiratory chain is located in the cell 
membrane. Bacteria are more diverse and are able to express additional 
respiratory enzymes depending on the environment. Bacteria are also 
capable of using other electron acceptors than oxygen, such as sulfur, 
Fe(III) and nitrate[4].  

2.2.1 Denitrification pathway 
Denitrification involves the reduction of nitrate to molecular nitrogen via 
four steps. Each reaction in the pathway is catalyzed by an enzyme, named 
according to the substrate it reduces (Reaction 1).  
 

Reaction 1 
 
 
 
Nitrate is reduced to nitrite by nitrate reductase (NAR), a membrane bound 
enzyme. An antiporter (AP) shuffles nitrate from the periplasm to the 
cytosol (Figure 2), and the nitrite formed by NAR to the periplasm. Nitrite 
is then reduced to nitric oxide by nitrite reductase (NIR). Nitric oxide is 
further reduced by a membrane bound enzyme, nitric oxide reductase 
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(NOR), to nitrous oxide. Finally, nitrous oxide is reduced to dinitrogen gas 
by nitrous oxide reductase (N2OR)[5].  
The complete electron transfer pathway (Figure 2) contains also NADH 
dehydrogenase (complex I, see section 2.1) and the bc1 complex (complex 
III). Electron carriers cyt c or pseudoazurine accepts electrons from 
complex III and deliver them to NiR, NOR and N2OR[6] 

 

Figure 2: The denitrification pathway. The pathway (enzymes involved in 
reaction 1 in pink) starts with nitrate (NO3

-) which is stepwise reduced to nitrogen 
gas (N2) via the intermediates nitrite (NO2

-), nitric oxide (NO) and nitrous oxide 
(N2O). The Antiporter (AP) shuffles the nitrite/nitrate between the periplasm and 
cytoplasm. Each step is catalyzed by a specific enzyme. Figure inspired by[1].  
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3 Proton and electron transfer in biological 
membranes 

The cell membrane has several functions, such as to protect the interior of 
the cell, and to control the passage of molecules to and from the external 
environment. The membrane is built by a phospholipid bilayer with 
incorporated proteins and carbohydrates. Phospholipid molecules have a 
hydrophobic part and a hydrophilic part. This feature makes the membrane 
bilayer semipermeable; permeable to non-polar molecules such as gaseous 
O2, but impermeable to polar molecules and ions such as protons. Specific 
proteins imbedded in the membrane have the function to control passage 
of molecules or ions across the membrane. Examples of these proteins are 
ion transporters, which transfer ions such as protons, potassium or calcium 
across the membrane.  The transport of ions could either be passive when 
the ions move down their gradient, or active, when ions move against the 
gradient. Active transport requires energy.  
 

3.1 Vesicles  

One way to study a membrane protein is to reconstitute it in vesicles, and 
thereby mimic the natural environment of a cell. Vesicles are lipid 
membrane spheres enclosing an aqueous solution and can be made in 
various sizes with diameters in the nanometer range [7]–[9]. The vesicles 
can be prepared by lipid mixtures from natural sources such as soybeans 
or by synthetics lipids, to control the composition of the vesicles. For 
instance, vesicles are required in order to be able to study the ability of a 
membrane enzyme to pump protons or transfer charges. For terminal 
oxidases, such charge transfer can be evaluated by the respiratory control 
ratio (RCR). The RCR-value is the ratio of the respiration (oxygen 
consumption) rate in the presence of uncouplers (CCCP or Valinomycin) 
to the rate in their absence. Valinomycin is an ionophore, and has the 
ability to transport K+ over the membrane. The compound CCCP is a 
protonophore and carries protons across the lipid bilayer and thereby 
disrupt the membrane potential. An RCR-value above 1 indicates that a 
membrane potential is generated[10].  
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3.2 Proton transfer  

Transfer of protons across the hydrophobic interior of a membrane protein 
requires proton transfer pathways. These are in general built by hydrogen-
bonded chains (HBC) of protonatable residues and water molecules. These 
together form a ‘proton wire’ and have the function to facilitate rapid 
transfer of protons according to the Grotthuss mechanism[11]–[14]. The 
average distance between the atomic nuclei is typically ~2.5 Å and if the 
distance between the nuclei increases with just a few Å, then the rate of the 
proton transfer becomes much slower[15]. In the Grotthuss mechanism, 
protons enter the proton wire, as illustrated by a series of water molecules 
connected with hydrogen bonds in Figure 3.  

 

Figure 3: The Grotthuss mechanism describes how protons are transferred 
through a chain of hydrogen-bonded water molecules. When a proton enters the 
chain, a series of rearrangements of the hydrogen-bonding takes place along the 
chain ending with the release of a proton at the other end of the chain. However, 
in order for a second proton to enter and be transported in the same direction 
trough the chain, water molecules have to make a turn back to their original state.  
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When a proton approaches the first water molecule it will bind there. This 
leads to a proton hopping step, that continues throughout the wire by 
forming and breaking hydrogen bonds, ending with a proton being released 
at the other end of the wire. After the proton has left, the chain of water 
molecules is in the opposite dipole direction as the original (Figure 3). In 
order for a new proton to be transferred in the same direction as above, the 
chain of water molecules needs to rotate or turn[13][16], and this process 
is usually considered to be rate-limiting for the overall rate of proton 
transfer. Also a protonated water dimer (H5O2)+ called Zundel’s 
cation[17][18] can participate in proton wires in proteins.  

 

3.3 Electron transfer 

In enzymes such as the heme-copper oxidase family (HCuO) electrons are 
transferred from an electron donor to another redox-co factor (electron 
acceptor) over an average distance of 20 Å. The transfers involve quantum-
mechanical electron tunneling inside the matrices of the enzyme. The rate 
of electron transfer decreases exponentially with increasing distance 
between the redox-cofactors[19]. According to Marcus theory the electron 
transfer rate also depends on the difference in the redox potential of the 
cofactors and the so-called reorganization energy which can be understood 
as the energy required for the conformational change the redox cofactor 
has to undergo upon change of redox state[20][38][39].   
 
 
 
 
 
 
 
 



8 

4 The heme-copper oxidase super family 

Almost 90 % of the catalytic oxygen reduction in the biosphere is carried 
out by terminal oxidases[23]. These oxidases are the last enzymes in the 
respiratory chain and catalyze the reduction of oxygen to water with the 
generation of a transmembrane electrochemical proton gradient useful for 
the production of ATP. Most of these oxidases belong to the large heme-
copper oxidase superfamily (HCuO, Figure 4). The family can be divided 
into two sub-families, quinol oxidases and Cytochrome c oxidases (CcOs), 
with the difference being that quinol oxidases accept electrons from 
quinols inside the cytoplasmic membrane, whereas CcOs accept electrons 
from cyt c. The most common classification of the HCuOs is based on 
sequence homology of the catalytic subunit I[23] and on the presence and 
characteristics of the proton transfer pathways and divides the family into 
A-, B-, and C-type oxidases as well as Nitric oxide reductases (NORs). 
The main function of the latter group is reduction of nitric oxide to nitrous 
oxide [40][24].  
 

