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Abstract 

Heme-copper oxidases are transmembrane proteins that are found in aerobic 
and anaerobic respiratory chains. During aerobic respiration, these enzymes 
reduce dioxygen to water. The energy released in the reaction is used to 
transport protons across a biological membrane. Stored as proton 
electrochemical gradient, the energy can be used to regenerate ATP. It is 
known that aa3 oxidases, which are the most common oxidases, transport 
pumped protons and protons used for the catalytic reaction using two proton 
pathways. However, the molecular mechanism of pumping is still being 
debated. 
When oxygen is available in very small quantities, oxygen reductases with 
high affinity for oxygen are expressed by organisms like Thermus 
thermophilus that have been found deep under water at thermal vents. The 
proton pumping mechanism in the ba3 oxidase is slightly different from that 
of aa3 oxidases as this enzyme only uses a single proton uptake pathway.  
Here we analyzed the reaction mechanism of ba3 oxidase and found 
evidence that the first proton taken up by the four-electron reduced ba3 
oxidase is transferred to a site distant from the catalytic site, the pump site, 
and that only every second proton taken up from solution is pumped. Data 
obtained from studies using site-directed mutagenesis and flow-flash 
spectroscopy suggest a probable location of the pump site. 
Under anaerobic conditions, some organisms are able to generate a proton-
motive force using nitrate and nitrite as electron acceptors. In this process, 
the cytotoxic reaction intermediate nitric oxide is produced. Nitric oxide 
reductase (NOR), a deviant heme-copper oxidase that reduces NO to the 
rather harmless N2O, does not pump any protons. The catalytic mechanism 
of nitric oxide reduction by NOR is very poorly understood.   
Here we demonstrate that substrate inhibition, which occurs in this enzyme 
above 5 µM NO, can already be observed before the electrons from the low-
spin hemes can re-distribute to the active site. Furthermore, we found that a 
single specific proton pathway is used for proton-transfer leading from the 
periplasm to the active site. 
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Abbreviations and nomenclature 

active site dinuclear reaction center heme b3 and FeB for NOR 
or binuclear reaction center heme a3 and CuB for ba3 
oxidase 

CuA dinuclear copper center in subunit II of ba3 oxidase 
CuB copper in the binuclear reaction center in subunit I 

of ba3 oxidase 
FeB iron in the binuclear reaction center in subunit I of 

nitric oxide reductase 
E’0 standard redox potential 
HCuOs heme-copper oxidases 
NOR nitric oxide reductase 
k rate constant (τ-1) 
τ time constant (k-1) 
n-side the more negative side of the membrane 
p-side the more positive side of the membrane 
NdYAG neodymium-doped yttrium aluminium garnet 
NorBC subunit B and subunit C of cNOR. 
PLS proton loading site 
pmf proton-motive force 
  
  
 
The amino acid numbering is based on the primary sequence of Paracoccus 
denitrificans or Pseudomonas aeruginosa cNOR, or Thermus thermophilus 
ba3 oxidase. 
 
D372 denotes aspartate 372 
E15II denotes glutamate 15 of subunit II 
D372I substitution of aspartate 372 by isoleucin 
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Introduction 

Photosynthetic organisms like cyanobacteria and plants can utilize photons 
and water to separate charges across biological membranes. During 
photosynthesis, water is oxidized, yielding protons and molecular oxygen 
and in the process charges are separated across a membrane. In this way, 
energy is temporarily stored as a charge separation and can subsequently be 
used in the synthesis of organic (macro-) molecules.  
 
Non-photosynthetic organisms, can acquire energy by degradation of 
complex molecules, e.g. from photosynthetic organisms, and store the free 
energy released in the process – also in this case as a charge separation 
across biological membranes. Integral membrane proteins facilitate this 
charge separation. The energy stored in the electrochemical gradient is used 
for example to synthesize ATP, which is a ubiquitous energy carrier in cells. 
The driving force of the aerobic catabolic reactions, leading to a charge 
separation, is the reduction of oxygen to water, which releases a significant 
amount of energy. The coupling between reduction of oxygen and charge 
separation takes place in enzymes of the respiratory chain. In the last step of 
this reaction cascade of reactions, an enzyme transfers electrons and protons 
to oxygen. This process results in the release of a significant amount of free 
energy. Electrons and protons are taken from opposite sides of the 
membrane, which conserves part of this free energy. In addition, protons are 
pumped across the membrane, also contributing to the electrochemical 
gradient. In mitochondria, the cytochrome c oxidase catalyzes this final step. 
In Thermus thermophilus, which has been found near hydrothermal vents 
with low concentrations of oxygen, a ba3-type oxidase catalyzes the same 
reaction.  
 
How exactly the proton-motive force (pmf) is generated in these different, 
but similar enzymes and the underlying molecular mechanisms are still 
being debated. This work is one puzzle piece on the way to a better 
understanding of the mechanisms and processes involved. 
 
In environments deprived of oxygen, electrons can, for example, be 
transferred to nitrate or nitrite instead of oxygen in a process called 
denitrification. During this anaerobic type of respiration a proton 
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electrochemical gradient is established in a similar way as during aerobic 
respiration but using a different electron acceptor. In the chain of reactions 
that take place during denitrification, the cytotoxic reaction-intermediate 
nitric oxide is formed, which has to be further reduced by nitric oxide 
reductase (NOR) to avoid the buildup of this toxic gas. Therefore, nitric 
oxide reductase has a high affinity for NO and reduces it to N2O. In this 
particular step of the chain no electrochemical gradient is built up although 
there is a significant amount of energy released in the reaction. However, 
overall denitrification does indeed maintain a proton electrochemical 
gradient across a biological membrane.  
 
NO is also released in the mammalian cellular immune response. Pathogens 
can express NOR to detoxify NO. It can be speculated that the NOR from 
Paracoccus denitrificans has evolved to metabolize small concentrations of 
NO quickly rather than efficiently using the energy released in the process. 
 
Both NOR and ba3 oxidase, as well as cytochrome c oxidase in 
mitochondria, belong to the superfamily of so-called heme-copper oxidases 
(HCuOs). In these enzymes the oxidation states of the heme and metal 
cofactors, as well as the proton concentration in solution during enzymatic 
turnover, can give rise to UV/Vis and NIR absorbance signals, which can be 
monitored using laser flash photolysis spectroscopy combined with the 
stopped-flow method.  
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Generation of a proton-motive force 
During aerobic respiration in mammalian mitochondria, NADH donates 
electrons to complex I of the respiratory chain. The electrons ultimately flow 
via a series of enzymes (Figure 1) towards molecular oxygen. Overall, this 
flow of electrons is directly and indirectly coupled with proton-transfer 
across the membrane against the electrochemical gradient. 
Both, electrons consumed on the positive side (p-side) of the membrane and 
protons transferred from the more negative side (n-side) to the p-side, 
contribute to maintaining the pmf, which consists of the electrical gradient 
ΔΨ and the chemical gradient ΔpH. Peter D. Mitchell proposed in 1961 [3] 
that the generation of ATP in respiring cells is linked to proton-transfer with 
the gradient, across the membrane. ATP is generated from ADP and 
phosphate by the membrane-integral rotary ATP synthase, which uses this 
gradient as the driving force. 

Aerobic respiration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Enzymes of the electron transport chain are located in the cytoplasmic 
membrane of prokaryotes or in the inner mitochondrial membrane in 
eukaryotes. In both cases electrons are transferred from redox equivalents on 
the n-side (cytoplasm or mitochondrial matrix) to a terminal electron 

Figure 1: Complexes of the respiratory chain and ATP synthase. Electrons from 
NADH and succinate enter via Complex I and Complex II from the n-side of the 
membrane. The quinone shuttle (Q/QH2) transfers electrons and protons between the 
complexes in the hydrophobic membrane. While the electrons flow ‘energetically 
downhill’ and reduce oxygen to water in Complex IV, protons are transferred 
against the gradient to the p-side across the membrane. The proton-motive force 
generated (ΔµH+) is used by ATP synthase, to synthesize ATP from ADP and Pi.  
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acceptor. In the process, protons are transferred from the n-side to the p-side 
(periplasm or intermembrane space). In mammalian mitochondria, electrons 
can enter the chain from NADH, succinate, fatty acyl-CoA or glycerol-3-
phosphate. In prokaryotes, the amount of enzymes that are part of the 
respiratory chain can vary.  
 
When, for example, NADH is oxidized to NAD+ (Figure 1) in the initial step 
of the respiratory chain, catalyzed by NADH dehydrogenase, protons are 
pumped against the gradient, across the membrane. A hydrophobic electron 
shuttle, a quinone, is reduced to quinol and then donates electrons to the bc1 
complex, while additional protons are released to the p-side of the 
membrane. The electrons then reduce oxidized cytochrome c, which 
mediates the next electron-transfer step to cytochrome c oxidase, the 
terminal oxidase. In the final step of the chain, cytochrome c oxidase 
transfers electrons and protons to molecular oxygen, while the exergonic 
electron-transfer provides sufficient energy to pump additional protons to the 
p-side of the membrane. In eukaryotes, all electrons that enter this chain are 
ultimately transferred to oxygen. Prokaryotes are more flexible and can 
thrive in microaerobic or anaerobic environments.  

Anaerobic respiration 
When oxygen is not available as a terminal electron acceptor, many 
prokaryotes have evolved to use alternative electron acceptors in an 
anaerobic respiratory chain, such as sulfate, chlorate, Fe3+ or nitrogen 
oxides. Depending on the electron acceptors, the electron transport chain 
consists of alternative complexes, i.e. enzymes different to those found in 
mitochondria. The smallest common denominator between aerobic and 
anaerobic respiratory chains seems to be complex III and an electron- and 
proton-mediating quinone pool, while the enzymes catalyzing the initial and 
terminal steps of the chain can vary. 
 
