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Abstract 

Nitric oxide reductase (NOR) from Paracoccus denitrificans catalyzes the two electron 

reduction of NO to N2O (2NO + 2H+ + 2e- → N2O + H2O) as part of the process of 

denitrification, the step-wise reduction of nitrate to dinitogen. The NOR-catalyzed 

reaction is central in the nitrogen cycle, since in this step the N=N double bond is 

formed. NOR is a deviant heme copper oxidase, located in the cytoplasmic membrane, 

containing four redox active cofactors. Like cytochrome c oxidase (CcO), NOR can 

reduce oxygen to water as a side reaction, but in contrast to CcO it does not contribute 

to the proton motive force that drives the conversion of ADP to ATP by ATP synthase. 

The active site in the catalytic subunit NorB consists of a non-heme iron FeB and a heme 

b3 that are anti-ferromagnetically coupled. Additionally a low-spin heme b in NorB is 

involved in accepting electrons from heme c of NorC, a membrane anchored cytochrome 

c, which is the second subunit of the purified NorBC heterodimer. 

We have studied the terminal region of the proton entry channel and possible ligands to 

the binuclear active site of NOR using the flow-flash technique and could demonstrate 

that the putative proton channel residues Glu(E)198 and E267 in NorB are essential for 

proton uptake. We propose that they define the terminal proton channel region close to 

the binuclear site. An alanine variant of the fully conserved amino acid residue E202 of 

NOR that, according to the model of NOR (47), is located in the vicinity to the active site, 

is neither essential for catalytic activity nor integrity of the active site. 

Furthermore, we were able to demonstrate the [NO] dependency of NOR in the reaction 

between fully reduced protein and NO using the flow-flash technique (21, 24). The 

binding of NO to the fully reduced enzyme is clearly concentration dependent, 

inconsistent with a previously proposed obligatory binding of NO first to FeB before it 

ligates to heme b3, where it, in the first turnover, is reduced by the electrons from the 

active site. Further oxidation involves electron transfer from the low-spin hemes, which is 

accelerated at lower [NO]. This acceleration at lower substrate concentration is even 

larger at decreased pH. We could demonstrate that substrate inhibition, observed in 

steady-state measurements, occurs already on oxidizing the fully reduced enzyme, 

indicating that NO binds to its inhibitory site before electrons can redistribute to the 

active site from the low-spin hemes. 
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Abbreviations 

aa  amino acid 

aa3  aa3-type oxidase 

a  heme a 

a3  heme a3 

b  heme b 

b3  heme b3 

c  heme c 

cbb3  cbb3-type oxidase 

CcO  cytochrome c oxidase 

HCuO  heme-copper oxidase 

NOR  nitric oxide reductase 

N-side  the more negatively charged side of a biological membrane 

pmf  proton motive force 

P-side  the more positively charged side of a biological membrane 

τ  time constant, 1/k 

wt  wild-type 

 

If not indicated otherwise, amino acid numbering and distances are based on the amino 

acid sequence of the active subunit of nitric oxide reductase from Paracoccus 

denitrificans and its model (47). 

Amino acid nomenclature in NOR (examples): 

Glu198  glutamate at position 198 in NorB 

E198  glutamate at position 198 in NorB 

E198A  denotes the replacement of glutamate 198 in NorB by alanine 
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1 Introduction 

Our atmosphere is composed of about 78% of nitrogen by weight (52), an essential 

component of all forms of life. Most organisms cannot directly incorporate gaseous 

nitrogen into e.g. amino acids or nucleic acids by using atmospheric, inorganic 

dinitrogen. Nitrate as nitrogen source has been and still is extensively used in 

agriculture, polluting freshwater in shallow wells and increasing crop yields at the same 

time. The purification of polluted freshwater from nitrate is a major concern before it can 

be supplied to consumers, which arises great interest to study metabolic pathways that 

can reduce toxic nitrate to harmless dinitrogen (52). In denitrification the highly reactive 

radical NO is an obligatory intermediate and has to be reduced before it can cause 

oxidative damage to the cell carrying out denitrification. Nitric oxide reductase (NOR) 

catalyzes this crucial step, and as a side reaction the reduction of oxygen to water. NOR 

belongs to the superfamily of heme-copper oxidases (HCuO) and is therefore related to 

respiratory cytochrome c oxidase (CcO), a terminal oxidase found in mitochondria and 

many aerobic bacteria. Cytochrome c oxidase is a major contributor to the proton motive 

force that is exploited by the ubiquitous ATP synthase to convert ADP to ATP.  A major 

difference between CcO and NOR is that, although the midpoint redox potential of the 

reaction from NO to N2O is slightly larger than that of O2 to H2O, NOR does not conserve 

the energy released in this reaction. It could be an evolutionary ancestor of respiratory 

aa3 - type CcO, the pumping mechanism of which is still controversially discussed. 

Another aspect that is increasing the interest in NO reduction is the fact that NO has 

been found to occur in mammalian cellular immune defense. At the same time some 

pathogens can express NOR to detoxify NO. The elucidation of the mechanism of NO 

reduction in bacterial NOR is therefore the focus of this work. 

1.1 Nitrogen cycle 

The fixation of atmospheric dinitrogen can be regarded as the first step in the nitrogen 

cycle (Figure 1) (55). It is catalyzed by nitrogenase found in diazotrophs like Rhizobia 

and requires an enormous ammount of energy to break the triplebond of dinitrogen 

(eq. 1). 
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N2 + 8 H+ + 8 e- + 16 ATP → 2 NH3 + H2 + 16 ADP + 16 Pi    (nitrogenase) (eq. 1) 

Nitrification, that is the sequential reduction of ammonia (NH4
+) to nitrate (NO3

-), is 

carried out by species of the genera Nitrosomonas, catalyzing aerobic ammonium 

oxidation (eq. 2 and 3), and Nitrobacter  catalyzing nitrite oxidation (eq. 5)(2, 38). 