4.1 Members of the family 

The A-type oxidase (aa3), found in mitochondria and in many bacteria, has 
been extensively studied. Subunit I, the largest subunit, is built up by 
twelve transmembrane helices and contains the active binuclear site 
(BNS), where oxygen binds to be reduced to water. The site contains a 
high-spin heme a3 coupled to a CuB ion[25]. Close to this site is a low-spin 
heme a with the role to facilitate electron transport to the BNS[26]. The 
high-spin heme cofactor in the active site differs between the members of 
the family and could be either of type a-, o- or b-hemes. Another cofactor, 
CuA, present in subunit II of A- and B-type HCuOs, receives electrons from 
soluble donors such as cytochrome c and then transfers the electrons to the 
BNS in SU-I via heme a.  
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Figure 4: Heme-copper oxidase super family (HCuO) consist of the A-type- (aa3), 
B-type -(ba3), C-type -oxidase (cbb3) and NORs. In A-type oxidase protons are 
transferred from the cytoplasmic side of the membrane via two proton pathways 
D-, and K – pathway, whereas electrons are entering from the periplasmic side of 
the membrane. B- and C-type oxidases only have one proton pathway, K-pathway 
analogue. Also in B– and C-type oxidases protons are entering from the 
cytoplasmic side and electros from the periplasmic side. In cNOR both protons 
and electrons are taken up from the same (periplasmic) side. In qNOR the proton 
pathway is not yet identified hence dashed arrow is used. Electrons are delivered 
from quinols in the membrane. Subunits with the same colors are structurally 
related. 
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B-type oxidases are mostly found in archaea [27] and C-type oxidases have 
so far only been found in bacteria and this type of oxidase has the highest 
affinity for oxygen and are also the most closely related to NORs. C-type 
oxidases lack the cofactor CuA and have instead several hemes c with the 
role to accept electrons from electron donors for further transfer to the 
active site[28]. NORs represent a divergent member of the family, with the 
function to reduce nitric oxide to nitrous oxide. NORs are further 
subdivided into qNORs and cNORs, based on the nature of the electron 
donor used, either cytochrome c or quinols[29].  
 

4.2 Proton transfer pathways in heme-copper oxidases 

Enzymes in the respiratory chain transport protons against the pmf in 
several ways. In the bc1 complex (CIII), protons are transported against the 
pmf via the so-called Q-cycle. In this cycle, the proton carrier ubiquinol is 
oxidized to ubiquinone, releasing protons to the P-side. The two electrons 
from the quinol are however bifurcated, one electron reduces cytochome c 
via the heme c1 domain, and the other re-reduces an internal quinone, 
leading to proton uptake from the N-side[45][46]. Complex CI and CIV 
are true proton pumps, where protons are translocated from the N-side to 
the P-side of the membrane against the pmf via specific proton 
pathways[2]. In complex IV (A-type HCuO), protons used for oxygen 
reduction to water as well as pumped protons are transported via defined 
proton pathways named the D- and K-pathway. The D-pathway starts at 
Aspartate 132 in subunit I (D132, numbering refers to R. sphaeroides aa3 
unless otherwise noted), and continues via protonatable residues and a 
chain of water molecules, ten water molecules were resolved in this 
pathway in the crystal structure of the R. sphaeroides aa3[32]. Near the 
active site, the D-pathway ends at Glutamate 286 (E286), which is highly 
conserved among the A-type oxidases. E286 acts as a branching point, 
from which protons are delivered either to the catalytic site or to the proton 
loading site (PLS), where the protons are then released to the P-side via an 
exit route[18][34]. The design of the exit route for protons is still not 
clear[35]. E286 has been assigned an apparent high pKa-value of 9.4 and 
proton transfer from it is the rate limiting step for proton transfer through 
the D-pathway[36]–[38]. This pathway is presumed to be used for all 
pumped protons and for two of the four protons used for the reduction of 
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oxygen to water[39]. The second proton pathway in A-type oxidases is the 
K-pathway named after the conserved residue Lysine 362. The pathway 
starts at Glutamate 101, which is located in subunit II and continues 
through K362, T359 and ends at Tyrosine 288 at the active site (see below). 
This pathway is used for transferring 1-2 protons to the catalytic site during 
its reduction[40][39]. B- and C-type oxidases differ from the A-type 
oxidases, since they only have one proton pathway named the K-pathway 
analogue[41][42] because it occupies the same spatial location. Both B– 
and C-type oxidases have been shown to be proton pumps, this pathway 
must thus be used to transfer all protons used for oxygen reduction as well 
as for proton transfer across the membrane[42][43].  
 

4.3 Oxygen-reduction in heme-copper oxidases 

The reduction of oxygen to water (Reaction 2) is highly exergonic and the 
members of the HcuO family use the energy released in this reaction to 
translocate protons across the membrane against their gradient.  
 

𝑂" + 	4𝑒' + 4𝐻) + 𝑛𝐻+,) → 2𝐻"𝑂 + 	𝑛𝐻/01)   Reaction 2 
 
The mechanism of reduction of oxygen has been extensively studied in the 
A-type oxidases[36], [44]–[46]. The catalytic cycle can be divided into two 
phases; an oxidative and a reductive phase. In the reductive phase the co-
factors are reduced allowing oxygen to bind and in the oxidative phase, 
oxygen is reduced to water. For the reduction of oxygen to water four 
protons and four electrons are used. During the reductive phase two 
protons are pumped and another two protons are pumped in the oxidative 
phase. In the reaction between the fully (four electron) reduced A-type 
enzyme (R) with O2, a series of intermediates form and these are 
R2→A2→P3→F3→O4, where the number in superscript refers to how 
many electrons have been transferred to the active site. In the R 
intermediate all the co-factors are reduced allowing oxygen to bind, 
forming the O2 adduct (A) intermediate. The oxygen-oxygen bond is 
broken in a single step forming the so-called P intermediate (P for ‘peroxy’ 
although it has been shown that a ferryl state is formed already at this 
step[47]) concomitant with electron transfer from heme a to the active site. 
In the next step a proton is taken up and the so-called F-state (ferryl) is 
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formed. The O (oxidised) state is formed when the last electron is 
transferred from CuA to the catalytic site together with the second proton. 
When the two-electron (only heme a3 and CuB reduced) reduced enzyme 
reacts with O2, a different P-intermediate is formed (P2) which has a radical 
at the tyrosine 288 residue (Y228) [48]. This tyrosine is cross-linked to one 
of the histidine ligands to CuB and is considered to be part of the catalytic 
core. The role of Y288 is to donate the fourth electron when the P2 state is 
formed and the O-O bond is broken[49]. This tyrosine is also present in B-
type HCuOs[50]. A tyrosine that fulfills the same role also exists in C-type, 
but with the difference that it is located on another helix[51]. This 
particular tyrosine is missing in NORs and its position in the sequence is 
instead occupied by a glutamate that is a ligand to the FeB[52], see chapter 
7. 
 

4.4 Evolution of heme-copper oxidases 

Although the general sequence homology and division into family 
branches is rather clear for the heme-copper oxidase superfamily, how to 
root the tree is not, and the evolution of the HCuOs has been under debate 
over the years. It has been proposed that the oxidase family existed before 
the build-up of atmospheric oxygen by early photosynthetic 
organisms[53]. Since NORs are able to use a terminal electron acceptor 
different from oxygen an early theory suggested that the A-, B- and C- type 
of heme-copper oxidases originate from NORs[54]. The C-type oxidases 
are the HCuOs closest related to the NOR family and thus the C-type 
oxidase might have been the first primitive oxidase (Figure 5)[55].  
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Figure 5: Evolution of heme copper oxidases: Two different suggestions of 
how the superfamily has evolved; either from NORs (A) or from A-type 
oxidases (B).  