In the absence of oxygen, some prokaryotes can express enzymes that 
catalyze the stepwise reduction of nitrate or nitrite to molecular nitrogen 
(Figure 2). After the bc1 complex (complex III), electrons are transferred to 
nitrate reductase (NAR), which is membrane-bound and reduces nitrate to 
nitrite in the cytoplasm. In the next step, nitrate and nitrite are then 
antiported (AP) across the membrane. In the periplasm, nitrite is then further 
reduced to nitric oxide by soluble nitrite reductase (NIR). The next reaction 
step is catalyzed by nitric oxide reductase (NOR). NOR reduces nitric oxide 
to nitrous oxide. The NORs, as well as the terminal oxidase in aerobic 
respiration, are deviant members of the superfamily of heme-copper 
oxidases. cNOR does however not contain a copper ion in the catalytic site 
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and does not pump protons across the membrane. Also, the enzyme does not 
contribute to the electrochemical gradient because electrons and protons are 
taken up from the same side of the membrane. The periplasmic, soluble 
nitrous oxide reductase (N2OR) catalyzes the final step in the denitrification 
chain - the reduction of nitrous oxide to dinitrogen. 
Electron-transfer is mediated between the complexes via cytochrome c, 
pseudoazurin, azurin or the quinone pool. In denitrification, the pmf is 
generated by nitrate reductase, which accepts electrons from quinol, the bc1 
complex and NADH dehydrogenase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
  

Figure 2: Denitrification in P. denitrificans. Electrons from NADH are 
transferred to the quinon/quinol (Q/QH2) pool via Complex I and protons are 
pumped against the gradient. Complex III transfers electrons from the quinol pool 
to pseudoazurin and cytochrome c. Protons are released to the p-side. Also using 
electrons from quinol, nitrate is reduced to nitrite, while protons are released to 
the p-side. Nitrite is transported via a nitrite/nitrate antiporter from the n-side to 
the p-side. Soluble nitrite reductase reduces nitrite to nitric oxide using electrons 
from soluble cytochrome c / pseudoazurin. Nitric oxide is reduced to N2O by 
NOR. This step does not contribute to the proton-motive force. N2O reductase 
further reduces N2O to N2. The proton-motive force generated drives ATP 
synthesis in ATP synthase. 
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Electron and proton-transfer  
Compared to electron-transfer, which can be as fast as 1013 s-1, proton-
transfer in liquid water is slow. This is because the mass of a proton is three 
orders of magnitude larger than that of an electron. In biological systems, 
electrons can tunnel only over distances of up to ~20 Å, while protons can 
only tunnel over significantly shorter distances (< 1 Å).  
In water, protons are transferred along hydrogen-bonded chains of water 
molecules. In such an idealized one-dimensional chain, a water molecule 
would initially become protonated. Following that, the hydrogen bonds and 
covalent bonds in the chain would interconvert so that the charge is 
transferred to the other end of the chain. Once the proton is removed from 
the chain by a proton acceptor, the water molecules would turn back into 
their original position. This process is referred to as the Grotthuss 
mechanism, named after Theodor Grotthuss [4, 5].  
In this one-dimensional model, protons would move significantly faster than 
in more randomly oriented liquid water. The rate-limiting step is thought to 
be the rotation of the H2O [6]. In general, the rate of proton-transfer is 
determined by differences in proton affinity (pKa), distances and orientation 
of a donor-acceptor pair and the surrounding medium. However, by no 
means is the mechanism of proton-transfer fully understood.  
A difference in proton and electron concentration across a biological 
membrane can be used to store energy temporarily. Biological membranes 
act as hydrophobic barriers for hydrophilic particles such as protons; 
therefore, protons ‘leak’ across membranes only very slowly as the energy 
barrier involved in transferring a proton across a hydrophobic membrane is 
rather high. More efficient proton-transfer can be achieved through proteins. 
A protein could, for example, have a proton-conducting pathway consisting 
of protonatable residues and water. Also in these pathways protons are 
transferred according to the Grotthuss mechanism. However, if only one 
protonatable residue in the proton pathway changes its pKa or its 
conformation, the transfer of protons could be slowed. This effect is used in 
the mechanistic design of the pumping machinery in HCuOs to prevent a 
short circuit between the more positive and the more negative side of the 
membrane. 
 
Complex I and IV of the respiratory chain have internal proton-conducting 
pathways that give rise to unidirectional proton-transfer. Alternating access 
must be given to the n- and the p-sides of the membrane to take up and 
release protons. As mentioned above, proton access can be regulated by 
switching between two different protein conformations. A single 
protonatable group, the pumping element, could thereby take up protons 
from the n-side and then reorient towards the p-side, where protons could be 
released.  
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A thermodynamically coupled pump relies on changes in pKa of the 
protonatable group to take up and release protons. The pKa can be modulated 
by the redox potential of a redox-site in the vicinity. Also, conformational 
changes that affect the hydrogen bonds in the environment of the pump 
element can affect the pKa. In a thermodynamically coupled pump, the 
proton affinity would have to be high when the group is exposed to the side 
of the membrane with lower proton concentration (uptake pathway). When 
exposed to the exit proton pathway, the proton affinity would have to be low 
for the proton to leave towards the side with higher proton concentration 
(exit pathway).  
In a kinetically coupled pump, the proton affinity of the protonatable group 
does not have to change for proton translocation to occur against the 
gradient [7]. If there is an exergonic redox-reaction that requires a large 
amount of activation energy in the vicinity of the pump element, a proton 
taken up to the pump element could decrease the activation energy by 
inducing a change in the protein conformation. The pump site would have to 
be only partly protonated. Therefore, compared to the pH of the solution, the 
pump site would have to have a lower pKa. However, once a proton would 
be taken up, a conformational change would be induced rapidly, facilitating 
electron-transfer. The detailed mechanism of proton pumping in HCuOs is 
still being debated [8, 9]. 
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The heme-copper oxidase superfamily 
Prokaryotes can typically express and use more than one terminal oxidase 
depending on conditions, such as changing oxygen concentrations. All 
proteins of the HCuO superfamily have sequence homology in subunit I, 
which contains the three redox-active cofactors, two heme Fe and CuB. 
Subunit I is the catalytic subunit where O2 is reduced to H2O or in some 
cases NO is reduced to N2O. The active site of canonical HCuOs is a 
binuclear center, which consists of a copper ion (CuB) and a five-coordinate 
heme (a3, b3 or o3). This heme is located parallel to the membrane plane 1/3 
of the way from periplasm to cytoplasm. A second heme (a or b), located at 
the same depth parallel to the membrane plane, is six-coordinate. The metal 
cofactors are coordinated by a total of six conserved histidines, one of which 
coordinates the high-spin heme iron. The low-spin heme iron is coordinated 
by two of the six conserved histidines. The three remaining invariant 
histidines coordinate CuB. In canonical HCuOs one of the three histidines 
that coordinate CuB has a covalent bond to a tyrosine and acts as an internal 
proton donor to the active site. This covalent modification is not present in 
NORs.  
Cytochrome c oxidizing HCuOs have a heme c bound to a subunit 
corresponding to subunit II of aa3 oxidases or contain a dinuclear CuA 
center. HCuOs that receive electrons from quinol have a quinol binding site 
instead. The superfamily of HCuOs is sub-divided into A-, B- and C-type 
oxidases (Figure 3). NORs are most closely related to the C-family.  
Members of the A-family, like aa3 oxidase from P. denitrificans, take up 
protons from the n-side. Bacterial aa3 oxidases harbor two proton pathways. 
The K-pathway (named after a lysine residue in the middle of the pathway) 
is used to transfer two protons, used for the reduction of oxygen to water, to 
the active site. The D-pathway (named after a conserved aspartate residue 
near the entrance of the pathway) is used to transfer four protons to the p-
side of the membrane and two additional protons to the active site for the 
reduction of oxygen to water. 
Members of the B-family (cf. the ba3 oxidase) are thought to pump protons 
via a pathway analogous to the K-pathway, and the same pathway is used for 
the transfer of chemical protons [10]. The B-family has a large sequence 
variation among its members.  
Also the C-family is thought to use only a K-pathway analogue for proton-
transfer. cNOR is a deviant HCuO that is most closely related to the C-
family. cNOR contains a non-heme iron (FeB) instead of CuB. cNORs do not 
pump protons and do not have a channel leading from the n-side to the 
active center. In fact, they take up substrate protons and electrons from the 
p-side of the membrane. Therefore, no gating of proton-transfer is required. 
We have analyzed three putative pathways leading from the p-side to the 
active site in Paper III. 
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Figure 3: Oxidases of the A-family have two proton pathways, the K-pathway and 
the D-pathway.  Proton pumping from the n-side to the p-side occurs via the D-
pathway. Four redox centers are involved in electron-transfer. In contrast, the B-
family oxidases contain only a K-pathway analogue used for proton-transfer to the 
active site and for proton pumping. The D-channel is absent. cNOR is a deviant 
member of the C-family, also contains four redox active centers, but an FeB 
instead of a CuB in the active site. cNOR does not pump protons or contribute to 
the proton-motive force as electrons and protons are transferred from the same side 
of the membrane to the active site. These three enzymes do not occur in the same 
membrane at the same time. 
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The ba3 oxidase from T. thermophilus 
The B-type ba3 oxidase from T. thermophilus is composed of three subunits: 
I, II and IIa. Subunit I is structurally similar to subunit I of the aa3 oxidases, 
while subunits II and IIa are structurally similar to subunit II of aa3 oxidase. 
Subunit I contains the dinuclear active site: CuB and a high-spin heme a3. A 
low-spin heme b is located at the same depth (1/3) below the membrane 
plane towards the periplasm. Distances between the redox centers (~14 Å) 
are very similar to those in aa3 oxidases. Subunit II holds the CuA site, which 
is reduced by soluble cytochrome c552 in vivo. The crystal structure of T. 
thermophilus ba3 oxidase shown below (Figure 4) is a representation of the 
1.8 Å structure [1]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 4: Structure of the ba3 oxidase from T. thermophilus (PDB entry 3S8F, [1]) 
showing the proton pathway leading from the cytoplasm via E15(II), Y248, T312, 
Y244, S309 and Y237 to the active site. The proposed proton loading site is 
indicated above the catalytic site as D372. Electrons are transferred from CuA and 
heme b to the catalytic site, which consist of heme a3 and CuB.  
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The ba3 oxidase from T. thermophilus catalyzes the reduction of oxygen to 
water in the following reaction: 
 
O! + 4Cyt𝑐!! + 6H!! → 2H!O + 4Cyt𝑐!! + 2H!!  (Eq. 1) 
 
Electrons accepted by CuA from cytochrome c552 are transferred sequentially, 
via heme b to the active site. Four protons are taken up from the n-side of the 
membrane to reduce oxygen to water at the active site and two additional 
protons from the n-side are pumped against the gradient to the p-side of the 
membrane. Therefore, the pumping stoichiometry is 0.5 H+/e- [11, 12], 
which is less efficient than most mitochondrial-like oxidases (stoichiometry 
close to unity) [8, 13-16]. As a side reaction, the ba3 oxidases are also able 
to reduce NO to N2O. 
 