2H+ + NH3 + 2e− + O2 → NH2OH + H2O  (ammonia monooxygenase)   (eq. 3) 

NH2O
- + H2O → NO2

- + 4e− + 4H+   (hydroxylamine oxidoreductase)  (eq. 4) 

H2O + NO2
- → NO3

- + 2H+ + 2e-  (nitrite oxidase)   (eq. 5) 

 

Its counter processes are nitrate 

ammonification (e.g. Shewanella spec.) 

and denitrification, the latter completes the 

nitrogen cycle by the step-wise reduction 

of NO3
- to N2 (2) and is considered in 

detail in the section below. In soil, 

denitrification is the main nitrogen 

reducing pathway performed e.g. by 

Paracoccus (P.) denitrificans under 

anaerobic conditions (57, 58). There is 

one additional, but less well understood 

process called anammox that oxidizes 

ammonia and nitrite anaerobically to 

dinitrogen and is carried out by e.g. 

Kuenenia stuttgartiensis (36).  

1.2 Nitrogen as electron sink 

A large number of pro- and eukaryotes use oxygen as terminal electron acceptor in the 

electron transport chain. In this way reducing-equivalents like NAD+ or FAD+ are 

regenerated and energy is stored in the form of a pmf. The standard midpoint potential 

of O2 to H2O is 0.82 V (28), which makes oxygen such a good electron acceptor. Under 

anaerobic conditions denitrifying facultative anaerobic prokaryotes like P. denitrificans 

can redirect the electron flux through the respiratory denitrification chain (Figure 2) 

towards nitrate as terminal electron acceptor (57, 58). The first reductive step is the 

N2 (0)

N2O (+1)

NO (+2)

NO2
- (+3)

NO3
- (+5)

NH2OH (-1)

nucleic acids, amino acids, etc.
(organic nitrogen compounds)

assimilationammonification

denitrification

NH4
+ (-3)

Anammox

respiration (dissim
ilation) or assim

ilation

nitrification

nitrification
assimilation 
or respiration 
(dissimilation)

N2 (0)

N2O (+1)

NO (+2)

NO2
- (+3)

NO3
- (+5)

NH2OH (-1)

nucleic acids, amino acids, etc.
(organic nitrogen compounds)

assimilationammonification

denitrification

NH4
+ (-3)
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ilation
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nitrification
assimilation 
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(dissimilation)

Figure 1: Nitrogen cycle. Oxidation states of 
nitrogen are indicated in parenthesis. Adapted 
from (2). 
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transfer of electrons from reducing-equivalents to the membraneous ubiquinone-pool 

(e.g. catalyzed by succinate dehydrogenase or NADH dehydrogenase (NADH DH)). The 

stoichiometry of the reaction of NADH DH is depicted in eq. 7. 

NADH + H+ + Q + 4 H+
N → NAD+ + QH2 + 4 H+

P   (NADH DH)  (eq. 7) 

Ubiquinol is oxidized at the membrane-spanning cytochrome bc1 complex (bc1). 

Periplasmic cytochrome c is the electron acceptor for this reaction, which is coupled to 

vectorial proton transfer across the membrane.  

QH2 + 2 cyt c(Fe3+) + 2H+
N → Q + 2 cyt c(Fe2+) + 4H+

P (bc1)  (eq. 8) 

Nitrate reductase (NAR), which is anchored to the cytoplasmic side of the bacterial 

membrane, oxidizes ubiquinol and reduces cytoplasmic nitrate to nitrite and therefore 

carries out the first step in denitrification (eq. 9).  

NO3
- + 2 H+ + 2 e- → NO2

- + H2O    (NAR)  (eq. 9) 

An antiporter (AP) exchanges nitrite for nitrate across the membrane. The soluble, 

periplasmic nitrite reductase (NIR) reduces nitrite to nitric oxide. The electron donor in 

this reaction is cytochrome c.  

Figure 2: Enzymes involved in denitrification in P. denitrificans. Abbreviations: bc1: cytochrome 
bc1 complex - Q/QH2: Ubiquinone/Ubiquinol - DH: NADH dehydrogenase - NAR: nitrite 
reductase - AP: nitrate/nitrite anitporter - NIR: nitrite reductase - NOR: nitric oxide reductase - 
N2OR - nitrous oxide reductase. 
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NO2
- + 2 H+ + e- → NO + H2O    (NIR)   (eq. 10) 

Further reduction of NO to N2O has to take place quickly due to the toxicity of NO. This 

is the central reaction, the catalysis of which is looked at in detail in this thesis. It is 

catalyzed by the transmembrane enzyme nitric oxide reductase (NOR), which oxidizes 

cytochrome c551, pseudoazurin (cNOR) or ubiquinol (qNOR) depending on its type. The 

stoichiometry of the reaction catalyzed under physiological conditions is depticted in 

eq. 11. NO to N2O has a standard midpoint redox potential of 1.18V (28) making it an 

even better electron acceptor than oxygen under standard conditions. The difference in 

free energy under standard conditions is -306 kJ/mol. 

2 NO + 2 e- + 2 H+ → N2O + H2O    (NOR)   (eq. 11) 

In a last step N2O is reduced to N2 at the periplasmic, soluble nitrous oxide reductase 

(N2OR), while electrons are supplied from pseudoazurin or cytochrome c551 (eq. 12). 

N2O + 2e- + 2H+ → N2 + H2O     (N2OR)  (eq. 12) 

1.2.1 NO, toxic reaction intermediate 

NO is a freely diffusible, highly reactive and short lived radical. NO is produced in 

eukaryotes by NO synthase (NOS) and involved in the regulation of cellular respiration. 