The second theory claims that the heme copper oxidase family evolved 
from the A-type oxidases[56][57]. The B- and C-type oxidase shows a less 
efficient proton pumping compared to the A-type oxidase (although the 
proton pumping efficiency in C-type is under debate[58]) and it was 
suggested that the lower proton pumping might be an effect of the loss of 
the D-pathway in A -type.   
 
 
 
 
 
 
 
 
 
 
 

A 

B 
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5 C-type oxidase 

C-type oxidase as described earlier have so far been found only in bacteria, 
often pathogenic bacteria such as Helicobacter pylori[59] and Neisseria 
meningitidis[60], which colonize the host under microaerophilic 
conditions. The C-type oxidase has been purified from other organisms 
such as R. sphaeroides[28], V. cholera[61] as well as from Pseudomona 
stutzeri[12]. The enzyme is able to catalyze both the reduction of oxygen 
to water (Reaction 3), the main function of the enzyme, and the reduction 
nitric oxide (NO) to nitrous oxide (N2O) (Reaction 4).  
 

𝑂" + 	4𝑒' + 4𝐻) + 𝑛𝐻+,) → 2𝐻"𝑂 + 	𝑛𝐻/01)   Reaction 3 
 
(2𝑁𝑂	 + 	2𝑒) + 	2𝐻) 	→ 	𝑁"𝑂	 +	𝐻"𝑂)	    Reaction 4 
 

Among all HCuOs, C-type oxidases have the highest affinity for oxygen, with 
the KM for O2 determined to 7 nM in Bradyrhizobium (B.) japonicum[62]. 
C-type oxidases also have nitric oxide reductase activity in contrast to A-
type oxidases[63]. As described earlier, C-type oxidases pump protons 
[64], but the proton pumping efficiency has been determined to be 0.5 H+/e- 
for cbb3 in R. sphaeroides, H. pylori and B. japonicum[56]. The efficiency 
of proton pumping is lower compared to the A-type oxidase, where it is 1 
H+/e-. There is however a debate concerning the pumping efficiency in the 
C-type oxidase[58]. Studies showed that there is no pumping of protons 
during NO reduction by cbb3 and that protons used (Reaction 6) come from 
the periplasmic side of the membrane similar as for the NORs[65].  
 

5.1 Assembly and gene regulation 

Genes encoding cbb3 were first named fixNOQP, the named derived from 
the ability to support N2 fixation, and were first identified in B. 
japonicum[66]. Upstream of fixNOQP/ccoNOQP is the fixGHIS/ccoGHIS 
operon, which encodes proteins responsible for assembly of the cbb3 
enzyme [62], [67]–[69]. Studies in Rhodobacter capsulatus showed that 
deletion of fixGHIS led to the absence of cbb3. The proteins CcoI and CcoG 
are membrane-bound and involved in the uptake and metabolism of 
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copper, which is required for a functional cbb3[70]. In bacteria such as R. 
sphaeroides which is able to both express the A-type oxidase and C-type 
oxidase, under low oxygen conditions the A-type oxidases was repressed. 
This is partly due to the fnrL gene which is only expressed during 
microaerobic conditions or strictly anaerobic conditions, and this gene frnL 
stimulates the expression of CcoN[71].  

 
 

5.2 Structure 

The structure of the cbb3 from P. stutzeri [43] was solved in 2010 with all 
the four subunits CcoN, CcoO, CcoP and CcoQ present (Figure 6). The 
largest subunit, CcoN, related to the subunit I of aa3, is composed of twelve 
transmembrane helices[72]. The active site is buried in the subunit and is 
composed of a high-spin heme b3 and a CuB. Three conserved histidines 
are ligated to CuB, similar to other HCuOs. A major difference in C-type 
from the A- and B-type is that the tyrosine cross-linked to one of these 
histidines, is located on the helix-7 instead of in helix-8. Near the active 
site a low spin heme b is located with the role to transfer electrons to the 
active site. The low spin heme b is turned towards the heme b3 and has a 
flat ring structure, which creates van der Waals contacts to the heme b3. In 
the structure there are two Ca2+ ions with stabilizing roles, one of these 
Ca2+ is shown (orange) in Figure 6. This Ca2+ is coordinated by the heme 
propionates of both heme b and heme b3 and is also coordinated by residues 
in the subunit CcoO. A Ca2+ ion with similar interactions is present  also 
in NORs[43].  
The CcoO subunit has a molecular weight of 27 kDa and has a hydrophilic 
part located on the periplasmic side of the membrane and a transmembrane 
helix. In the hydrophilic part a heme c is located, which has the role to 
mediate electron transfer to heme b in CcoN[73].  
CcoP, like CcoO, has a hydrophobic part and a hydrophilic part. The 
hydrophilic part contains two hemes c, which have the role to receive 
electrons from electron donors such as cytochrome c[74] and to transfer 
the electrons to CcoO. In P. stutzeri CcoP has two transmembrane helices 
whereas in Rhodobacter caspulatus it presumably has only one 
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transmembrane helix[75]. The C-type oxidase from R. sphaeroides accepts 
electrons from either cytochrome c2 or the membrane-anchored 
cytochrome cy [76][77]. Studies have shown that CcoP is required for the 
stability of the enzyme as well as for the assembly and activity [78]. 

 
 
 

 
Figure 6: A) The C-type oxidase from P. stutzeri with the subunits CcoN (grey), 
CcoO (purple) and CcoP (blue). The K-pathway analogue starts at glutamate 49 
(E49), which is located in CcoP and goes via polar residues to the catalytic site 
situated in CcoN. The structure is from P. stutzeri (PDB ID 3MK7 [43]) but 
numbering of the residues corresponds to the V. cholerae cbb3. B) An enlargement 
of the residues located in the K-pathway analogue. The importance of the bold 
residues were investigated in Paper III. 

5.2.1 K-pathway analogue 
In contrast to the A-type oxidase the C-type oxidase has only one proton 
pathway, named the K-pathway analogue. This proton pathway has been 
studied in cbb3 from different bacteria such as R. sphaeroides and V. 
cholerae. The entrance of the proton pathway is at the glutamate E49 (V. 
cholerae cbb3 numbering, E25 in R. sphaeroides cbb3) which is located on 
the CcoP subunit. This glutamate is conserved and in variants with a non-
protonatable residue in the E49 position show that proton uptake is 
severely inhibited compared to wildtype [79][80]. The proton pathway 
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then continues via the polar residues S244, N293, Y321, and water 
molecules to the catalytic site. A branching point for protons where they 
either are transferred to the catalytic site or to the PLS, fulfilling the same 
role as the Glu-286 in A-type, is not yet identified in C-type oxidases. We 
were thus interested to find out which residues are important for the 
branching point in cbb3. The variants studied in paper III were Y321F, 
N293L and Y227F.  
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6 Cytochrome c dependent nitric oxide reductase 

Cytochrome c dependent nitric oxide reductase (cNOR) is a membrane 
bound enzyme that consists of two subunits, NorB and NorC (Figure 8). 
The structure of cNOR from Pseudomona aeruginosa was solved in 2010 
[52]. The enzyme reduces nitric oxide to nitrous oxide (Reaction 7), a key 
step in the denitrification chain. The enzyme is also able to catalyze the 
reduction of oxygen to water (reaction 8). The reduction potentials for 
oxygen and nitric oxide are similar, Eo = 0.82 V and 1.18 V respectively. 
 