While several pathways have been suggested in the ba3 oxidase from T. 
thermophilus [1, 10, 17, 18], only the K-pathway analogue has been shown 
to be functional [10, 19]. This pathway is assumed to transfer ‘substrate 
protons’ via a branching point to the active site as well as ‘pumped protons’ 
via the proton loading site (PLS) to the p-side of the membrane. The identity 
of the PLS is not known. In Paper V we propose that the area around D372 
is the locus of the PLS. 
 
The mechanism of dioxygen reduction in ba3 oxidases is in the first kinetic 
phases similar to that in the A-type oxidases [16, 20]. Later in the reaction 
cycle there are substantial differences in the timing of electron and proton-
transfer [21-23]. The redox-state of the cofactors during oxygen reduction 
can be monitored over time at distinct wavelengths using the flow-flash 
technique, combined with optical absorbance spectroscopy. The four-
electron reduced, CO-bound enzyme is mixed with substrate (e.g. O2). After 
photolysis of CO the following reactions can be monitored: in aa3 oxidase 
from Rhodobacter sphaeroides and ba3 oxidase from T. thermophilus 
oxygen binds initially to heme a3, which is in state R2

, with a time constant of 
~8 µs, generating state A2. An electron is transferred from heme b to the 
catalytic site within tens of microseconds (15 µs in ba3 and 40 µs in aa3), 
generating state P3. 
A proton is taken up from the n-side to the PLS on a time scale of 60 µs in 
ba3, generating P3*. Concomitantly, an electron is transferred from CuA to 
the low-spin heme b in ba3. In aa3 oxidase, a net proton is taken up on a 
similar time scale (90 µs) generating state F3 and an electron equilibrates 
between CuA and heme a. One additional proton is pumped (taken up from 
the n-side and released to the p-side).  
In ba3 oxidase, the next step is a proton uptake from the n-side to the 
catalytic site on a time scale of 1 ms, generating F3

. 
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In aa3 oxidase, a proton is taken up from solution to the active site (~1 ms) 
and a second proton is pumped. The electron that had equilibrated between 
CuA and heme a is transferred to the active site, generating the oxidized 
state, O4. In ba3 oxidase, presumably a proton is taken up from the n-side 
and released to the p-side and an electron is transferred from the low-spin 
heme to the active site, generating O4. At pH 7 this process occurs over the 
same time scale as F3 formation. Hence the F3

 state is not significantly 
populated at this pH in the ba3 oxidase. At higher pH, formation of the F3 
and O4

 states, respectively, are clearly separated in time 
To complete this artificial ‘cycle’ in ba3 and in aa3 oxidase, two protons 
have to be taken up from solution. One of the protons generates water at the 
active site, the second protonates an internal proton donor. Furthermore, 
2 H2O have to leave the active site and four electrons have to be added to the 
redox-active sites. 

Bacterial and archaeal nitric oxide reductase 
Bacterial and archaeal nitric oxide reductases are classified as deviant 
members of the superfamily of HCuOs. A comprehensive sequence 
alignment of NORs [24] proposed five sub-families due to low sequence 
identity: cNOR, qNOR, sNor, eNOR and gNOR. The best-characterized 
families to date are cNOR and qNOR. 
NorC of cNOR is a membrane-bound cytochrome c, which serves as the 
initial electron acceptor from pseudoazurin or cytochrome c [25]. Hence, the 
enzyme is called cNOR. NorB of cNOR is the membrane-integral subunit, 
containing the catalytic site. Subunits NorD, NorE and NorF may be 
important for assembly, stability or activity [26]. 
qNORs accept electrons from quinol [27, 28] and are therefore called qNOR. 
They do not have a c heme binding motif [29]. The C-terminal part (NorZ) is 
homologous to subunit NorB in cNORs, whereas the N-terminal part is 
homologous to subunit NorC of cNOR. Some non-denitrifying, pathogenic 
bacteria have been found to express qNOR and are thereby able to neutralize 
NO generated by the immune system of the host [30, 31].  
The dinuclear active site of cNOR consists of a high-spin b3 heme and FeB, a 
non-heme iron named in analogy to CuB of HCuOs. A key feature of HCuOs 
that is absent in NORs is a tyrosine cross-linked to a histidine in the vicinity 
of the active site, which differentiates NORs from all other HCuOs. Also in 
subunit NorB and at the same distance from the membrane plane as the 
active site, there is heme b mediating electrons to the active site. NORs 
reduce nitric oxide to nitrous oxide according to the equation below. 
Turnover rates of up to 70 e-/s/enzyme [32] have been measured at NO 
concentrations of ~5 µM.  
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2NO + 2H!! + 2𝑒! → N!O + H!O  E!! = 1.18  V   (Eq. 2) 

 
In multiple-turnover measurements, substrate inhibition can be observed at 
concentrations higher than 5 µM [33]. Already after the first turnover of the 
fully reduced enzyme with NO the inhibitory effect of NO can be observed 
(see Paper I and [33, 34]). Therefore, it is possible that the inhibitory site 
for NO binding is the oxidized NO-bound active site. Under physiological 
conditions, local NO concentrations are low. P. denitrificans cNOR has a 
low Km for NO (250 nM) [35]. In NOR from Pseudomonas stutzeri the Km is 
two orders of magnitude lower [36], which most likely reflects the need to 
keep the cellular NO concentration at a minimum. NO seems to be captured 
efficiently and irreversibly by the active site. The Km for O2 is in the µM 
range for A-type HCuOs. In vivo, NO concentrations as high as 5 µM are 
unlikely to occur during denitrification [37, 38]. Therefore, NO inhibition is 
not believed to play a significant physiological role in denitrifying bacteria.  
 
As a side-reaction, the reduction of O2 to H2O is catalyzed by cNOR (Eq. 3) 
at slower rates (up to 10 e-/s/enzyme). In P. denitrificans cNOR with O2 as 
substrate, the Km is much higher (0.9 mM [35]) than the Km for NO. In the 
reaction with oxygen no substrate inhibition is observed. 
 
O! + 4H!! +   4e! → 2H!O   E!! = 0.82  V (Eq. 3) 
 
The ability to reduce dioxygen has a useful non-physiological side effect. 
Working with NO as substrate in flow-flash experiments is not 
straightforward; The reaction with O2 is significantly easier to monitor so 
that effects of amino acid exchanges on, e.g. proton-transfer, can be probed 
more easily.  
 
Crucially and interestingly, no proton-pumping or electrogenic cNOR has 
been found to date. At the time of writing, also a CuANOR from Bacillus 
azotoformans has been identified, belonging to the eNOR subfamily. It has 
~50 % sequence identity with Paracoccus and Pseudomonas cNOR [39]. Its 
subunits also have 34 % and 41 % sequence identity with subunits I and II of 
ba3 oxidase from T. thermophilus, respectively. This enzyme, which accepts 
electrons from cytochrome c551, may be using a proton-transfer pathway 
similar to ba3 oxidase from T. thermophilus and is electrogenic [39]. 
However, this NOR appears to be more related to the B-type HCuOs. In the 
best-characterized subfamily of NORs, the cNORs, protons and electrons are 
both taken up from the p-side and no protons are pumped across the 
membrane in the cNOR-catalyzed reaction with dioxygen or nitric oxide. 
Historically, measurements in whole cells first indicated that no 
electrochemical gradient is generated in the reaction of NO with cNOR [40, 
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41]. Instead, only Complex I and Complex III contributed to the pmf. 
Measurements with purified cNOR [42] support this finding, which was 
subsequently confirmed using time-resolved laser-induced direct current 
generation (from hereon called the ‘electrometric technique’) [43, 44] on 
liposome-reconstituted cNOR [45]. In qNOR, the crystal structure of which 
has also been solved recently, there is a potential proton-transfer pathway, 
analogous to the K-pathway in other HCuOs. If this pathway is active, 
qNOR could potentially pump protons [46]. However, at this time there is no 
experimental data published in support of this. 

cNOR from P. denitrificans 
We expressed cNOR from P. denitrificans heterologously in Escherichia 
coli. It appears that in our hands we get the best yield of functioning cNOR, 
when part of the bacterial growth happens under limiting oxygen conditions 
[47]. In cNOR, electrons received from reduced cytochrome c or 
pseudoazurin enter via heme c of NorC and are transferred via heme b of 
NorB to the active site comprising heme b3 and FeB. 
Three mechanisms of NO binding to cNOR have been suggested. In the cis-
FeB mechanism, in which both NO molecules bind sequentially to FeB, a Fe-
hyponitrite species is formed. This mechanism has been suggested to be the 
most likely to occur because it would not involve a heme Fe2+-NO adduct 
[48, 49], which is suggested to be stable.  
In the cis-b3 mechanism two NO molecules bind consecutively to heme b3 
only. FeB may help coordinating the intermediates and/or donate electrons. 
In the trans-mechanism one NO molecule binds to each, FeB and heme b3, 
forming stable nitrosyl intermediates (Fe2+-NO). To form the N-N bond, 
both metals would need to bind -ONNO- at either end. This hyponitrite 
species has not yet been directly observed. However, FeB-NO and heme b3-
NO have been observed [50]. Also heme b3-NO has a clear optical signature 
and has been observed in flow-flash measurements (Paper I). 
In the resting state, the active site metals of NOR are oxo-bridged (FeB

3+-O-
Feb3

3+) [51]. Upon reduction of the active site, H2O is released. 
NO reduction rates of ~40 e-/s/enzyme could be measured using a modified 
Clark-electrode. O2 reduction rates of up to 10 e-/s/enzyme were found. 
The redox potential of heme b3 in this enzyme is with 60 mV rather low 
[48], which is unusual among HCuOs. A value of 200-300 mV is what has 
been found in active sites of other HCuOs and enables rapid electron-
transfer to the active site. When the P. denitrificans cNOR is reduced using 
ascorbate, heme b3 remains partially oxidized [52]. It has been suggested 
that electron-transfer to the active site during catalysis is initiated by 
substrate binding [53], as CO-binding raises the midpoint potential of heme 
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b3. The increase in midpoint potential may also occur when NO binds to the 
oxidized heme b3. 