Macrophages produce it in the immune defense against bacterial infections, whereas 

some pathogenic bacteria can reduce NO using NOR. NO also has a function as a 

neurotransmitter with a half-life of about five seconds (49-51, 54). Additionally NOS was 

found in obligate fermentative, radio-resistant, spore-forming or pathogenic bacteria (1, 

4, 10, 11, 42, 43, 58). In that context it is suggested that NO acts as a signal molecule 

released in stress response at the inter-cellular level (32). Furthermore it might have 

been involved as an early way of communication between eukaryotes and prokayotes, 

since bacteria harboring an NO sensor similar to the NO binding heme domain of 

guanylyl cyclase have been identified (34, 35). Although NO is produced during 

denitrification, its cellular concentration is kept at a few nanomolar in P. denitrificans 

(23). There must be an effective mechanism for detoxification NO in bacteria carrying 

out this process, since NO reacts readily with metal sites and is mutagenic. This is also 

reflected in the apparent Km of NOR for NO, which was assayed in vitro with reduced 

cytochrome c551 and estimated to be sub-micromolar (56).  
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1.3 Nitric Oxide Reductase 

Nitric oxide reductase from P. denitrificans is a cNOR accepting electrons from 

cytochrome c or alternatively pseudoazurin (53). It is expressed during limiting oxygen 

conditions in the presence of NO or other N-oxides (58). The nitric oxide reductase gene 

cluster in P. denitrificans (U28078) encodes NorCBQDEF (Table 1). Inactivation of norC, 

norB, norQ and norD by mutagenesis results in cells unable to grow anaerobically (see 

table 1). NorQ encodes a ~30 kDa protein with a putative nucleotide binding motif (58). 

NorD is presumed to be a cytosolic protein of about 170 aa containing a von Willebrand 

factor type A, which in eukaryotes is known to be involved in membrane trafficking. It 

might have a role in the formation of the NorCB complex and assist in its membrane 

assembly (58). NorF has a low sequence identity among NORs, which points towards an 

ancillary function (58). Inactivation of NorE shows no effect in growth rate but in 

expression levels of NOR, whereas insertional mutagenesis of NorF shows a decrease 

in growth rate (12).  

 

NOR (Figure 3) purifies as hetero-dimer (NorBC) and retains full enzymatic activity 

compared to whole-cell activity, given that native phospholipids like phosphatidylglycerol 

and cardiolipin are replaced by e.g. docecyl-β-D-maltoside (DDM) (29, 37). NorC 

(17 kDA) holds a low-spin heme c that is covalently attached to a CXXCH sequence 

motif. NorC is predicted to be anchored to the membrane by a single alpha helical 

segment, the N-terminus oriented towards the cytoplasm. Its high midpoint potential 

(310 mV) (25) and single turnover measurements with O2 as substrate suggest that it is 

the initial electron acceptor from soluble cytochrome c551 (Em = 256 mV) or pseudoazurin 

Table 1: Properties of nor genes encoding respiratory NO reductase and proteins with ancillary 
functions, modified from (58). *Mass measured by electrospray mass spectrometry (29), protein 
from P. denitrificans. **Average mass of unprocessed proteins, averaged from Pseudomonas 
aeruginosa, Pseudomonas stutzeri and P. denitrificans. 

Gene Mass of gene product (kDa) Function of gene product 
norB 54* Catalytic subunit of short chain NOR
norC 17* Cytochrome c  subunit of short chain NOR 
norD 70** Presumed cytoplasmic protein, affects NorCB expression and function; 

carries C-terminally von Willebrand factor type A metal binding domain 
norE 19** 5-span membrane protein; affects anaerobic growth yield and growth rate; 

similarity with cytochrome c oxidase subunit III 
norF 9** 2- or 3-span membrane protein, affects NO and nitrite reduction 
norQ 30** affects NorCB function and cellular growth characteristics 
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(Em = 230 mV). The interaction with the electron donor is 

thought to be electrostatic due to a rapid decrease in 

activity with ionic strength (58). NorC transfers electrons 

to cofactors of the catalytic subunit NorB (~ 54 kDa), 

which holds a low-spin heme b with a midpoint redox 

potential of 345 mV (25) and the binuclear active site, 

comprised of a high-spin heme b3, which in the oxidative 

'resting state' is anti-ferromagnetically coupled via a µ-

oxo bridge to the adjacent non-heme iron (FeB) (22, 41). 

While the latter has a midpoint redox potential of 

322 mV (25), heme b3 has a remarkably low Em for 

being an electron donor in the reduction of NO 

(Em = 60 mV) (25). This low potential has been 

suggested to be an efficient way to prevent the 

formation of dead-end heme (Fe2+)-NO species (25), 

because the partitioning of electrons from the heme b and c to the low potential heme b3 

is slow. The FeB has been proposed to be essential for a high NO reduction activity (6). 

Electron transfer between heme c and b occurs at 3 ± 2 x 104 s-1, while the transfer 

between b and (distance estimated to be ~20 Å) b3 is > 106 s-1 (30). The model of NorB 

published by our group (47) (a crystal structure of a bacterial NOR is not yet publicly 

available), based on bo3 oxidase from E. coli, shows that NorB has 12 trans-membrane 

(TM) helices (Figure 5) in a 3 x 4 symmetry. The hemes are about 18 Å from the 

periplasmic surface, buried about 1/3 in the membrane, seen from the periplasmic side. 

Figure 4: Ligation of cofactors in NorB by 
histidines conserved among HCuOs. From 
(47). 

Figure 3: Schematic view of a c-
type NOR. NorB contains the 
binuclear active site (heme b3, 
FeB) and heme b. NorC, a 
membrane bound cytochrome c, 
is the electron acceptor from 
cytochrome c. 
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Figure 5: Helix topology of NOR from P. 
denitrificans. Indicated are histidines conserved 
among NORs suggested to ligate cofactors and 
conserved glutamates in the environment of the 
active site (E198/E202/E267) and the 
suggested proton entry site (E122/E125). 
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The coordination of the cofactors (Figure 6) in NorB is attributed to histidines: Heme b is 

likely to be coordinated by His53 (helix II) and His336 (helix X), heme b3 by His334 

(helix X) and FeB by His194, His245 and His246 (47). Non-heme irons are usually found 

in octahedral coordination (29) with histidine and/or oxo-ligands as in alternative 

oxidases or flavodiiron proteins (3, 13). Besides a putative ligation via a µ-oxo bridge 

that shows at 811 cm-1 in resonance Raman spectra (see (14) for details), two more 

ligands are needed. According to the model Glu267 and Glu198 are close enough to 

ligate FeB.  