 
 

2𝑁𝑂 + 2𝑒' + 	2𝐻) →	𝑁"𝑂 +	 𝐻"𝑂           reaction 7 
 

(𝑂" + 	4𝑒' + 4𝐻) → 2𝐻"𝑂)         reaction 8 
 
 

6.1 Structure 

NorC has a single α-helix that spans the membrane and a hydrophilic part 
in the periplasm. The hydrophilic part contains a heme c, which accepts 
electrons from cytochrome c or azurine. The NorC subunit has sequence 
similarity to the CcoO subunit of C-type oxidases. The NorB subunit is 
built by twelve transmembrane helices and is related to the catalytic 
subunit of the HCuO superfamily with some difference in the BNS. In 
cNOR, the BNS consists of a high-spin heme b3 and a FeB in place of the 
CuB in the O2-reducing family members. The heme b3 is ligated by one 
histidine while three histidine residues and a glutamate are ligands to the 
FeB ion. Near the BNS a heme b is located with the role to accept electrons 
from heme c (NorC) and transfer them further to the BNS. In contrast to 
other HCuOs, cNOR does not conserve the energy available from NO-
reduction (see E0 above) in the form of a transmembrane proton gradient; 
hence does not pump protons. Also, protons used for NO reduction (see 
reaction 7) and electrons are taken up from the same periplasmic side[81]. 
Based on the crystal structure as well as molecular dynamics three different 
proton channels were proposed[82][52]. Later mutagenesis experiments 
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showed however that only one of these was a functional proton 
channel[83]. cNOR from P. denitrificans expressed in E.coli shows an 
activity for nitric oxide reduction of 40-60 e-/s, similar to what is found in 
the native enzyme[84] and shows also oxygen reduction activity at ~2 e-

/s[85]. 

 

Figure 7: Structure of cytochrome c dependent (cNOR) from Pseudomonas 
aeruginosa (pbd ID 3O0R:[52]). cNOR consists of the subunits NorB (grey) and 
NorC (pink). The active site is located in NorB and contains heme b3 (brown) and 
FeB (red). The NorC has a heme c (red) with the role to transfer electrons to the 
active site via heme b (brown). Residues suggested to be involved in the pathway 
for NO to the active site[52] are marked in blue and the green residues are 
involved in transfer of protons[83].  

 

6.2 Mechanisms 

The reduction of nitric oxide to nitrous oxide has been studied by several 
groups and although lot of progress has been done there is still a debate on 
the exact mechanism. In the oxidized state the two metal ions in the active 
site are bridged by a μ-oxy species, and upon reduction the bridge is broken 
and water is released[86]. The debate is how the N-N bond is formed and 
three different mechanisms have been proposed; the trans-mechanism, the 
cis:b3-mechanism cis:Fetheand B- theInmechanism. trans

NO

H+

periplasm

Cytoplasm

NorC

NorB

Heme b
Heme b3

CuB
Ca2+

Heme c



20 

mechanisms[87][88][46], the two nitric oxide molecules bind one each to 
the FeB and to the heme b3 forming two Fe2+-NO species, as observed in 
freeze-quench experiments[89]. In the cis:b3-mechanism the two NO 
molecules bind consecutively to the heme b3[63], and in the cis:FeB-
mechanism the NO molecules bind to the non-heme iron as seen in the bo3 
oxidase[90]. NORs are also inhibited by their own substrate, NO, which 
has been observed at concentrations >5 µM and it is suggest that NO binds 
to the oxidized state of cNOR [84][91].  
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7 Supercomplex formation in mitochondria and in 
prokaryotes 

The function and structure of the respiratory complexes (RC) in the 
mitochondria are well known; however, the dynamics of the organization 
of the different complexes in the membrane is still unclear. In the early 60s 
the idea that all the respiratory complexes were organized into larger 
supramolecules was put forward. This model was based on the finding of 
higher order RC complexes in photosynthetic plants [92]. The view then 
shifted towards the fluid- state model, where the complexes diffuse in the 
membrane separately and freely[93]. The major consensus now is that the 
complexes are organized in dynamic supercomplexes. In mitochondria 
supercomplex formation between CI, CIII and CIV has been 
demonstrated[94]. The most common form is CICIII2CIV, but additional 
moieties of complex IV can be added to form CICIII2CIV2-4. These 
combinations of respiratory complexes are called respirasomes, since they 
contain all the necessary components to perform respiration[94]. High 
resolution structures of the supercomplexes have been obtained from 
mammalian mitochondria[95] and from bacteria such as Saccharomyces 
cerevisiae[96]. The possible advantages of having the respiratory 
complexes organized in supercomplexes are still under debate. It has been 
suggested that this facilitates substrate channeling between the 
complexes[97]–[99]. However, studies have shown that substrate 
channeling does not occur[99][100]. Another advantage of super complex 
formation could be minimization of reactive oxygen species (ROS) 
production[102], [103]. See [104]–[106] for reviews about the 
organization and discussion about the importance of supercomplexes.  
Supercomplex formation also exists in bacteria, one such example being 
the formation of a supercomplex between the bc1 complex and the aa3 
terminal oxidase. This supercomplex has been purified from P. 
denitrificans in 1985 [107], and using the mild detergent digitonin CI was 
also included[108]. The bacteria B. japonicum was shown to contain a 
supercomplex between bc1 and cbb3 [74]. In paper II we investigate 



22 

possible supercomplex formation between bc1-cbb3 as well as bc1-aa3 in 
R. sphaeroides.  
Another variant of the respiratory chain is found in gram positive bacteria 
such as Corynebacterium glutamicum[109] and Mycobacterium 
smegmatis[110]. These lack soluble cytochromes c and instead have an 
obligate supercomplex between the aa3 and a special bc1 complex that 
contains an additional heme c (termed the bcc complex). Cryo-EM 
structures of this supercomplex from M. smegmatis were recently 
resolved[111][112]. It has also been proposed that supercomplexes form 
in the denitrification pathway in bacteria such as P. aeruginosa[113]. 
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8 Nitric oxide  

Nitric oxide is a colorless gaseous free radical. Due to its properties the 
molecule is highly reactive and thus reacts with DNA/RNA causing 
mutations[114]. The molecule also reacts with transition metals such as 
iron. In the environment nitric oxide is known to cause acidic rains as well 
as depletion of the ozone layer. Although toxic the molecule plays an 
important role in mammalian cell physiology, where it acts as a signal 
molecule causing blood vessel dilatation, a discovery rewarded with a 
Nobel prize in 1998[115]. Nitric oxide is produced by nitric oxide synthase 
(NOS) from L-arginine. NO also plays an important role in the immune 
system, where it is produced by activated macrophages and participates in 
the defense against microbes[116].  