The other cofactors in cNOR from P. denitrificans have midpoint redox 
potentials similar to those found in other HCuOs: Heme c has an E’0 of 
310 mV and heme b 345 mV [48]. FeB shows a very small absorbance 
change upon reduction or oxidation in the UV. Nevertheless, an E’0 of 
230 mV has been found.  
In 1998 data from 2D crystals of P. denitrificans NorBC, diffracting to 8 Å 
was published [32]. Membrane proteins have proven to be difficult to study 
using X-ray diffraction as their hydrophobic surfaces and lack of stability 
make it difficult to produce well-diffracting crystals. Nevertheless, in 2012 a 
crystal structure at 2.7 Å resolution of P. aeruginosa cNOR was published 
[2] (Figure 5), showing NorBC, confirming predictions on the overall 
structure and eliminating uncertainties of previous predictions [45, 54]. The 
structure confirmed that NorB consists of 12 transmembrane helices [55] 
with the six invariant histidines of HCuOs coordinating the heme and metal 
cofactors. The redox-active cofactors, FeB, heme b3 and heme b are buried 
inside the protein ~1/3 away from the periplasm. Three of the six conserved 
histidines coordinate FeB (H207, H258, H259, corresponding to P. 
denitrificans H194, H245 and H246) together with E211 (P. denitrificans 
E198). This confirms and further explains our findings in Paper II that 
E198 is important for turnover in P. denitrificans cNOR. FeB and heme b3 
form the active site. The distance between the metals of the active site is 
3.9 Å. There is no proton-transfer pathway from the cytoplasm to the active 
site found in the structure. Instead, protons are taken up from the periplasm. 
How protons are transferred to the active site is addressed in Paper III. 
A Ca2+ was found in the structure, located above the hemes at the interface 
between NorB and NorC, the precise function of which is not known. The 
Ca2+ stabilizes the structure as it coordinates the propionates of both, heme b 
and b3 [2], and interacts with several protonatable amino acids that are 
involved in proton uptake (Paper III).  
NorC harbors a heme c, which is located at the periplasmic side of the 
membrane. It is anchored in the membrane by a single membrane spanning 
alpha helix. NorC is attached to NorB via hydrophobic surface interactions.  
Furthermore, two hydrophobic channels have been identified that appear to 
facilitate the uptake of NO, which is produced in the periplasm, but 
partitions into the membrane [56]. These channels run parallel to the 
membrane connecting to the active site, similar to channels found in other 
HCuOs [57, 58]. The exit pathways for the H2O could be unspecific. Water 
has been suggested to exit either along the proton pathway or take less 
specific routes through the protein interior towards the bulk solution [59, 
60]. N2O may take a similar unspecific route or use the NO path; however, 
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physiologically it would make sense if it left towards the p-side of the 
membrane, as this is the site of N2O reduction by soluble N2O reductase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 5: NorBC from P. aeruginosa (PDB ID: 3O0R, [2]) showing redox-active 
centers heme c, b, b3 and FeB. The known proton pathway (Paper III) is indicated 
in blue. Cyan and green show two possible continuations of the pathway closer to 
the active site. The red path indicates electron-transfer from heme c via heme b to 
the active site (FeB and heme b3). The black crossed out path indicates that no 
protons are taken up from the n-side as the region of the K-pathway is blocked by 
hydrophobic residues. 
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Methods 

Flash photolysis 
Laser flash photolysis spectroscopy was used to monitor carbon monoxide 
rebinding kinetics to the active site heme in both NOR and ba3 oxidase after 
light-induced dissociation of the ligand. The CO molecule is a model ligand 
for O2 and NO. Changes in the structure around the active site can be 
reflected in changes in CO rebinding kinetics.  
 
Flash photolysis is a method by which light induced absorbance changes can 
be monitored over time. The first real flash-photolysis apparatus was 
designed and built by Norrish and Porter in 1949 and consisted of a 2000 µF, 
4 kV capacitor bank and a 1 m long quartz flash-tube (the discharge of 
which must have been clearly audible) [61]. Chemical species produced by 
the high-intensity flash were analyzed using a smaller flash-tube. The timing 
was done using a rotating wheel [62, 63] and data was recorded on photo 
paper. The time resolution was in the low millisecond range but was 
subsequently improved by the addition of photomultipliers and laser-
excitation sources. The limiting factor is frequently the length of the 
excitation pulse. The shortest laser pulse that could be generated reliably in 
2012 lasted 67 attoseconds [64]. Here we limited ourselves to more 
biologically relevant time scales using ~10 ns pulses. 
 
In this work a modified laser-flash photolysis spectrometer was used to 
analyze NOR and ba3 oxidase (see schematic in Figure 6). As excitation 
light source the second harmonic of a pulsed 1 Hz NdYAG laser was used, 
which produced a 6 ns (full width at half maximum) light pulse at 532 nm. 
The laser intensities ranged from 40 to 80 mJ/cm2. Intensities were adjusted 
by varying the delay between flash-lamp discharge and the opening of the 
Pockel’s cell. The analyzing light source was a standard 150 W halogen 
lamp. To prevent excitation of the sample by the analyzing light, the 
bandwidth of the light was reduced before the light passed the sample to 
between 5 and 20 nm around the wavelength of interest. This was done 
either by a Czerny-Turner type monochromator with a holographic grating, 
blazed at 250 nm or a dichroic bandpass filter. The monochromatic light was 
focused on the sample so that the analyzed sample volume was identical or 
smaller than the sample volume  
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different wavelength than the analyzing light, hit the sample orthogonally 
relative to the analyzing light. The cuvette used was a Thunberg quartz 
cuvette (10 x 10 mm) with four clear windows. After it passed the cuvette, 
the light was once again filtered using a 5 nm dichroic bandpass filter or 
monochromator set to a 5 nm bandpass to cut out the excitation light. 
Subsequently, the light intensity was detected by a photomultiplier. 
Depending on the time scale of the measurements different detector 
electronics were used. The measurements on slow time scales were carried 
out using all nine stages of the R928 at <100 µA of anode current, which 
was amplified and converted to a voltage by a 5 MHz current amplifier. The 
resulting signal was further amplified and filtered using a differential 
amplifier and offset using a quiet power supply so that the maximum bit 
resolution of the digitizer can be used. The signal was then split. One part of 
the signal travelled directly into a channel of the digitizer and was recorded 
using a small horizontal axis. The second part travelled through a low noise 
pre-amplifier/filter set to 30 KHz low-pass and was fed into a separate 
channel on the digitizer set to a longer time axis. The changes in potential 
were monitored using a 25 MHz digitizing oscilloscope with 100 MS/s and 

Figure 6: Schematic illustration of the flash-photolysis setup. The tungsten or 
Xenon probe light passes through a monochromator (MC) with a wide bandwidth. A 
fraction of the probe light is absorbed in the cell and further filtered using a narrow 
(5 nm) band-pass filter (F). The transmitted light is detected by a photomultiplier 
(PMT). The PMT current is then converted into a voltage in a 5 MHz amplifier and 
then again amplified, offset and filtered to 0.1 MHz bandwidth (here both amplifiers 
are depicted as one unit: ‘Amplifier’). From there the signal is split and a) fed into 
an oscilloscope signal channel and b) fed into a 30 KHz filter and then into a 
different oscilloscope channel. The two oscilloscope channels were set to two 
different time scales to record very fast and very slow transients at good resolutions 
(e.g. 100 kpts per transient). The sample was excited using the second harmonic of a 
NdYAG. The oscilloscope was triggered using a photodiode. 
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12 bit vertical resolution. Usually, between 50,000 and 100,000 data points 
were recorded per transient and time axis. Depending on the signal-to-noise 
ratio between 3 and 25 waveforms were collected, exported, averaged and 
converted into ASCII. The ASCII data was then oversampled semi-
logarithmically using an algorithm that assigns data bins to the raw data 
(time points) in a logarithmic fashion. These data bins increase in size (= 
time). All points in each bin were averaged. Subsequently, the data was 
converted into absorbance (A) using A = log ((I0+IOS)/I), where: I is the 
signal intensity, and I0 is the average signal intensity prior to excitation and 
IOS is the offset voltage. Typically this yielded 700 data points per transient. 
This procedure was carried out for both time-axes recorded in each 
experiment in the same fashion. Each set of waveforms was then overlaid 
and plotted. Typically the data was recorded at several wavelengths and then 
analyzed using software for global data analysis. 
 
For measurements on time scales faster than 2 µs, faster electronics had to 
be used. Instead of using all 9 stages of the photomultiplier, a voltage 
divider that only serves the first 5 stages was used. The last two stages prior 
to the anode were coupled using Zener diodes. The signal output was 
terminated with 50 Ω. This configuration causes a faster rise time (2.5 ns) in 
pulsed operation with a very high signal current (6 mA) for a very short time 
(500 µs). A short, intense analyzing light pulse was required to achieve a 
good signal-to-noise ratio. A non ozone-producing 150 W xenon arc lamp 
was pulsed using an arc lamp pulser, which contains a pulse-forming 
network, which produces a relatively stable and reproducible pulse for 
500 µs, which in turn is discharged through the electrodes of the arc lamp.  
The timing of the experiment was controlled by a pulse delay generator, 
which triggered the laser as well as the arc lamp pulser. The oscilloscope 
was triggered using the signal of a photodiode with a <ns rise time pointed at 
a diffuse reflection of the laser. 
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Flow-flash spectroscopy 
In order to monitor the reactions of ba3 oxidase or of NOR with substrates 
with high time resolution, the anaerobic, reduced, CO-bound enzymes were 
rapidly mixed with a substrate solution containing either O2 or NO. The CO 
molecule has a high affinity for the active site, but it is an inert ligand. 
Therefore, the CO bound to the active site inhibits the reaction of the 
enzyme with its substrates (NO/O2).  
Photolysis of CO from the catalytic site results in binding of the substrate 
molecule, which makes it possible to monitor the reaction of the enzyme 
with its substrate with nanosecond time resolution. 
 