1.3.1 Proton transfer pathway 

A proton transfer pathway from the 

periplasm to the active site has earlier 

been predicted (47) on the basis of a 

homology model of NorB (Figure 6). 

Proton uptake experiments of liposome-

reconstituted NOR during the oxidative 

phase in single turnover experiments with 

O2 have previously been shown to have a 

pH dependency that cannot be explained 

by proton uptake from the bulk solution 

only, but rather by a rate-limiting proton 

transfer from an internal protonatable 

group, followed by rapid proton uptake 

from the bulk (17). To identify the putative 

aa residue, site directed mutagenesis has 

been employed. The pathway seems to 

involve E122/E125, probably as the 

proton entry site (18) that transfer protons 

to D185 (Lachmann et al., unpublished), which might donate them to T243, after which a 

number of water molecules that were modeled might help to protonate S264. The effects 

of substituting residues E198/E267 (and E202) are addressed in paper I of this work. 

S264 might directly protonate the active site or have a role in heme b3 / FeB ligation. 

Another interesting protonatable group that might have to be examined is located at a 

Figure 6: Homology model of NorB (47) based 
on bo3 oxidase from E. coli. Putative residues of 
the proton transfer pathway that are conserved 
among NORs, leading from periplasm to the 
active site are indicated. 
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conserved position at the cytosolic interface or NorB: E80 aligns with D132 in aa3-type 

HCuOs, which forms the entry point to the D-channel that transfers protons from the 

cytoplasm to the active site. 

1.3.2 NOR is a divergent HCuO 

The HCuO superfamily comprises terminal oxygen reductases (Figure 7) found in 

electron transfer chains of organisms of all domains of life. The catalytic subunits of 

respiratory NORs are homologous to the catalytic subunit of HCuOs (58).  

All members of the superfamily have in common: a high sequence similarity to subunit I 

of the mitochondrial cytochrome c oxidase (CcO), two histidines ligating one low-spin 

heme, a dinuclear center consisting of a high-spin heme (heme a3 in CcO) which is 

ligated by a conserved histidine, a nearby copper (CuB) coordinated by three histidines, 

a conserved covalent bond between a tyrosine close to the active site and one of the 

CuB ligating histidines (8, 27). In the case of NOR almost all of these features are 

present, but CuB in CcO is replaced by a non-heme iron named FeB in analogy. In NOR 

there is no active-site tyrosine as found in CcO. A major difference is that none of the 

reactions catalyzed by NOR contribute to the electrochemical membrane potential.  

Just like in the mitochondiral CcO the catalytic subunit of aa3-type cytochrome c oxidase 

from Rhodobacter (R.) spaeroides (SU-I) CuB comprises the binuclear active site 

together with heme a3. Heme a serves as electron acceptor from CuA in subunit II (SU-

Figure 7: Schematic comparison 
between three types of heme 
copper oxidases. Negative (N) 
and positive (P) side of the 
membrane are indicated. Nitric 
oxide reductase can reduce nitric 
oxide to nitrous oxide, and as a 
side reaction oxygen to water. 
None of the reactions is 
electrogenic. cbb3 - type oxidase 
reduces oxygen to water and 
pumps protons across the 
membrane. It can reduce NO at 
a low rate, however no protons 
are pumped in this side - 
reaction. aa3 - type oxidase has 
a high oxygen reduction activity 
and is electrogenic (4 protons 
are pumped per dioxygen). 
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II), which in turn receives electrons from soluble cytochrome c. CcO transfers four 

('pumped') protons from the N-side of the membrane to the P-side while using four 

additional ('chemical') protons from the N-side and electrons from the P-side to reduce 

oxygen to water. The overall reaction has the stoichiometry O2 + 8 H+
N + 4e- → 2 H2O + 

4 H+
P. In CcO oxygen is reduced at a high rate, while a reaction with NO does not 

happen in significant amounts. Instead NO acts as an inhibitor in vivo. 

The cbb3-type HCuO from R. sphaeroides, which is expressed under low oxygen 

tension, has a very high affinity to O2. Like aa3-type oxidases it reduces oxygen to water 

(O2 + 4H+ + 4e- → 2 H2O), but as a side reaction it can also reduce NO 

(2 NO + 2H+ + 2e- → N2O + H2O). It contains a copper ion (CuB) as non-heme metal and 

contributes to the electrochemical potential by pumping protons against the gradient and 

taking up electrons from the P-side of the membrane. The mechanism of proton transfer 

appears to be complex, since the proton pumping activity of cbb3 from R. sphaeroides is 

not observed during NO reduction (33). Its active subunit CcoN corresponds to NorB and 

(SU-I) of aa3 oxidase. The binuclear active site contains a heme b3 next to the non-heme 

metal ion, and a heme b that is not part of the catalytic site, but involved in electron 

transfer to b3 and CuB. CcoO is a membrane anchored heme c, related to NorC. CcoP 

holds two c-type hemes and does not correspond to any subunit of any known HCuO.  

1.3.3 NOR kinetics of O2 reduction measured by flow-flash 

Oxygen reduction by NOR has been 

studied previously in our group (19) using 

the flow-flash method described in the 

methods section. Differences between 

static (Figure 8) and kinetic absorption 

spectra have been found, which have 

implications for the ligation of the heme b3 

at the active site: CO, that is used as an 

initial inhibitor of the reaction, shows CO 

binding kinetics that are slower than 

rebinding after flash photolysis, which 

might be due to a sixth ligand bound to 

the b3 heme at the 'resting' state prior to CO binding (31, 45). The ligand binding is 

Figure 8: Static redox and CO-bound spectra of 
NorBC. In red: CO bound, fully reduced; in 
green: fully reduced; in black: oxidised. 
Wavelengths for predominant absorption by 
heme c, b and b3 are indicated. 
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slower than oxygen binding or the rebinding of CO after flash photolysis leading to a 

redox state of the active site that is different from the 'resting' state of the enzyme. Flow-

flash measurements of the reaction of four electron reduced NOR with oxygen monitor a 

single turnover of the enzyme. Oxygen binding happens on the time-scale of 40 µs 

(k = 2 x 107 M-1s-1) at 1 mM O2 (Figure 9) and is monophasic, not dependent on pH. It is 

not accompanied by electron transfer from any of the low-spin hemes. A ferrous oxy-

complex at heme b3 is formed, while FeB is not involved in the complex  as could be 

shown by similarity of the kinetic difference spectra of  NOR and myoglobin for CO and 

oxygen binding (19). Oxygen binding is not coupled to proton uptake or release (19). 