8.1 Nitric oxide and heme-copper oxidases 

As described earlier, NORs as well as B-, and C-type oxidases are, in 
contrast to the A-type oxidase[117] able to catalyze the anaerobic 
reduction of nitric oxide to nitrous oxide. Due to the ability of NO to bind 
strongly to transition metals such as iron, nitric oxide reversibly inhibits 
oxygen activity for both A-type and C-type oxidase[118]. The influence of 
NO on mitochondria has been extensively studied and it is known that the 
respiration is affected by the presence of NO. Reaction between nitric 
oxide and cytochrome c oxidase occurs at the binuclear site. The binding 
of nitric oxide occurs fast and with a high affinity, resulting in a stable 
Fe2+- NO adduct. Nitric oxide is also able to bind to the CuB in the binuclear 
site, in this reaction nitric oxide is oxidized to nitrite, which is released 
from the active site and thus the inhibition by NO is released[119]–[121].  
 

8.2 Helicobacter pylori 

The pathogen H. pylori exists in the stomach where it inhabits the mucous 
layer overlaying the human gastric epithelium, and is known to cause 
gastric ulcer and gastric cancer. The discovery that H. pylori causes gastric 
ulcer was awarded a Noble prize in medicine in 2005. The bacterium is 
gram negative and grows under microaerophilic conditions. H. pylori has 
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a simple respiratory chain and like several pathogenic bacteria, expresses 
only one terminal oxidase, the C-type oxidase[122] as well as a single 
cytochrome c (c553)[123]. This makes the C-type oxidase a good drug 
target for combatting antibiotic-resistant strains of H. pylori. In the human 
upper gastro-intestinal tract the level of nitric oxide is very high at around 
5 µM[124] and this together with the low pH in the stomach allows very 
few bacteria to survive this harsh environment. It is not entirely clear how 
the H. pylori is able to survive these NO concentrations but in intact H. 
pylori cells, oxygen consumption has been shown to be unaffected by the 
presence of NO and an insensitivity of the cbb3 to NO was suggested as 
part of the reason for this[125]. Therefore, it was of interest to study the 
effect of NO on the purified H. pylori C-type oxidase. In paper IV we 
have characterized the C-type oxidase from H. pylori, focusing on its 
interactions with nitric oxide. 
 

8.3 Controlling the level of nitric oxide in denitrifying cells 

P. denitrificans can easily switch between oxygenic respiration and 
denitrifying processes when the conditions change, and thus the organism 
is a good model system for both processes[4][126]. The switch between 
the conditions needs to be tightly controlled, partly because oxygen 
respiration yields both higher ATP production and growth but also to avoid 
high concentrations of NO. The switch to denitrification occurs only when 
the O2 level is low and there are N-oxides present[127]. The genes in the 
denitrification pathway, nar, nir, nor and nos are clustered together[128] 
and are controlled on the level of transcription[129]. In P. denitrificans 
there are three regulatory proteins that control the switch between aerobic 
respiration and denitrification, and these are NarR, NnrR and FrnP. NnrR, 
in response to nitric oxide, activates the expression of NiR, NOR and 
N2OR and hence facilitates denitrification. It has also been proposed that 
supercomplexes exist in the denitrification pathway in bacteria such as 
Pseudomonas aeruginosa[113]. One such possible supercomplex is that 
between cd1NiR and cNOR, and such a supercomplex or rather a co-
complex of purified components from P. aeruginosa, has been 
crystallized[130]. In this work, it was suggested that accumulation of nitric 
oxide is avoided by nitric oxide leaving from the active site in cd1NiR 
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being transferred via the membrane directly to the catalytic site of cNOR 
(Figure 9).  
 

 
Figure 9: Co-complex of cd1NiR (green/light blue) and cNOR (grey/pink) from 
P. aeruginosa (PDB ID: 5guw)[130]. In cNOR the residues suggested to be 
involved in the pathway for NO to the active site[52] are marked in blue. Shown 
are also the Glu E119 (pink) on cNOR and Arg 71 (green) on cd1NiR involved in 
a salt-bridge interaction. Picture modified from paper I. 

8.4 Cytochrome cd1 nitrite reductase  

Cytochrome cd1 nitrite reductase (cd1NiR) was first purified from P. 
aeruginosa[131] and was first considered to be an O2-reductase due to its 
capability to catalyze this reaction. Later on it was shown that the enzyme 
also could reduce nitrite to nitric oxide (Reaction 9), and that this was the 
actual physiological role of the enzyme[132]. The enzyme has been 
purified from P. denitrificans[133] and from Paracoccus pantotrophus in 
1993[134] and was successfully crystallized in 199[135].  
 

     𝑁𝑂"' 	+ 2𝑒' + 2𝐻) → 𝑁𝑂 + 𝐻"𝑂 reaction 9 
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The enzyme is a soluble dimer of 120 kDa, each monomer consisting of a 
small and a large domain (Figure 10). In P. aeruginosa the dimer 
dissociates into monomers only at high pH or at strong succinylation [136] 
[137]. The small domain is built by α-helices carrying a heme c, with the 
role to accept electrons from cytochrome c551, c550 or from azurine and 
pseudoazurine[138]. The large domain is built up by eight blade-shaped β-
sheets, which form a so-called β-propeller. In this domain a heme d1 is 
bound, being unique for this type of enzymes. Electrons are transferred 
from heme c to heme d1, where nitrite binds and is reduced to nitric oxide.  

 
Figure 10: Cytochrome cd1 nitrite reductase (cd1NiR) from P. pantotrophus 
(PDB ID: 1QKS[135]) is a soluble homodimer. Each monomer (pink and grey) 
contains a small and a large domain. In the small domain a heme c (red) is 
located, which accepts electrons and transfers them to the heme d1 (brown) 
located in the larger domain. The reduction of nitrite occurs at the heme d1. 

In the oxidized state the heme c is bound to two histidine residues, and the 
heme d1 is bound to one histidine and one tyrosine. Upon reduction a ligand 
switching occurs, so that the heme c becomes bound to histidine and 
methionine. In the large domain, the reduced heme d1 becomes penta-
coordinated allowing nitrite to bind[139]. The heme d1 has only been found 
in this type of enzymes and is unique in its capability to release nitric 
oxide[140]. The release of the NO product is  not facile, since it binds 
tightly to heme groups, especially when they are in the ferrous state[141].  
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9 Present investigations 

9.1 Paper I 

The toxic molecule nitric oxide, NO, is formed as an intermediate in the 
denitrification pathway, produced from the reduction of nitrite, NO2

-, by 
cd1NiR and further reduced to nitrous oxide N2O, by cNOR. One way for 
the bacterium to protect itself from high levels of NO would be to form a 
complex between cd1NiR and cNOR. In such a complex, nitric oxide 
leaving the active site of cd1NiR could transfer via the membrane to the 
active site of cNOR, thereby lowering the level of nitric oxide released in 
the cell. Such a complex has been co-crystallized from purified P. 
aeruginosa components[130]. In the co-complex crystal structure, the 
main interaction between cd1NiR and cNOR is provided by arginine 71 
(R71) of cd1NiR and glutamate 119 (E119) of cNOR. Our aim in paper I 
was to investigate if such a complex forms between the enzymes cd1NiR 
and cNOR in P. denitrificans and if so, if this interaction influences the 
catalytic activity of the two enzymes.  
 