The atmosphere of the anaerobic, reduced sample was changed to CO at 
concentration corresponding to saturation in the range 20 % - 100 % CO. 
The CO-binding and electronic states of the hemes were monitored using a 
UV/Vis spectrophotometer. 
The reduced and CO-inhibited enzyme was then anaerobically transferred to 
the syringe of a stopped-flow instrument. A second syringe was filled with 
substrate solution. A stopped-flow drive was initiated, mixing the two 
solutions, exchanging the volume in the observation cell 5-6 times. The 
waste from the observation cell filled up the stop syringe, which in turn 
closed a contact switch. Upon contact-closure a 5 V TTL pulse was sent to a 
pulse delay generator, which was used to introduce a delay between 30 ms 
and 200 ms after mixing to allow the solution in the observation cell to 
stabilize. The delayed TTL pulse was then sent to a 1 Hz pulsed NdYAG 
laser, which had been modified to operate in single-shot mode, i.e. the TTL 
pulse triggered a single laser flash-lamp pulse, which in turn triggered a 
single q-switch pulse to minimize any jitter. The 1064 nm fundamental of 
the NdYAG was doubled to 532 nm to photolyse the enzyme-CO complex 
allowing substrate to bind. 
 
Dissociation of CO, substrate binding and electron-transfer result in a 
change in the electronic state of the redox-active sites that can be observed 
using the same detection system as described above.  
 
In the flow-flash method [65], the laser flash photolysis technique is linked 
to a stopped-flow apparatus (Figure 7). Two reagents (in this case inhibited 
enzyme and substrate) were rapidly mixed in the stopped-flow cell, after 
which the solutions were allowed to stabilize for a few milliseconds. 
Subsequently a short, high-intensity laser pulse was used to induce a change: 
the inhibitor was cleaved from the active site by the laser pulse, and allowed 
substrate to bind and electron and proton-transfer to take place. 
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Figure 7: Schematic illustration of the flow-flash setup. While many components 
are identical to the flash photolysis setup (see Figure 6), two syringes rapidly mix 
enzyme (E) and substrate (S) in a 20 µl observation cell pushing solution into a third 
syringe, which activates a switch that causes a delayed trigger pulse to be sent to the 
laser. The laser flash is sensed by a photodiode, the signal of which is used to trigger 
the data acquisition of the oscilloscope. 
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Results and discussion 

Paper I: Substrate control of internal electron-transfer in 
cNOR 
In Paper I we investigated the substrate binding, electron and proton-
transfer reaction of the four-electron reduced NOR from P. denitrificans 
with its native substrate NO using flow-flash optical spectroscopy. The 
reaction catalyzed by NOR with O2 has been previously published [66]. In 
flow-flash experiments a single reaction cycle was monitored. Using NO as 
substrate, the situation is different: The four electrons that are stored in the 
redox centers of NOR are sufficient for two turnovers, which introduces 
further variables. We have assumed that two full turnovers occur, consuming 
4 NO. 

Initial nitric oxide binding to the reduced catalytic site 
After CO photolysis, NO binding to reduced heme b3, which contributes 
mainly to the absorbance at 430 nm (Figure 8), is clearly observed. Using 
concentrations of 75 µM and 1.5 mM NO, the binding is concentration-
dependent with τon≅ 6 µs at 75 µM NO and τon≅ 1 µs at 1.5 mM NO.  
 
Heme b3 contributes mainly to the absorbance at 430 nm. Upon NO binding 
a decrease in absorbance at 430 nm is observed over time.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: UV/Vis absorbance spectra 
of oxidized, fully reduced and CO-
bound cNOR. At 430 nm the redox-
state of heme b3 can be observed 
predominantly. At 550 nm and 
560 nm the redox states of heme c 
and b can be observed. At 420 nm all 
hemes contribute.  
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Our findings support the trans mechanism as well as the cis:b3 mechanism 
and reject the cis:FeB mechanism due to the similarity of the observed 
difference spectrum of NO binding to heme b3 as compared to NO-binding 
to reduced myoglobin. 
NO binding to FeB is UV/Vis spectroscopically silent and can therefore not 
be observed using this method. Therefore, it is unclear from our data, 
whether there is already an NO bound at FeB when NO binds to heme b3. 
However, it is clear that binding of NO to heme b3 does in fact occur. 

Two turnovers 
After NO binding, the first turnover occurs within 100 µs, consuming the 
electrons from the active site. The protons needed for this reaction must be 
provided internally, as proton uptake is not observed on this time scale.  
Only after this phase do electrons redistribute from heme b and c to the 
active site and protons are taken up from solution. This oxidative phase 
shows an inverse concentration dependence with slower rates at higher [NO] 
(compare Figure 9 A and B). Therefore, NO must bind to its inhibitory site 
prior to the second turnover. It is possible that NO binds to the oxidized 
active site. However, it has been suggested that NO binding to heme b3 
increases the midpoint potential of heme b3 [53], facilitating electron-
transfer to the b3 heme. Therefore, the inhibitory complex could be NO-
bound, oxidized FeB. Canonical HCuOs that are capable of turning over NO 
and have a CuB as non-heme metal, such as ba3 oxidase do not show 
substrate inhibition [67]. 
 
 
 
 
 
 
 
 
 
 
 

 
Blomberg and Siegbahn suggested a model [68] based on the active site 
structure of cNOR from P. aeruginosa, which favors the cis:b3 mechanism. 

Figure 9: Comparison of the reaction between NO and the fully reduced cNOR 
from P. denitrificans at 1.5 mM (A) and 75 µM NO (B) and pH 6.0 and 7.5. The 
signals are normalized to the kinetically unresolved absorbance change upon CO 
photolysis. 
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In this scenario, which is supported by our data, substrate inhibition is 
caused by NO binding to the oxidized active site forming nitrite. To continue 
the catalytic cycle towards N2O generation, first the nitrite-bound active site 
has to return to its oxidized, µ-oxo bridged state. We note that a ‘dead-end’ 
scenario for the nitrite-bound species is not consistent with our data as only 
the rates but not the extent of the reaction changes in the NO-inhibited 
reaction. 
 
For the first time, we could show proton uptake by NOR using the native 
substrate NO. Clearly proton uptake is happening concomitantly with the 
electron-transfer from the low-spin hemes to the active site and the time 
constants (20 ms and 300 ms at 1.5 mM NO) are in agreement with 
previously published time constants using O2 as substrate (25 ms) [66]. In 
the reaction with O2 the electron and proton-transfer are dependent on the 
bulk pH with the highest observed rate at pH 5. Also with NO as substrate 
the electron-transfer rates accelerate with decreased pH; however this effect 
is partially counteracted by an increased inhibitory effect of [NO] at low pH. 
In fact, the increase in rate between pH 7.5 and 6 is ~2.5 fold higher at 
75 µM NO compared to 1.5 mM NO. The cause may be an open 
configuration of the catalytic site at lower pH, which makes it easier for NO 
to bind [69]. It can also not be excluded that protonation of the nitrite 
product formed in the side reaction [68] described above, could stabilize it 
and thereby slow down the reaction.  
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Paper II: The terminal region of the proton pathway in 
cNOR 
Papers II and III focus on the proton pathways. Since it was known from 
earlier studies [45] that cNOR does not pump protons and is non-
electrogenic using O2 or NO as substrate, protons must be taken up from the 
p-side to the active site. In the electrometric measurements [45] it was 
verified that O2 is a good substrate analogue for NO when studying proton-
transfer and in Paper III we show (by the kinetic isotope effect) that the 
proton-coupled electron-transfer during O2 reduction is in fact rate-limited 
by proton-transfer. Hence in Papers II and III we monitored proton uptake 
in the reaction of NOR with O2. 
 
The terminal region of the proton pathway in NOR was probed in Paper II. 
Structural variants were created, looking at highly conserved protonatable 
residues close to the active site. Residues E267, E202 and E198 are located 
in the vicinity of the active site (Figure 10). Lacking a 3D crystal structure of 
cNOR at the time, a homology model had been created [45] based on 
subunit I of the bo3 oxidase from E. coli [70]. In general, the model is 
similar to the later revealed crystal structure of cNOR from P. aeruginosa 
[2, 45]. The cofactors of P. denitrificans NorB are ligated by the correct 
histidine ligands. However, E198 (E211, P. aeruginosa numbering) serves 
as ligand for FeB in the structure, whereas in the earlier model it was too 
distant from the cofactor to serve this function. 
 
The substitutions of E198A, E202A and E267A showed significantly 
reduced multiple turnover activity as measured using a Clark-electrode with 
oxygen or NO as substrate. None of the variants showed significantly altered 
UV/Vis spectra and all variants show un-altered CO-recombination rates and 
oxygen binding to heme b3 in single turnover flow-flash measurements with 
oxygen. Therefore, it can be assumed that the structure around the active site 
is not severely altered. Flow-flash measurements with oxygen and using a 
pH sensitive dye showed that the proton uptake and heme oxidation of 
E267A and E198A are significantly affected (Figure 11). While the 
amplitude of the signal at 430 nm, indicating heme b3 oxidation, is reduced 
by 90 % in the E267A variant, the same process is almost absent in E198A. 
Proton uptake in E267A and E198A was virtually absent. The E202A 
variant showed wild-type-like proton and electron-transfer in single turnover 
measurements with oxygen. 
Taken together, it is likely that E267 and E198 are involved in proton-
transfer to the active site. In the P. aeruginosa structure, the corresponding 
E211 (E198 in P. denitrificans) is clearly ligating FeB. Nevertheless, a dual, 
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conformation-dependent role of E198 in P. denitrificans is possible. E198 
may serve as proton donor to the active site and, in a different conformation, 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
ligate FeB while being un-protonated. Tosha and Shiro suggested [71], based 
on the qNOR structure from Geobacillus stearothermophilus and the cNOR 
structure in P. aeruginosa, that in order for two NO molecules to be 

Figure 10: NorBC structure from P. aeruginosa (PDB ID: 3O0R, [1]). Amino acids 
mentioned in Paper II indicated as blue sticks with P. aeruginosa numbering (P. 
denitrificans numbering in parenthesis).    