Heme oxidation at pH 7.5 happens on the time-scale of 25 ms (19) and is coupled to 

proton uptake from the P-side (17). 

Electrons from the low-spin hemes are 

transferred to the binuclear site. A third 

phase is observed at a rate of ~1 s-1 

involving additional oxidation of the low-spin 

hemes. It is speculated that in this phase 

the product (water) is formed. The rate-

limiting step of this phase and therefore of 

the overall reaction is ascribed to the 

formation of the µ-oxo bridge between FeB and heme b3 (19). Proton transfer observed 

during the 25 ms oxidative phase is not directly from bulk, but from a low pKa group 

(pKa = 6.6) in the proton transfer pathway, which could be deduced from a saturating rate 

constant at lower pH (19). Rate-limiting internal proton transfer (25 ms) from that internal 

proton donor is followed by rapid reprotonation of the donor from bulk solution.  

1.3.4 NO reduction 

NO reduction is a crucial step in denitrification, not only because NO is toxic in nM 

concentrations, but also due to the N-N bond formed: 2NO + 2e- + 2H+ → N2O + H2O 

(E0 = 1.18 V) (28). Multi-turnover measurements with a modified Clark electrode reveal a 

turnover rate of about 40-70 e-/s (9, 20, 22). This rate is likely to be underestimated 

because of the inhibitory effect of NO above 5 µM, which is suggested to be caused by 

binding of NO to the oxidized active site (22). The NOR-catalyzed oxygen reduction has 

the stoichiometry O2 + 4e- + 4H+ → H2O (E0 = 0.82 V) and is catalyzed at a rate of about 

Figure 9: Summary of reactions during 
oxygen binding and heme oxidation as 
observed in single turnover 
measurements. From (19). 
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10 e-/s. In comparison eukaryotic P450 NOR catalyzes the reduction of NO at about 

1000 e-/s and cytochrome c oxidase reduces oxygen at a rate of 1500 e-/s (46). In 

contrast to other HCuOs, NOR does not pump protons in either of the reactions 

catalyzed. Also, protons that are used for the reduction of O2 and NO are supplied from 

the periplasm.  

Several mechanisms of NO reduction have 

been suggested (Figure 10) (5): In the 'trans' 

mechanism one NO binds to FeB, the second 

one to heme b3-Fe. Upon two electron reduction 

the N-N bond is formed and N2O is released. 

The "cis:b3" mechanism favors binding of 2 NO 

to heme b3, two electron reduction, N-N bond 

formation and nitrous oxide release. In the 

cis:FeB mechanism both NO molecules required 

for catalysis bind to FeB. As mentioned earlier, 

in the oxidized ('resting') state of the enzyme 

the dinuclear site is internally bridged by a µ-

oxo bond (FeB
3+-O-Feb3

3+). On the basis of 

resonance Raman studies the distance 

between the metals is estimated to be 3.5 Å and the angle of the µ-oxo bridge 145°. On 

two electron reduction and protonation of the µ-oxo-bridge water is released. 

Subsequently the two electron reduced active site (FeB
2+, heme b3-Fe2+) binds two NO 

molecules 'in trans' leaving the heme b3 five coordinate (40). After the transfer of two 

electrons to the active site, NO is reduced to N2O, which is released. In turn the active 

site is assumed to adopt the resting state. The trans mechanism is challenged by the 

high stability of a heme b3-Fe2+-NO complex in myoglobin (7, 48), but it can be argued 

that the environment of the active site weakens the binding of NO to the ferrous heme b3 

or it is low redox potential keeps it oxidized (26).  

The cis:FeB mechanism has been put forth because of the high affinity of ferrous heme-

complexes to NO. It has been proposed that under physiological conditions the preferred 

reaction of a ferrous heme-NO complex with a highly negative redox-potential is 

oxidation rather then reduction (58) although optical spectroscopy (e.g. paper II of this 

work) reveals that NO does bind to heme b3.  

Figure 10: States and possible scenarios 
for substrate binding in NOR. From (58). 
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The cis:b3 mechanism is based on the observation of a five-coordinate heme b3-Fe2+-NO 

in cbb3 oxidase of P. stutzeri (44) and theoretical studies (5). The proximal histidine of 

heme b3 dissociates on the addition of NO to the fully reduced enzyme. A second NO 

attacks the nitrogen of the ferrous-NO adduct and forms hyponitrite. The next step is the 

hydrolysis to N2O and H2O leaving the active site in His-b3
3+ CuB

2+ condition. The last 

step is a full re-reduction of the enzyme, in case excess reductant is available, while no 

oxidized species is observed during catalytical turnover. The role of CuB is electron 

donation (58).  

On the whole no mechanism that integrates all spectroscopic data, structural information 

and theoretical calculations has been agreed on.  
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2  Materials and methods 

To gain insight into the mechanism of the rapid reduction of NO we have studied this 

reaction mainly via the flow-flash method established by Gibson and Greenwood in 1963 

(21). This section contains a brief description of the method and custom instrumentation. 

2.1 Time-resolved optical spectroscopy 

Laser induced time-resolved optical spectroscopy, essentially as described in (21, 24), 

was used to kinetically study events like carbon monoxide / oxygen / nitric oxide binding 

and electron transfer to heme b3 from the two low-spin hemes b and c. This method 

exploits changes in the visible absorption spectrum (Figure 8) occurring on 

oxidation/reduction and ligand binding to heme centers. These changes are observed on 

a rapid time-scale between nanoseconds and seconds using a modified stopped-flow 

apparatus (Figure 11/12). It should be noted that there are differences between the 

kinetic and static CO-bound and redox spectrum of NOR (19). Proton uptake from bulk 

solution was monitored using a pH sensitive dye (phenol red). In all measurements four 

electron (fully) reduced NOR was incubated anaerobically with CO in a modified 

Thunberg cuvette yielding a visible absorption spectrum as depicted in Figure 8 (red). 