In paper I we found that: 

 
• A dynamic cd1NiR-cNOR complex with rather low affinity is 

formed 
• Addition of cd1NiR inhibits electron donation to cNOR by binding 

to the same site in cNOR as the electron donor 
• The dimerization constant of cd1NiR is affected by the presence of 

cNOR 
 
Effect of cd1NiR on cNOR activity and of cNOR on the dimerization 
constant of cd1NiR 
We investigated if addition of cd1NiR influences the activity of cNOR and 
found that in the presence of cd1NiR, the activity of cNOR was affected in 
two ways: The maximum rate of NO reduction was decreased by 50 % and 
the substrate inhibition phase was extended at least twofold (Figure 10). 
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Figure 10: An NO-sensitive electrode was used to determine the activity of 
cNOR. The solution was made anaerobic by the glucose/glucose oxidase/catalase 
method. Saturated NO was added in 5 equal steps (10 µM in each step). Electron 
donors (sodium ascorbate, TMPD and cyt. c) were added in order to record the 
background. cNOR was added to initiate the reaction as indicated by an arrow. 
The maximum activity of cNOR was calculated at ~5 µM NO due to substrate 
inhibition[142]. This figure represents a typical trace (black) of cNOR activity. 
When cd1NiR (red) is present the cNOR activity is decreased, and substrate 
inhibition is elongated.  
 
We investigated this further and therefore measured the activity of cNOR 
at different concentrations of cd1NiR (Figure 11). Our results showed that 
the activity initially decreased and reached maximal inhibition at a 
concentration of cd1NiR equimolar to cNOR, ~40 nM. However, when the 
concentration of cd1NiR is higher than 40 nM, the activity of cNOR is 
gradually regained. This is a reproducible observation and suggests 
complexity in the interactions made (see below).   
We also found that cd1NiR not only had effect on the activity of cNOR, 
but also on the substrate inhibition (figure 11). This was investigated 
further by plotting the concentration of NO at kmax/2 (when half maximum 
activity is reached) as a function of added cd1NiR, referred to as the 
apparent inhibition constant Ki

app. The value of Ki
app became saturated at 

~40 nM cd1NiR. It thus appears that some form of interaction between 
cd1NiR and cNOR remains even when the activity of cNOR is recovered 
(Figure11).  
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Figure 11: The influence on cNOR activity (black) of the presence of increasing 
concentrations of cd1NiR. At low concentrations of cd1NiR the cNOR activity is 
inhibited. When cd1NiR is in excess the activity is regained and maximum 
inhibition is reached at equimolar concentrations (~40 nM cd1NiR). The blue 
curve indicates at which [NO] cNOR activity has reached half of kmax (referred to 
as apparent Ki

app) as a function of added cd1NiR. This curve correlates with the 
decreased activity of cNOR up to ~40 nM added cd1NiR and the Ki

app saturates. 
Figure adapted from paper I. 

We speculated that the complex behavior of adding cd1NiR as shown 
above could perhaps be related to the dimerization of cd1NiR. This was 
investigated further by determining the dimerization constant for cd1NiR 
alone and in the presence of 40 nM cNOR. The procedure was to attach a 
fluorescence dye (ATTO dye) to cd1NiR and measure the fluorescence 
intensity in the form of counts-rate per molecule (CPM) using 
Fluorescence correlation spectroscopy[143]. We found that we could 
observe cd1NiR dimerization in the relevant concentration range and the 
KD for this process was determined to 3.5 nM. We further found that 
cd1NiR dimerization was influenced by the presence of cNOR such that 
the cd1NiR dimerization KD increased to 5.2 nM in the presence of cNOR. 
It is thus clear that the two enzymes cd1NiR and cNOR influence each 
other, cd1NiR influencing the activity of cNOR, and cNOR influencing the 
dimerization of cd1NiR. As the effect on cNOR activity by cd1NiR 
indicates a complex of cNOR with the monomer of cd1NiR, such a 
dynamic complex between the two enzymes could be most relevant when 
the concentrations of the denitrification enzymes are low during 
fluctuations between the aerobic and anaerobic states.  
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Electron donation to cNOR is inhibited in the presence of cd1NiR 
In order to study electron donation to cNOR, we reconstituted cNOR in 
soybean lipid proteoliposomes to mimic the natural environment. We 
added cd1NiR in a concentration that inhibited the activity of cNOR by 50 
% and titrated in different electron donors. Our results showed that the 
binding of cyt. c is not affected by the presence of cd1NiR, but that the 
interaction with N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) is. 
This indicates that the electron flow from TMPD to cNOR is inhibited by 
cd1NiR binding and that there might be several TMPD interaction sites on 
the surface of cNOR.  
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9.2 Paper II 

Supercomplex formation has been observed between the bc1 and aa3 in 
both mitochondria as well as in bacteria. The gram-negative bacteria R. 
sphaeroides can express a respiratory chain very similar to mitochondria 
and is thus a model organism for studies of aerobic respiration. R. 
sphaeroides is able to express different HCuO-members[23]; the A-type 
oxidase is expressed at high aeration[144], whereas the C-type oxidases 
are expressed under low oxygen  conditions[28]. Mitochondrial respiration 
expresses one cyt. c, whereas R. sphaeroides is able to express either a 
membrane anchored cytochrome cy (MA-cy) or soluble cytochrome c2 and 
both can deliver electrons to both the A- and C-type oxidases[76] [77]. Our 
aim in this paper was to investigate possible supercomplex formation 
between bc1-aa3 and bc1-cbb3 in R. sphaeroides and the possible role of the 
membrane anchored cytochrome c in such complexes. 
 
We found that 

 
• A supercomplex between bc1 and aa3 with involvement of the 

MA-cyt cy could be purified from Rhodobacter sphaeroides 
• This complex has coupled quinol oxidase/O2-reductase activity 

• There was no significant evidence for supercomplex formation 
of bc1-cbb3 

 
Support of bc1-aa3 supercomplex formation 
For the bc1-aa3 two different forms of this supercomplex (SC) were 
purified, one with a His-tag on bc1 and one with a His-tag on aa3. 
According to blue native PAGE and size exclusion chromatography 
(SEC), a heme-containing species of approximately 500 kDa was 
identified. Functional studies with the goal to investigate if bc1-aa3 in the 
supercomplex were kinetically linked showed that both forms had oxygen 
reducing activity upon addition of quinol. This indicates that electrons are 
transferred without interruption from bc1 to aa3, and we also found 
evidence for the involvement of the membrane anchored cyt. cy in this 
complex. 
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Possible formation of a bc1-cbb3 supercomplex 
The MA-cy is also able to shuttle electron between bc1 and cbb3 [76]. 
Therefore, we investigated the possibility of a supercomplex between bc1-
cbb3. However, using similar techniques as above, we found no strong 
evidence for such a supercomplex.  
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9.3 Paper III 

The transfer of protons in C-type oxidase occurs through one pathway; the 
K- pathway analogue. This pathway delivers protons both to the catalytic 
site and for pumping across the membrane. The mechanism of proton 
transfer in C-type oxidase is still poorly understood, in particular where the 
branching point whereby protons either are delivered to PLS or to the 
catalytic site is located within the pathway. In paper III our aim was to 
investigate the mechanism of proton transfer in the C-type oxidase in V. 
cholerae with the focus to identify this branching point. Residue Y321 is 
located close to the catalytic site, and variants of this residue resulted in a 
complete loss of enzyme function, and this residue had been suggested as 
a possible branching point [145]. The variants N293L and Y227F showed 
decreased catalytic activity, 12 % and 50 % respectively, compared to 
wildtype[80][41].  
 