Figure 11: A: absorbance changes during proton uptake measurements of P. 
denitrificans NOR (wild-type (wt) and variants) observed as absorbance change of 
40 µM phenol red at 570 nm. B: Absorbance changes at 430 nm of the fully reduced 
NOR (wt and variants) in the reaction with O2, showing oxygen binding during τ ≅ 
40 µs and different amounts of heme b3 oxidation (wt τ ≅ 25 ms).  
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accommodated in the active site the residue corresponding to P. denitrificans 
E198 could undergo a conformational change and dissociate from FeB. 
Moënne-Loccoz et al. [72] suggest that two conformations of the active site 
are important for the mechanism of NO reduction. The conformation of 
E198 may depend on the redox potential of the FeB and/or the presence of a 
proton in the vicinity.  
E280 (E267 in P. denitrificans) forms hydrogen bonds with E211 and S277 
(E198 and S264 in P. denitrificans, respectively) so that it can be assumed 
that E267 in the P. denitrificans enzyme is part of the proton-transfer 
pathway. 
The exchange of E202 to alanine in P. denitrificans cNOR has no effect in 
single turnover measurements looking at electron-transfer or proton uptake 
from bulk solution, however, it is strictly conserved [45]. In multiple 
turnover measurements, this amino acid exchange resulted in a 60 % loss of 
activity compared to wild-type [25, 73]. The role of this conserved residue, 
which is below the active site, not part of a predicted proton pathway (see 
Paper III) and not directly ligating FeB or heme b3 remains unknown. 
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Paper III: Protons take a specific path in cNOR 
In Paper II we found that an exchange of one protonatable residue at a time 
in the vicinity of the active site inhibits proton-transfer. In Paper III we 
investigated, whether protons take a specific path starting from the 
periplasm. In theory, since no ‘gating’ of protons is required for the function 
of cNOR, protons could ‘leak’ to the active site from multiple routes. We 
found, however, that a single, specific proton pathway is used for proton-
transfer to the active site of cNOR.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 12: A-C represent the 
predicted proton-transfer path-
ways I-III (respectively) of cNOR 
from P. aeruginosa (PDB ID 
3O0R, [2]). The amino acid 
residues in parenthesis are P. 
denitrificans numbering. 

 

A 

B 

 C 
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The cNOR from P. aeruginosa [2] shows high sequence identity (52 %) 
with cNOR from P. denitrificans. On the basis of this structure and 
molecular dynamics simulations, three potential proton-transfer pathways 
were proposed [2, 74, 75]. No proton-transfer pathway leading to the 
cytoplasm was found.  
 
Since the reaction catalyzed by cNOR is non-electrogenic and proton and 
electron-transfer are coupled when using either NO or O2 as substrate, site-
directed mutagenesis, steady state turnover and flow-flash measurements 
observing electron-transfer can be used to probe whether a specific residue is 
important for catalytic turnover and also which steps in the catalytic cycle 
are affected by the exchange. From the structural information that is 
available for cNOR we can then draw conclusions as to whether the residue 
in question is relevant for proton-transfer, or if it has a more structural role. 
 
The putative pathway I consists of the seven protonatable residues shown in 
Figure 12 A.  
 
E122 had already been constructed and analyzed previously [47] prior to the 
publication of a high-resolution structure. It had been determined that in the 
P. denitrificans enzyme E122 (pathways I + III) and E125 (pathway III) are 
involved in proton-transfer [47]. The model located those two amino acids at 
the periplasm. An exchange of the P. denitrificans amino acids (E122Q, 
E125A and E125Q) did affect the oxidative phase, involving proton uptake. 
A further amino acid exchange, E122D, affected the pH dependence of the 
oxidative phase, involving proton uptake. 
In the P. aeruginosa cNOR structure the corresponding amino acids are not 
located at the periplasm but instead in a loop ligating a Ca2+ ion found in the 
structure above and between the b hemes. In addition to that, the P. 
aeruginosa E135 (P. denitrificans E122) lines proton pathway I. Therefore, 
it is possible that E122 in P. denitrificans does have a second role in proton-
transfer. E122 is part of both pathways I and III. 
 
The substitutions of D185E, D185A, D185N all have a severe effect on the 
enzyme. None of the variants were significantly active in multiple turnover 
measurements and no significant amount of electron-transfer could be 
observed on the time scales analyzed. It is possible that D185 forms 
hydrogen bonds with K54C. From the P. aeruginosa structure it appears that 
there are several water molecules near D185 that it could hydrogen bond 
with (D198 in P. denitrificans numbering), suggesting a potential role in 
proton-transfer. Alternatively it is possible that D185 has a more structural 
role, which would explain the lower expression levels. D185 is part of 
pathway I. 
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K54AC shows electron-transfer that is slowed by a factor of 10 at pH 7.5. 
However, at low pH K54AC reaches wild-type-like electron-transfer rates. 
The pKa of this variant is slightly shifted towards lower values (6.4 vs. wild-
type 6.6). As shown by the kinetic isotope effect (Paper III) electron-
transfer is coupled to and limited by proton-transfer. K54 is important for 
rapid proton-transfer to the active site at higher than neutral pH. At pH 7.5 
the entire denitrification chain is active [76]. K54 is part of pathway I. 
 
E58QC showed no significant change in substrate binding but electron-
transfer rates were ~30 fold slower compared to wild-type at pH 7. At low 
pH the difference in rates was smaller but still ~5 fold slower. A pKa shift of 
0.8 units downwards was observed compared to wild-type. Given the 
differences in rates at all pH levels tested, E58C appears to be an essential 
part of the proton pathway in P. denitrificans NOR – potentially the entry 
point. The conservation among the cNORs is 77 % as described in [77]. 
However, the corresponding residues are all hydrophilic Q, H, D and are 
lined by charged residues nearby. E58 is part of pathway I. 
  
Three structural variants located in the other putative pathways were 
constructed: Q394M of pathway II (Figure 12 B) retained only 33 % of NO 
reduction activity. In flow-flash measurements, the electron-transfer rates of 
the Q394M enzyme were not affected. We conclude that Q394 is not part of 
the proton-transfer pathway.  
Q398L of pathway II showed an overall wild-type-like behavior. Q398 does 
not appear to be involved in proton-transfer to the active site. 
E78FC of pathway II is located in a conserved loop with Ca2+ ligands and 
forms hydrogen bonds to NorB. In P. aeruginosa, the corresponding residue 
E77C is only 5 Å away from the c heme. This variant did not express and 
could therefore not be analyzed.  
 
E122 of pathway III (Figure 12 C) is also part of pathway I and was 
discussed above.  
E125 appears to be involved indirectly in Ca2+ ligation. The corresponding 
residue in P. aeruginosa stabilizes the loop in which Ca2+ ligating amino 
acids are located. Data for E122 and E125 had been published previously 
[47] by our group When either of the two amino acids are exchanged for 
alanine, proton uptake is affected. 
 
N47L of pathway III showed an overall wild-type-like behavior. It is not 
believed to be a part of a proton-transfer pathway. 
 