CO is known to bind covalently to heme b3 effectively inhibiting turnover (31), but can be 

displaced by a short (6 ns), intense laser flash applied via a Q-switched NdYAG laser 

(Quantel brilliant b) (532 nm, second harmonic), yielding the reduced enzyme (similar to 

Figure 8, green spectrum) ready for substrate binding. Substrate and enzyme were 

mixed in a stopped-flow cuvette, followed by a 200 ms delay (DEL) to allow the recorded 

absorption signal to stabilize. Photolysis of CO initiates the measurement, allowing 

substrate to bind to the active site. Substrate binding, oxidation and reduction of hemes 

and can be observed in the optical spectrum at different wavelengths. The rebinding of 

CO to heme b3 after photolysis is known to be biphasic with rate constants of ~2 x 108 M-

1s-1 and ~2 x 107 M-1s-1 and to compete with the substrate (NO or O2) (19). A CO 

concentration of 250 µM was used to obtain a reasonable time - frame for 

measurements and allowed substrate to bind before CO rebound. Substrate solutions 

with defined NO concentrations were made by flushing anaerobic (N2) solution with the 

desired gas mixture, i.e. 5% NO / 95% N2 for 90 µM NO, 100% NO for 1.8 mM NO. For 
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defined oxygen concentrations flushing the solution with air for 0.2 mM O2 or 100% O2 

for 1 mM O2 solutions. Sample and substrate were mixed in a 1:5 ratio.  

2.1.1 NO binding to heme b3 measured by pulsed nanosecond flow-flash 

NO binding to heme b3 in NOR 

happens within µs (30). To achieve a 

ns-µs resolution with a decent signal 

to noise ratio, a standard stopped-

flow setup (Applied Photophysics) 

was modified (Figure 11).  

In short, a measurement is started 

by the action of a drive ram pushing 

sample into the optical cuvette of the 

stopped flow. A short positive 

potential was generated (SG) and 

delayed (DEL) for 200 ms to allow for 

mixing of enzyme and substrate. A 

set of capacitors (CAP) were 

discharged generating a 500 µs high-

voltage pulse sharply increasing the 

intensity of the arch lamp. A 

monochromator (MC) generated light 

of the desired wavelength passing 

through the optical cuvette. 5 µs after the beginning of the light pulse, a 6 ns laser pulse 

(see above) photolysed the CO-heme b3 complex. An optical bandpass filter of the same 

wavelength as the monochromator setting allowed to absorb most of the laser light 

straying into the detector, a five-stage photomultiplier (PMT). The current from the PMT 

was converted to voltage exploiting Ohm's law using a simple 500 Ω resistor (I → V in 

Figure 11). The DC signal was fed into a Nicolet Sigma 100 oscilloscope (SCOPE) that 

was set to start recording 5% prior to the laser flash, triggered by a photo-diode. 

Between 5x104 and 1x105 data points were recorded during 500 µs. The number of 

points on the time-axis was logarithmically reduced using a custom matlab script to 

Figure 11: Schematic view of the nanosecond flow-
flash setup. Trigger: switch closed on enzyme-
substrate mixing. SG: signal generator; DEL: delay; 
CAP; capacitors; arch lamp: Xenon arch lamp; MC: 
monochromator; filter: optical interference filter (in 
light path) / electrical filter (after detector); PMT: five- 
stage photomultiplier tube (detector); I→V: resistor 
(500 Ω); SCOPE: 100 MHz Oscilloscope; laser: Q-
switched NdYAG laser, second harmonic (532 nm); 
drive ram: push unit for rapid mixing of enzyme and 
substrate from the respective syringes. 
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reduce the file size. The files, recorded at different wavelengths, were fitted globally in 

ProK (Applied Photophysics) and plotted in Sigmaplot (Jandel Scientific). 

2.1.2 Heme oxidation measured by millisecond flow-flash 

Heme oxidation happens on a time-scale of ms, so that the continuous halogen 

measuring light, a nine-stage PMT and a differential amplifier were used (Figure 12). 

Measurements on long time-scales (up to a couple of seconds) were reduced in noise 

using an additional electrical filter. 

The experiment was carried out as 

above.  

2.1.3 Proton uptake during O2 

reduction 

Proton uptake on O2 reduction was 

measured by adding a pH sensitive 

dye (phenol red) and correlating the 

signal to electron transfer events 

within the enzyme. Proton uptake 

measurements were carried out with 

a non-buffering sample as in (17), 

essentially as described in the 

millisecond flow-flash section.  

filter

h·ν MC filter PMT

enzyme

substrate

drive ram

laser

trigger

DEL

I � V

cuvette

SG

SCOPE

filter

h·ν MC filter PMT

enzyme

substrate

drive ram

laser

trigger

DEL

I � V

cuvette

SG

SCOPE

Figure 12: Schematic view of microsecond flow-flash 
setup used for measurements of heme oxidation and 
proton uptake. COmponents as in Figure 11, with the 
following changes: h·ν: halogen lamp; PMT: nine-
stage photomultiplier tube (detector); I→V: pre-
amplifier;  
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3 Results and discussion 

After the kinetics of oxygen binding and reduction by NOR had been published by our 

group, the logical consequence of those findings (19) was to continue elucidating the 

mode of NO catalysis, to find the residues that ligate the cofactors in the active site and 

to get more detailed insight into the proton transfer pathway. The biggest obstacle when 

handling NO was to anaerobically produce defined concentrations of NO solution as 

substrate. NO scavengers have not yet been employed in this type of measurement, 

instead test runs with a pH dye (phenol red) and a 2 mM NO solution were done. When 

handled with great care, it was possible to avoid acidification of the unbuffered solution 

by reaction products from NO reactions with residual oxygen. By modifying the system it 

was in the end possible to run about four presumably correct concentrations of NO two 

of which made it into paper II. Previous measurements with O2 as substrate (19) showed 

two clearly distinct fast phases and one slow phase: Oxygen binding to heme b3, 

happening in the range of 40 µs (at 1 mM O2), and heme oxidation on the time-scale of 

15-25 ms coupled to proton transfer and one phase in the range of 1 s completing the 

catalytic cycle.  