In paper III we found that  

• We could identify an internal proton donor (XH) in the KC proton 
pathway of cbb3 in V. cholerae 

• This proton donor has a high pKa (>10 in wildtype) and we suggest 
it acts a branching point for protons to be either pumped or used 
for water formation 

• Alterations of residues around XH had effects on the ability to form 
a membrane potential   

• Either Y321 or Y321 together with N293 and water molecules are 
good candidates for the branching point  

 
In this work the flow-flash technique was used to study the mechanism in 
single turnover reaction. Briefly, cbb3 is fully reduced in a CO 
environment. The role of CO is to bind tightly to the heme group in the 
active site, thereby preventing oxygen from binding. The CO-bound 
sample is mixed with an oxygenated solution and a short laser-flash is 
applied, which leads to dissociation of CO from the active site, allowing 
oxygen to bind. The oxidation of the heme groups is monitored by changes 
in absorbance at defined wavelengths. Since the C-type oxidase has c and 
b hemes, we monitored absorbance changes at wavelengths characteristic 
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for these hemes; at 420 and 550 nm for heme c and at 430 and 560 nm for 
heme b.  

Role of the residues in the proton pathway 
In the single turnover measurements, the variant Y227F showed biphasic 
kinetics for the heme c oxidation; where the first phase was as fast as the 
wildtype, whereas the second phase was slower. Heme c oxidation is 
linked to proton uptake from solution, so the biphasic nature of the heme c 
oxidation suggests that several proton pathways are present.  The N293L 
variant showed a pH-dependence for heme c oxidation in contrast to the 
wildtype. The apparent pKa value was shifted from >10 in the wildtype to 
<9 in the variant. This suggests that this mutation affects the pKa value of 
an internal proton donor (XH) and hence slows down the reprotonation. A 
high pKa value for the branching point is essential to have a fast and 
irreversible reprotonation during the catalytic cycle. The branching point 
in the A-type heme-copper oxidase is ascribed to the Glu-286 with a pKa 
value of 9.4[23]. In the B-type, the branching point has been measured to 
have a pKa of 8.2[146], but no specific amino acid has been assigned. The 
measurements of variant Y321F revealed that proton uptake from bulk was 
inhibited but there was still partial oxidation on heme c, which can be 
explained by back leakage of protons from the PLS. We suggest that this 
behavior is linked to the low steady state activity (1 % of wild type) as well 
as to the effect on proton pumping (see below).  
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Figure 12: The K-pathway analogue in C-type oxidase. The bold residues were 
studied in paper III. The arrow indicates the proposed pathway of transferring 
protons and XH denotes an internal proton donor identified n paper III. This XH 
presumably has a high pKa value to provide irreversible reprotonation of the 
active site as well as to the proton loading site (PLS) during the catalytic cycle.  

We also reconstituted the wildtype and variant cbb3s into proteoliposomes 
and measured the RCR (see section 3.1). Wildtype showed an RCR value 
of 5. The variants N293L and Y321F had RCR values of 1.2 and 1.6, 
respectively, while the variant Y227F had an RCR value of 2. Since a low 
activity is usually linked to a low RCR because of competition with proton 
leakage, the low RCR–value in N293L, compared to Y321F which has a 
lower turnover activity, indicates that there is a severe decoupling of the 
pump in N293L. The low RCR value and the altered pH dependence in 
N293L indicates that N293 is more important for controlling the pKavalue 
of the internal proton donor (XH) than Y227. This implies that the residue 
N293 is a crucial residue in the proton pathway.  
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9.4 Paper IV 

The C-type oxidase is expressed in many different pathogens such as H. 
pylori. H. pylori uses only C-type oxidase for respiration, which is thus an 
interesting enzyme to study and might be a drug target for treating H. pylori 
infections which are known to cause gastric ulcer and gastric cancer[147]. 
Since H. pylori is pathogenic and difficult to cultivate in larger liquid 
cultures it is of interest to investigate the possibility to express the C-type 
oxidase from H. pylori in a different host in order to increase the amount 
of enzyme. Our aim in paper IV was to heterologously express, purify and 
characterize the C-type oxidase from H. pylori with the focus on 
investigating its interactions with nitric oxide.   
 
In paper IV we 

• Successfully expressed and purified the H. pylori cbb3 from 
Vibrio cholerae 

• Showed that the enzyme has a high O2 reduction activity of 
~200 e-s-1 

• Showed that the H. pylori cbb3 also has nitric oxide reduction 
activity  

• Showed that nitric oxide reversibly inhibits the oxygen 
consumption of H. pylori cbb3 
 

Cloning, expression and purification of H. pylori cbb3 

The expression of C-type oxidase requires specific genes for both 
assembly and function therefore we chose hosts that endogenously express 
a C-type oxidase, V. cholerae and R. sphaeroides. The genes ccoNOQP 
from H. pylori were heterologously expressed in V. cholerae by inserting 
them in a pBAD vector with an arabinose induced promotor. The construct 
was then transformed into V. cholerae cells which lack ccoN. Purification 
of H. pylori cbb3 was performed by first applying solubilized membranes 
to a Ni-NTA column, followed by a second purification step using an anion 
exchange column. Activity measurements for the oxygen consumption was 
determined to 100-200 e-/s similar to what we found in native membranes 
from H. pylori. These values are also similar to those reported for purified 
native H. pylori cbb3 [59]. The enzyme also showed nitric oxide reductase 
activity, which was determined to ~1 e-/s.  
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Oxygen activity in H. pylori cbb3 is reversibly inhibited by nitric oxide 
Upon addition of nitric oxide to purified H. pylori cbb3, oxygen 
consumption was reversibly inhibited (Figure 13), similar to other C-type 
and A-type oxidases[118].  
 

 
Figure 13: A: The figure shows the effect of NO on the oxygen activity of the H. 
pylori cbb3. NO, at various concentrations, was added at 200 μM oxygen. Upon 
addition of NO the oxygen activity is inhibited, but the activity is slowly regained 
and reaches up to 50 % of the initial activity. B) The inhibitory effect of NO on 
the activity of cbb3 at both 200 µM (black) and 60 µM (red) O2. The apparent IC50 
was determined to 20 nM for 200 μM O2 and ~2 nM for 60 μM O2. The IC50 was 
determined as described in Paper I. 