All residues of pathway I affect protein turnover. With a distance of >7.5 Å 
from the Ca2+ and the redox centers, they do not have obvious structural 
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roles or influence the redox potentials of the cofactors significantly. Thus, 
we conclude that the pathway I residues are involved in proton-transfer and 
that this pathway is a functional pathway. 
The data available does not give insight to the internal proton donor with a 
pKa of 6.6. This internal proton donor may be evolutionarily related with the 
proton loading site of other HCuOs. However, when E122 of P. denitrificans 
NOR was changed [47] to an alanine, a significant shift in pKa was 
observed. Nevertheless proton uptake remained coupled. This indicates that 
the internal donor is located in the vicinity of the Ca2+, which makes 
investigation difficult as the ligands of Ca2+ obviously play a structural role. 
Possible candidates for the proton donor are heme b/b3 propionates, Y74C, 
G72C, E122 and D185. We believe R121 can be ruled out although it is in 
the vicinity as the pKa of arginine typically stays higher (~12.5), even in a 
protein environment [78]. The D185 is ~10 Å away from the E122. 
However, if D185 was the internal proton donor, the K54AC variant should 
have had a more significant effect on the pKa as K54C is hydrogen bonded to 
D185.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: cNOR structure from P. aeruginosa (Protein Data Bank code 3O0R, 
[2]) Residues found to be of proton pathway I in blue (NorB) and orange (NorC). 
NorC residues are labeled (C). Residues predicted to be involved in the 
continuation of the proton pathway to the active site shown in gray. 
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It has recently been suggested [79, 80] that the A-propionate of the active 
site heme is the proton loading site in oxygen reducing HCuOs. The location 
of the A-propionate in A, B and C type HCuOs corresponds to the D-
propionate of heme b3 in cNOR. Molecular dynamics simulations [75] of the 
P. aeruginosa cNOR have demonstrated that the b3 D-propionate could be 
involved here (corresponding P. denitrificans numbering in parenthesis). It 
could mediate protons from a water cluster around the A/D-propionates to 
another water cluster around the active site or via H259 (H246) to the active 
site or via T317 (T320), S277 (S264), E280 (E267) and E211 (E198) to the 
active site (Figure 13). 
Since NOR does not pump any protons, no gate is required. There is also no 
pathway from the active side to the cytoplasm. One could have imagined 
that protons are rather unspecifically transferred via a range of protonatable 
amino acids and water to the active site. Evolutionary explanations can be 
found for the presence of a specific pathway. The primary function of NORs 
is to remove NO. There is a significant amount of energy available from the 
reduction of NO to N2O. The E’0 is 0.9 V even at in vivo concentrations of 
NO (~nM). In comparison, the E’0 of the reduction of O2 to H2O is only 
~0.75 V. So somewhere in the past NOR could have either lost their proton 
pumping ability or other HCuOs have gained the ability to pump. The 
presence of a hydrophilic pathway inside a hydrophobic membrane protein 
makes the protein potentially unstable and could explain the loss of the 
proton pathway leading to the cytoplasm, which has a higher pH than the 
periplasm. This, paired with the toxicity of NO could have lead to the loss of 
pumping functionality in favor of NO removal. 
NO is produced in the periplasm, hence the strategic positioning of the 
NORs as NO ‘defense’ system inside the membrane is logical. However, 
there may be much less evolutionary pressure for the enzyme to contribute 
to the pmf. It has been suggested that, if NOR contributed to the pmf, the 
gain in pmf would be only 5 - 10 % [81]. More efficient pumping may slow 
down the enzyme leading to higher levels of NO.   
Alternatively, NOR could be the predecessor of oxygen reducing, proton 
pumping HCuOs. NORs may never have evolved to proton pumps for the 
same reasons. 
In a study that was based on the P. aeruginosa cNOR structure, Blomberg 
and Siegbahn suggested, based on quantum chemical calculations, that, 
although the reduction of NO to N2O is very exergonic, cNOR cannot be 
electrogenic [82] because the subsequent re-reduction of the active site after 
the first turnover is rate-limiting and too endergonic to support proton 
pumping at a reasonable catalytic rate. This would certainly explain the 
absence of a proton channel leading from the n-side to the active site.  
The CuANOR (eNOR) remains the only known electrogenic NOR to date. 
Although it has not been conclusively shown that the enzyme pumps 
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protons, it does not fit in with other NORs derived from the C-family of 
HCuOs because it is electrogenic [39]. The K-channel analogue that has 
been found in this enzyme, leading from the cytoplasm to the active site may 
be functional. Also the qNOR has a water channel leading from the 
cytoplasm to the active site, which is in a similar position as the K-channel 
in cytochrome c oxidase [46]. A channel towards the periplasm, however, 
appears to be absent. Taking positive and negative charges from opposite 
sites would make the qNOR electrogenic. Further investigation is necessary 
to determine where in the evolutionary tree of HCuOs these NORs should 
reside and whether there is indeed a proton-pumping NOR. 
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Paper IV: Electron and proton-transfer in ba3 oxidase 
from T. thermophilus 
In the study described in Paper IV we investigated the reaction of fully 
reduced ba3 oxidase (B-family HCuO) with oxygen. While the overall 
sequence of events is similar to that in the aa3 oxidase from R. sphaeroides 
(A-family HCuO), there are distinct differences, especially in the timing and 
stoichiometry of the proton-transfer reactions. A-family oxidases have two 
proton-conducting channels, one of which (the K-channel) is used to transfer 
two protons to the active site. Pumped protons are transferred via the D-
channel only [83]. In addition, the D-channel provides two ‘chemical’ 
protons to the active site. This aa3 oxidase pumps 1 H+/e-. Hence, for every 
electron-transferred to the active site, one proton is transferred to the proton 
loading site, one proton is transferred to the active site and one proton is 
released to the p-side. In the reaction of the four-electron reduced R. 
sphaeroides aa3 with oxygen, these three events are not separated in time, 
which makes analysis of these events rather difficult.  
In contrast to the aa3 oxidases, the T. thermophilus ba3 oxidase uses only 
one channel for proton pumping and proton-transfer to the active site. Since 
the oxygen-reduction reaction provides the energy to pump protons, these 
protons with different ‘destinations’ need to be separated in time. The ba3 
oxidase from T. thermophilus pumps only 0.5 H+/e-. A scenario in which 0.5 
H+/e- (rather than 1 H+/e-) is pumped in every step is theoretically possible. 
Based on our data, we propose a mechanism that explains the low pumping 
stoichiometry of ba3 oxidases. Only upon every second electron-transfer a 
proton is pumped in the reaction of ba3 oxidase with oxygen, hence the 
pumping stoichiometry is 0.5 H+/e-, which is half of the stoichiometry in aa3 
oxidases. We suggest that the initial proton taken up from solution 
protonates the pump site.  
This initial proton-uptake step is specifically impaired in the D372I variant 
(Paper V), in which pumping is uncoupled from O2 reduction, i.e. the 
enzyme reduces oxygen but does not pump protons. 

Reaction of fully reduced ba3 cytochrome c oxidase with oxygen 
When fully reduced ba3 oxidase is mixed with oxygen, the substrate binds in 
<10 µs to the catalytic site (R2), forming the A2 intermediate. Subsequently 
an electron is transferred from heme b to a3 (τ ≅ 15 µs) and a proton is 
internally transferred from Y237 to the catalytic site to form the ‘peroxy 
state’ (P3). The A2àP3 transition shows only a weak pH dependence (τ ≅ 
15 µs at pH 7 and τ ≅ 21 µs at pH 10). No net proton uptake from solution 
can be observed on this time scale. The O-O bond is broken. A schematic 
summary of the reaction cycle is shown in Figure 14. 
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In the P3 à P3

(H+) transition, an electron is transferred from CuA to heme b 
with τ = 40-67 µs and a proton is taken up from solution through the K-
channel from the n-side with τ ≅ 70 µs to a site outside the catalytic site, 
forming P3

(H+) (see also Paper V and [16]). In D2O this proton uptake is 
significantly slower (τ ≅ 220 µs) than the electron-transfer (τ ≅ 70 µs) from 
CuA to heme b. The absence of an absorbance decrease at 610 nm on this 
time scale indicates that the first proton taken up is not transferred to the 
catalytic site and, therefore, the ferryl state is not formed in this step. Earlier 
studies of three-electron reduced ba3 [16] show that there are two successive 
net proton-transfer events visible, of which only the second leads to an 
absorbance change at 610 nm, indicating that the second proton but not the 
first (P3 à P3

(H+)) is transferred to the active site to form the ferryl state 
(P3

(H+) à F3). 
 
The next step (P3

(H+) à F3), shows a significant kinetic isotope effect (KIE) 
of ~3 and the rate is pH dependent decreasing by a factor of 3 between pH 
5.5 and pH 11. This reaction step is not associated with electron-transfer 
from the low-spin heme to the active site. A second proton is taken up from 

Figure 14: Schematic illustration of the catalytic cycle as observed with four-
electron reduced ba3 oxidase from T. thermophilus as described in the text. ET: 
electron-transfer; PT: proton-transfer; PLS: proton loading site; CS: catalytic site. 
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solution (n-side) to the catalytic site. At neutral pH, F3 is not populated to a 
significant extent as it forms over the same time scale (~1 ms) as the O4 
state.  
 
At pH 10, O4 formation (τ ≅ 10 ms) is separated in time from F3 formation 
(τ ≅1.5 ms at pH 10). State O4 is formed upon electron-transfer from heme b 
to heme a3 and it is not accompanied by a net uptake of protons. This kinetic 
phase shows a strong pH dependence (8.5 fold slower at pH 10 compared to 
pH 7) and a relatively strong KIE of 3.4. Hence, a proton uptake from the n-
side and release to the p-side was suggested to take place in this step [21, 84, 
85].  
Because formation of state O4 from F3 requires proton uptake to the catalytic 
site and no net uptake is observed in this step, we assumed that 
concomitantly with a proton uptake to the catalytic site a proton is released 
from the PLS to the p-side. 
In a previous study of aa3 oxidase from R. sphaeroides the timing of the 
proton release was investigated [85]. It had been shown that a single transfer 
step must be responsible for the observed large KIE [86]. It was suggested 
based on the large KIE (~7) that the rate of this proton release is either 
limited by a conformational change of the pumping element, which happens 
prior to release of the proton to the p-side, or by proton-transfer from the 
PLS to the output pathway [85].  
The same sequence of events may take place in ba3 oxidase and determine 
the rate of proton-transfer during the F3 to O4 transition.  
 
Theoretically, to complete the ‘cycle’, O4 (O0) has to transition to R2 (Figure 
14), which cannot occur in this experiment, as by design only four electrons 
are available for the reaction. These four electrons are at the beginning of the 
flow-flash experiment located on the four metal centers. In the reductive 
phase O4 (O0) à R2, two electrons are transferred to the catalytic site (and in 
our experiment two additional electrons have to be transferred to heme a and 
CuA). In addition, two ‘chemical’ protons have to be taken up to generate the 
R2 state. One of these protons has to protonate Y237, the other one must go 
to the catalytic site. Presumably, one additional proton must be pumped, i.e. 
taken up to from the n-side to the PLS and released to the p-side. 
 
In summary, we were able to show that in ba3 oxidase from T. thermophilus 
the protonation of the active site and protonation of a site outside the active 
site, the presumed PLS, are separated in time. Our data suggest that only 
upon every second electron-transfer to the catalytic site a proton is pumped. 
This explains the lower pumping stoichiometry of the ba3 oxidases. For the 
pump to be functional with only one proton pathway coming from the n-
side, pumped and substrate protons have to be separated in space and time. 
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In aa3 oxidases pumped and substrate protons can be transferred to the 
catalytic site and across the membrane simultaneously due to two separate 
proton pathways originating in the cytoplasm.  
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Paper V: Mutation in the ba3 oxidase impairs 
protonation of the pump site 
In the work described in Paper IV we found that the first proton taken up 
from solution is transferred to a site within the enzyme that is remote from 
the catalytic site. We speculated that this site is the PLS, which controls the 
unidirectionality of proton transport. It had earlier been suggested that the A-
propionate of heme a3 may act as the PLS, together with nearby sites [10, 
79, 80, 87-90]. In the D372I variant of the ba3 oxidase, proton pumping is 
uncoupled from oxygen reduction [80], which implies that D372 is 
important for proton pumping. It is located in the vicinity of the A-
propionate. An overall representation of the structure of ba3 oxidase from T. 
thermophilus, as well as the cluster of residues that may make up the proton 
loading site, are depicted below in Figure 15.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 15: Structure of ba3 oxidase PDB ID 3S8F [1]. Protons are taken up via the 
K-pathway-analogue to the active site or the proton loading site. The insets show 
magnified views of the region around the heme a3 propionates and D372. Electrons 
flow via CuA and heme b to the active site (CuB and heme a3). 
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Binding of the CO-ligand 
In the wild-type oxidase, after the fully reduced, CO-bound enzyme is 
exposed to a high-intensity laser flash in the absence of O2, two kinetic 
phases are observed. The rates of these components are independent of pH, 
suggesting protons are not involved in this process. 
The first phase on the time scale of 200 µs contributed with only 5 % of the 
amplitude, while the slower phase displayed a time constant of 200 ms and 
contributed with the remaining 95 %. The fast phase may be associated with 
structural changes that precede the release of CO from CuB into solution (see 
Paper IV). The D372I enzyme showed similar kinetics, but different 
amplitudes. The fast phase (τ ≅ 250 µs) contributed with 35 % while 
recombination to heme a3 was biphasic with τ ≅ 8.3 ms (25 %) and τ ≅ 200 
ms (40 %). The change in the CO-rebinding kinetics indicates that structural 
changes around D372I indirectly affect the structural re-arrangement upon 
dissociation of CO from CuB. No such behavior had been observed with any 
residues modified in the K-pathway.  