3.1 Paper I: The terminal region of the proton pathway in bacterial 

NOR 

In this work we could establish that the residues Glu(E)267 and E198 in P. denitrificans 

are part of the proton entry pathway to the binuclear active site. They are essential for 

proton uptake coupled to heme oxidation and the reduction of oxygen. One of them 

could be the immediate proton donor to the active site. Three conserved glutamates in 

P. denitrificans NOR (E267, E202 and E198), which according to our model are located 

in direct vicinity of the active site have been looked at in detail. Based on our model, 

E198 is located ~9 Å from FeB, while E267 is located close (3 Å) to H194, S264 (4 Å) 

and E198 (4.8 Å). Judged by the distances and the uncertainty of the model any of the 

glutamates is a candidate for either FeB ligation or proton transfer to the active site. E202 

is buried in the middle of the membrane, more than 10 Å away from FeB or any 

protonatable residue, except from E198 to which it has a distance of 4.5 Å.  
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3.1.1 Spectral properties, ligand binding and heme oxidation of NOR variants 

Multiple-turnover measurements (Table 2) 

with a modified Clark electrode (-0.8 V for 

NO/-0.7 V for O2) (9, 16) showed that the 

E202A variant of P. denitrificans NOR 

expressed in E. coli retains ~40% of wild-

type (wt) activity on O2 reduction and about 30% on NO reduction. With an alanine 

substitution at E267 the enzyme exhibits 20% of wt activity with O2 as substrate and 5% 

when using NO. The E198A variant has a 15% O2 reduction activity and reduces NO 

with 5% activity compared to the wt enzyme.  

The data are in good agreement with those published by Thorndycraft et. al (53). 

Oxygen binding to fully reduced NOR (Figure 13) and optical spectra of E267A and 

E198A were shown to be similar to the wt NOR  (data not shown, see (16) for details), 

indicating a correct insertion of the cofactors, although correct insertion of FeB does not 

have a signature in optical spectra. The fact that CO rebinding kinetics (data not shown) 

in E198A are slightly slower indicates that the environment of the active site is altered by 

this mutation. This effect is less pronounced in the E202A and E267A variants. O2 

binding occurs with wt kinetics, as does the binding of NO (preliminary data). The effect 

NO reduction Oxygen reduction
wt 100% (±7) 100% (±19)
E198A 5% (±1) 14% (±1)
E202A 29% (±8) 40% (±2)
E267A 5% (±1) 19% (±4)

Table 2: Relative multiple-turnover activity of 
wt-NOR and variants.  

Figure 13: Reaction of fully reduced NOR with oxygen. Three phases are observed: Oxygen 
binding happens with a time constant of 40 µs and is observed best at 430 nm (A) and is very 
similar between wt NOR and variants. Heme oxidation is biphasic with time constants of 25 ms 
and ~1 s (A and B) and shows larger differences between NOR variants and wildtype. The ms 
oxidative phase of E202A is very similar to wt. Experimental conditions: ~1 µM fully reduced, CO 
bound  NOR in 100 mM Hepes/KOH, pH 7.5, 50 mM KCl, 0.1mM EDTA, 0.05% DDM, 1 mM  O2, 
T = 295 K. The wt trace is taken from (19). 
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of the mutations on FeB is difficult to interpret as the signature of FeB in electron 

paramagnetic resonance (EPR) spectra is not straight forward to assign (9, 15), but the 

difference in CO binding could be linked to a pH shift of a protonatable amino acid close 

to the binuclear site, which does not seem to be significantly affected in any of the NOR 

variants presented. 

3.1.2 Proton coupled electron transfer in NOR variants 

In contrast to the static redox spectra the kinetic spectra of the first oxidative phase of 

E198A, E267A (τ = 25 ms) in single turnover flow-flash measurements are severely 

affected in intensity (Figure 14). E198A shows an amplitude, which was max. 10% of the 

wt during single turnover, possibly corresponding to a single electron reduction of O2. A 

reason could be the low midpoint potential (9) of heme b3. In contrast to the wt enzyme 

no protons are taken up coupled to 

this phase, although the small 

residual phase of oxidation is pH 

dependent. This suggests together 

with the model of NOR that the 

E198A and E267A are part of the 

proton pathway.  

In the E202A variant the 25 ms 

phase is clearly pH dependent and 

is coupled to proton uptake from 

bulk solution as in the wt enzyme. 

E202A exhibits a slight shift in kmax 

(data shown in paper I and (16)) and 

a slower second oxidative phase 

happening on the time-scale 1 s, 

which might be due to secondary 

effects acting on E198 that is in 

close neighborhood to E202A. Additionally it retains ~40% of wt activity. Taken together 

this means that E202 does not play a significant role in proton transfer during catalytic 

turnover. 

 

Figure 14: Measurements of proton uptake from bulk 
solution. Reaction of fully reduced NOR variants and 
oxygen. Phenol red as a pH indicator is best observed 
at 570 nm in this system. Experimental conditions: 
~1 µM NOR, 50mM KCl, 0.05% DDM, 50 µM EDTA, 
40 µM phenol red, 1 mM O2 T = 295 K. Data shown 
are difference traces, substracting a buffered from an 
unbuffered trace. Wt data is from (19). 
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3.2 Paper II: Substrate control of internal electron transfer in 

bacterial NOR 

In this work we have studied the reaction between fully reduced NOR and NO by the 

flow-flash method. We were able to do an initial characterization of the concentration 

dependence of NO during oxidation of fully reduced NOR. The enzyme is capable of 

turning over twice, since 2 electrons (and two protons) per produced N2O are required. 