We then determined the concentration of NO that gives half original 
activity (the apparent IC50) by adding different concentrations of NO at 
200 μM O2 (Figure 13B). The results showed that NO strongly and 
reversibly inhibits the oxygen activity, and already at ~50 nM of NO the 
activity was nearly completely inhibited. At lower O2 (60 µM), the effect 
of NO is even stronger, consistent with the competition between O2 and 
NO observed previously[118]. Another effect was that the activity after 
recovery only reached 50 %, lower than in other C-type oxidases [118]. 
This is probably an effect of the strong inhibition of nitric oxide. Our 
results also clearly show that there is no ‘non-sensititivity’ towards NO in 
the H. pylori cbb3 that takes part in the mechanism why intact H. pylori 
cells are resistant to NO as suggested previously[125] 
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10 Outlook and future perspective 

In this thesis I have investigated enzymes involved in the respiratory chain 
and in the denitrification pathway. The focus has been to gain more 
knowledge into the reaction mechanisms but also to know if enzymes are 
forming a supercomplex to increase efficiency of substrate/product 
handling during the chain reaction. In paper I we found that cd1NiR and 
cNOR in P. denitrificans influence each other, affecting catalysis of cNOR 
and dimerization of cd1NiR. We found no strong evidence for a 
supercomplex during active denitrification, but such a supercomplex might 
form in the transition state between aerobic respiration and denitrification. 
This might be of importance when the environment rapidly fluctuates 
between the two states. For future studies of this idea, one could isolate the 
monomeric form of cd1NiR and find conditions for the complex formation 
with cNOR. In paper II we found evidence of a supercomplex formation 
between bc1 and aa3 but not between bc1 and cbb3 in R. sphaeroides. Such 
a specific supercomplex formation suggests that this may be important 
during aerobic conditions. The cbb3 is expressed during low oxygen 
conditions and supercomplex formation might not play such an important 
role during these conditions. In future studies one could explore the 
possible advantage of the bc1-aa3 supercomplex and investigate ROS 
production. In paper III we studied the C-type oxidase with the focus on 
proton transfer. Our studies gave new knowledge on the mechanism of 
proton transfer in cbb3 by identifying the branching point in the pathway. 
This suggests that each member of the HCuO-family has a unique solution 
for the transfer of protons. Future studies are needed to fully understand 
the details of proton transfer and in particular proton pumping in B- and C-
type oxidases. In paper IV we successfully expressed and purified cbb3 
from H. pylori and found that it is inhibited by nitric oxide whereas intact 
H. pylori cells are able to perform respiration in the presence of nitric 
oxide. Future studies would be to determine the structure of the enzyme 
and find specific drug candidates that inhibit the activity of cbb3 and not 
the A-type oxidase of the human host.  
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11 Populärvetenskaplig sammanfattning 

Organismer såsom växter, djur, människor och bakterier kräver energi för 
att leva. Växter använder solen som energikälla tillsammans med vatten 
och koldioxid för att producera kolhydrater och syre i en process som heter 
fotosyntesen. Människor och djur använder kolhydrater i sin tur som 
energikälla. Ur kolhydrater extraheras elektroner, som används i en 
process som kallas för andningskedjan och är lokaliserad i en del av cellen 
som benämns mitokondrien. I mitokondrien finns det proteiner, bundna till 
membranet, som har rollen att transportera elektronerna till dess slutgiltiga 
destination, som är syre. Samtidigt som denna process sker överför samma 
proteiner vätejoner från en sida till den andra sidan av membranet. 
Vätejonerna bildar en gradient, som i sin tur används för att producera en 
molekyl som heter ATP. Denna är cellens energimolekyl och behövs till 
många processer i cellen, som gör cellen levande. Syret omvandlas till 
vatten av ett protein som heter Cytokrom c oxidas, som också är lokaliserat 
i mitokondrien. Vätejonerna tas upp av proteinet i specifika kanaler och 
används, dels till att bilda vatten av syre, dels till att transporteras över till 
andra sidan av membranet. Cytokrom c oxidas hos mitokondrien har två 
vätejonkanaler, som är döpta till D-kanalen och K-kanalen. D-kanalen har 
som uppgift att transportera vätejoner både till andra sidan av membranet 
och till syret. K-kanalen transporterar endast vätejoner till syret. Denna 
process, i vilken vätejoner transporteras i mitokondrien, vet man mycket 
om men inte lika mycket hos vissa bakterier. Bakterier är mycket mindre 
celler än vad de som finns i växter och djur, således har de inga 
mitokondrier. Andningskedjan hos bakterier finns i deras cellmembran. 
Deras andningskedja kan både se lika dan ut som hos mitokondrien men 
den kan också variera. En del bakterier använder en annorlunda variant av 
Cytokrom c oxidas än den som finns i mitokondrien. Denna variant, kallad 
för C-typ, är oftast aktiv vid låga nivåer av syre och finns endast i bakterier. 
C-typ oxidaset har bara en vätejonkanal, där vätejonerna både 
transporteras till syret och till andra sidan av membranet. Denna 
vätejonkanal har en delningspunkt, där vätejonerna delar på sig för sina två 
olika funktioner, men var denna punkt befinner sig vet man inte. I min 
avhandling har jag tagit reda på var denna punkt finns i proteinet och vilken 
eller vilka aminosyror som bildar denna punkt. Helicobacter pylori är en 
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bakterie som har ett C-typ oxidas. Denna bakterie orsakar magsår, som 
medicinskt behandlas med antibiotika. Eftersom H. pylori är patogen och 
svårodlad i större volymer, har jag i min avhandling uttryckt och renat fram 
C-typ oxidaset från H. pylori i en annan bakterie, vilket möjliggör framtida 
studier. De framtagna kunskaperna ger inte bara en ökad förståelse av 
mekanismerna för energiutvinning hos bakterien, men kan också ligga till 
grund för framtagande av nya läkemedel mot H. pylori, då den kan 
utveckla antibiotikaresistens. Detta läkemedel skulle isåfall riktas specifikt 
mot C-typ oxidaset, varvid all energiomvandling i bakterien upphör. Det 
skulle stoppa bakterien från att föröka sig. Jag har också studerat hur 
bakterier kan få energi utan syre. Vissa bakterier har nämligen en förmåga, 
till skillnad från djur och människor, att leva strikt under anaeroba 
förhållanden, dvs ”fritt från syre”. De kan också växla mellan att andas 
med syre och att andas fritt från syre. I det senare fallet använder de sig 
istället av till exempel nitrat som energikälla. För att bakterien ska få ut 
energi, måste nitrat omvandlas till kvävgas i en process som kallas för 
denitrifikation. I denna omvandlas nitrat stegvis via nitrit, kvävemonoxid, 
och dikväveoxid (lustgas) till kvävgas. Varje steg i denna process sker med 
hjälp av ett specifikt enzym. I min avhandling har frågeställningen 
gällande denna process varit hur bakterien klarar kvävemonoxid, som är 
en väldigt reaktiv molekyl och i höga halter skadligt för cellen. Jag har 
arbetat utifrån hypotesen att det enzym som omvandlar nitrit till 
kvävemonoxid och det enzym som i sin tur omvandlar kvävemonoxid till 
dikväveoxid bildar ett komplex med varandra. Detta skulle iså fall 
förhindra att kvävemonoxid läcker ut i cellen genom att det snabbt slussas 
vidare i processen. Jag har då funnit att det under normala förhållanden 
inte finns något stabilt komplex mellan de två aktuella enzymerna när de 
finns i höga halter, men att enzymerna skulle kunna bilda ett komplex när 
bakterien övergår mellan att andas syre till att andas ”fritt från syre”.  
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