Proton uptake and electron transfer 
In the reaction of the four-electron reduced ba3 oxidase with O2 the first 
proton that is taken up from bulk solution does not lead to F3 formation. We 
suggest in Paper IV that this proton is transferred to a site outside the 
catalytic side, the PLS, over a time scale of ~70 µs (P3à P3

H+). This proton 
uptake phase is not observed in D372I. Therefore we suggest that the PLS is 
not protonated (P3

H+ is not formed). The rate of F3 formation in the D372I 
variant is not affected by pH, whereas there is a small pH dependence in the 
wild-type ba3 oxidase during this phase. This supports our suggestion that no 
proton is taken up from solution to the PLS in the D372I variant.  
 
In wild-type oxidase during the formation of state P3

H+ an electron is 
transferred from CuA to heme b on a time scale of ~70 µs. Full re-reduction 
of heme b in the D372I variant does not occur in this phase.  
Upon formation of F3 only a small fraction of heme b is re-reduced. The 
cause is presumably a lower midpoint potential of heme b due to the un-
protonated PLS. Given that the PLS is in closer vicinity to heme a3 and CuB 
compared to heme b, it is likely that the midpoint potential of the active site 
is even more affected.  
The proton uptake during F3 formation to the active site is accelerated to 
τ ≅ 0.4 ms in the D372I variant. The cause for this acceleration may be that 
after an electron is transferred from heme b to the active site it is more 
negatively charged compared to the active site in the wild-type oxidase. This 
in turn may be caused by a missing positive charge at the PLS in the D372I 
variant. As a result the substrate proton would be attracted more strongly. 



 49 

During the subsequent phase (F3
 to O4) in wild-type ba3 oxidase there is no 

net proton uptake. However, a proton must be taken up to the active site to 
form state O4 [16, 23] (see also, Paper IV). But because no net proton is 
taken up during this phase, a proton is presumably released from the pump 
site to the p-side over the same time scale.  
In the D372I variant, one net proton is taken up during this phase and state 
O4 is formed. This proton is presumably transferred to the active site. The 
absence of simultaneous proton release is consistent with the absence of the 
proton uptake during the 70 µs phase, i.e. the PLS remains unprotonated. 
The F3 to O4 reaction in the D372I variant is 7-fold slower compared to the 
wild-type enzyme (~1 ms in wild-type and ~7 ms in D372I). The electron 
equilibrates more slowly to the active site presumably due to the lower 
midpoint potential of heme a3 and CuB. Also, in the D372I oxidase the 
formation rate of the O4 state is significantly less pH dependent (over a pH 
range of 5 units) compared to the wild-type enzyme. 
The rate-limiting step for O4 formation in the D372I variant could be 
electron-transfer to the active site. Based on results from earlier studies with 
aa3

 oxidase [91-93], the rate of F3 à O4 is determined by the proton-transfer 
rate to the catalytic site, multiplied by the fraction reduced heme a3 in the F3 
state, which is in equilibrium with CuA and heme b. Therefore, even if the 
proton-transfer rate was accelerated in D372I compared to that in the wild-
type ba3 oxidase, the rate of F3àO4 could be decreased if the electron 
equilibrium was shifted away from the active site.  
 
Combined, the data indicate that the pH dependence observed of the F3 à O4 
transition in wild-type ba3 oxidase can be explained in terms of a pH 
dependent proton-release rate from the PLS, either by proton-transfer from 
the PLS to the output pathway or indirectly via a structural change. A 
structural change involving the PLS may be essential to ensure 
unidirectional proton-transfer. Hence, an amino acid exchange altering the 
PLS structure would likely have an impact on the gating and the proton-
transfer rates through the proton uptake pathway (K-pathway). As 
mentioned in Paper IV, analogous to the studies of the proton release from 
the PLS in aa3 oxidase [85], we suggest that proton release from the PLS in 
the wild-type ba3 oxidase is the rate limiting step in the F3 to O4 transition. 
At high pH a smaller fraction of the PLS would be protonated, slowing the 
F3 à O4 reaction. The rates observed for the D372I variant in this step are 
similar to those observed in wild-type ba3 oxidase at high pH, i.e. with 
unprotonated PLS. A completely unprotonated PLS in D372I would explain 
the absence of a pH dependence in F3 à O4. 
 
Results from previous studies have suggested that a cluster around D372, the 
A-propionate of heme a3, the D-propionate of heme b and H2O molecules 
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are part of the PLS [94]. The finding that the PLS is not a single site but 
rather a cluster is also supported by a results from a theoretical study carried 
out on aa3 oxidases by Lu et al. [95]. Amino acid exchanges around the 
propionates can affect the pKas of the propionates and lead to the decoupling 
of the pump, while a slightly lower rate of oxygen reduction activity can be 
maintained. The same study [95] suggests that the location of the PLS is 
similar in cytochrome c oxidases from different organisms. Furthermore, the 
interactions of the residues involved in the PLS would determine its 
protonation state and display a behavior of a single site with a combined 
pKa. With a sufficiently low pKa, protonation of the PLS would not occur 
while oxygen reduction could still occur. 
We conclude that the result of the substitution of Asp372 by Ile is that the 
PLS cluster does not become protonated. 
 
In this study we were able to show a specific reaction step that is involved in 
PLS protonation, which suggests that the PLS cluster in cytochrome c 
oxidases could be located in the vicinity of residues equivalent to D372 in 
ba3 oxidase.  
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Concluding remarks 

The work presented in this thesis is focused on the mechanisms of electron 
and proton-transfer in the heme-copper oxidase superfamily.  
 
We demonstrated that electron-transfer in cNOR shows substrate inhibition 
already after the first turnover and before all electrons that can be stored in 
the enzyme are consumed. Also, we found that the protons for the first 
turnover are pre-loaded in the four-electron reduced enzyme. Protons are 
only taken up from bulk during the second turnover. Although cNOR does 
not pump protons, they do appear to take a well-defined path leading from 
the periplasm to the active site and do not just ‘leak’ to the active site. 
However, in general, the mechanism that cNOR uses to reduce NO is still 
poorly understood and requires careful investigation.  
 
The ba3 oxidase, on the other hand, does pump protons but uses only one 
pathway for proton uptake. Studies of this enzyme offered further insights 
into the mechanism of proton pumping and the coupling between oxygen 
reduction and proton pumping in HCuOs. We found that the pump site of the 
ba3 oxidase is located in the vicinity of D372, probably involving 
propionates, water molecules and amino acid residues surrounding D372. 
Also, we found that the first proton taken up by the fully reduced ba3 
oxidase in the reaction with oxygen is transferred to the PLS. 
 
In contrast to the ba3 oxidase, which must have a PLS to ensure 
unidirectional proton-transfer, there is no requirement for a PLS in cNORs, 
since they do not pump protons. In general, the mechanisms of these two 
different HCuOs overlap to some extent, when oxygen is used as a substrate. 
There is even a protonatable residue with a low pKa (6.6) that could be a 
predecessor or ancestor of a PLS. The fact that uptake of substrate- and 
pumped protons in ba3 oxidase is not parallel, like in other HCuOs, but 
sequential allows further detailed studies. 
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Samanfattning på svenska 

Fotosyntetiska organismer använder energi från solens ljus för att producera 
kolhydrater av vatten och koldioxid. Vatten sönderdelas till väte och syre i 
den processen. 
Icke fotosyntetiska organismer kan istället få energi genom att bryta ned 
t.ex. kolhydrater. Människor och andra organismer som lever under aeroba 
förhållanden använder syre och producerar vatten vid nedbrytning av 
kolhydrater. Normalt är den reaktion där vatten bildas av väte och syre både 
våldsam, snabb (explosiv), och startar endast vid höga temperaturer. Genom 
att använda enzymer kan både energin som krävs för att initiera reaktionen 
och reaktionshastigheten kontrolleras. Det enzym som katalyserar denna 
reaktion kallas cytokrom c oxidas och finns i membraner i cellens kraftverk, 
mitokondrierna. Under reduktionen av syre till vatten pumpar cytokrom c 
oxidas vätejoner från ena till andra sidan av membranet och genererar 
därmed en spänning över membranet på i storleksordnignen 180 mV. Denna 
process har en fundamentell betydelse för liv. 
En genomsnittlig människa använder ca 85 kg adenosintrifosfat (ATP), 
cellens energivaluta, varje dag. Energin som genom pumpning av vätejoner 
förvarats som en laddningsseparation över membranet i mitokondrien kan 
användas för att regenerera ATP så att våra celler kan driva en mängd olika 
processer, t.ex dra ihop en muskel. 
Andra organismer, exempelvis vissa bakterier, kan leva i avsaknad av syre. 
De kan "andas" nitrit eller nitrat och har en liknande uppsättning enzymer 
som katalyserar laddningsseparation. Ett av dessa enzymer, kvävemonoxid 
(NO)- reduktas, reducerar den giftiga gasen NO till dikväveoxid (N2O, 
lustgas). 
Detta arbete syftar till att förstå hur vätejoner pumpas genom membranet av 
cytokrom c oxidas och hur kväveoxidreduktas, som detoxifierar kväveoxid, 
fungerar.  
Vi analyserade reaktionsmekanismen hos kväveoxidreduktas, som inte 
pumpar vätejoner, och kunde se var i reaktionen vätejoner konsumeras och 
hur detta förändras när mängderna av vätejoner och kväveoxid varieras. 
Detta är av fundamentell betydelse för att förstå mekanismen som detta 
enzym använder. 
I ett syrekonsumerande cytokrom c oxidas från en bakterie som lever under 
vatten och kan överleva vid mycket höga temperaturer och låga 
syrekoncentrationer, har vi undersökt vätejonskonsumption och funnit att det 



 53 

endast är vid varannan elektrontransport till syre som en vätejon pumpas. Vi 
har identifierat en aminosyra i enzymet som, när den ändras, deaktiverar 
vätejonpumpningen men tillåter enzymet att fortsätta omvandla syre till 
vatten. Vi föreslår att denna aminosyra är inblandad i att vägleda vätejonerna 
till antingen syre, eller till andra sidan av membranet. 
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