NO binding is more rapid than O2 binding on a time-scale of a few microseconds. There 

is a clear [NO] dependency ruling out an obligatory transient binding of NO to FeB before 

ligation to heme b3. Heme oxidation is biphasic, accelerated with decreasing [NO] and 

more pronounced at lower pH. Substrate inhibition, shown in multiple turnover 

measurements of NOR with > 5 µM NO, is already observed upon oxidizing the fully 

reduced enzyme, which means that NO has to bind to an inhibitory site before electrons 

redistribute to the active site. The first turnover is assumed to use the electrons from the 

active site, while the electrons for the second turnover are transferred to the active site 

from the low-spin hemes.  

3.2.1 Time resolved measurements 

of oxidation of fully reduced 

NOR by NO 

Initial NO binding to reduced heme b3 

has a time constant of 1 µs at 2 mM NO, 

and is observed at 430 nm (similar to 

(30)), followed by a second rapid phase 

with a time constant of 20 µs, which is 

overlapped by a second phase of NO 

binding (Figure 15). The first phase 

shows a kinetic difference spectrum (data 

not shown), similar to NO binding to 

myoglobin, (see (29)). These phases are 

clearly slowed (τ1 = 6 µs and τ2 = 100 µs) 

when lowering the [NO] to 100 µM. It has 
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Figure 15: Reaction of fully reduced NOR with 
different [NO] at pH 7.5, observed at 430 nm. 
While there is a deceleration of the phases of NO 
binding from 2 mM NO (τ1 = 1 µs and τ2 = 20 µs) 
to 0.1 mM NO (τ1 = 6 µs and τ2 = 100 µs), the 
major phase of heme oxidation is clearly 
accelerated with decreasing [NO]: τ = 330 ms at 
2 mM NO in contrast to τ = 80 ms at 0.1 mM NO. 
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been suggested that initial NO binding is rate limited by an internal transfer from FeB to 

heme b3 and therefore not [NO] dependent (Hendriks et al. 2002 (30)), which is not in 

agreement with our data. However the concentration dependency observed is not linear 

and with the data we have acquired so far we can not rule out that NO binding saturates 

between 0.1 and 2.0 mM. Furthermore, since a binding of NO to FeB does not give rise 

to a change in the uv-vis range it cannot be excluded that NO binds to FeB during the 

200 ms mixing time while CO is still bound to heme b3, which has been suggested by 

Kumita et al (39).  

We are presenting the first [NO] 

dependence studies on the oxidation of 

the low-spin hemes in the reaction with 

fully reduced NOR. Although not observed 

as distinct phases in our measurements, 

the active site presumably oxidizes and 

NO binds to it in between our 

observations of NO binding and low-spin 

heme oxidation. The oxidation of the low-

spin hemes for the second turnover 

occurs with time constants of ~8 ms and 

~80 ms at pH 7.5 and 0.1 mM NO. As the 

[NO] is increased both phases decelerate 

to ~20 ms and ~330 ms respectively. 

Several possible mechanisms for 

inhibition have been suggested: NO could 

bind to oxidized heme b3, lowering its 

midpoint potential and thereby decreasing 

the rate of electron transfer from the low-

spin hemes. Other possibilities are NO 

binding to FeB or an allosteric site 

affecting properties of electron donation, 

or that conformational changes occur on 

NO binding, which might affect the rate of 

electron transfer. We have shown that 
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Figure 16: pH dependence of the reaction of fully 
reduced NOR with NO at 430 nm. Decreasing 
the pH from 7.5 to 6.0 at different NO 
concentrations has no effect on NO binding, 
whereas the major oxidative phases are clearly 
affected. At 2 mM NO (panel A) the major 
oxidative phase has a time constant of 330 ms at 
pH 7.5 and 170 ms at pH 6.0. At 0.1 mM NO 
(panel B) the change of this phase with pH is 
more pronounced: At pH 7.5, 0.1 mM NO the 
time constant is 80 µs in contrast to 10 ms at pH 
6.0. 
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inhibition occurs already when the fully reduced protein reacts with NO, which means 

that it does not involve electron input into the protein. Furthermore binding of NO to its 

inhibitory site occurs on the time-scale of oxidation of the low-spin hemes or earlier, so 

that it can be ruled out that heme b3-Fe2+ is the site of inhibition. NO must bind to the 

inhibitory site before electrons from the low-spin hemes are transferred to the active site. 

In turn, reaction mechanisms involving electron distribution before NO binding (39) are 

incompatible with our observations.  

Electron transfer to the active site during NO reduction is pH dependent, NO binding to 

the active site is not. The major oxidative phase at 430 nm, which corresponds to 

oxidation of all hemes, is accelerated with lower pH. At 2 mM NO and pH 6.0 the time 

constant of this phase is ~170 ms in contrast to ~330 ms at pH 7.5, a factor of ~2. 

Furthermore at low [NO] (0.1 mM) the difference in pH gives rise to larger changes in 

time-constants 80 ms at pH 7.5 in contrast to 10 ms at pH 6.0, a factor of ~8. The kinetic 

effect of lowering the pH is probably underestimated as binding of NO is more 

pronounced at lower pH, since NO binding to oxidized NOR at lower pH gives a larger 

absorbance change (Lachmann et al. unpublished). The time constants of electron 

coupled proton transfer with O2 as substrate (19) are in the same range as electron 

transfer rates measured with NO as substrate, suggesting that proton transfer is limiting 

in the reaction of NOR. 

 



 27 



 28 

4 Acknowledgements 

Now, I didn't come up with this all by myself. There are a lot of people who deserve a big 
"thank you" in this department. When I came to the DBB in 2006 as an Erasmus student 
and, without having an international university degree, asked Peter Brzezinski after one 
of his great lectures (and after seeing the laser-lab) whether he had some space for PhD 
student, I had no idea that he'd be so supportive. He convinced me to start the NOR 
project with biochemistry wizard Pia Ädelroth. 

A huge thanks goes to my supervisor Pia Ädelroth . Thank you for taking me as a PhD 
student, for your positive attitude, your biochemical resourcefulness and for always 
putting your work aside to answer "just one short question". Without the freedom you 
gave me I would never be able to do the project that I'm going to continue with. Thanks 
for always being available, e.g. for data-discussions even at home at your breakfast 
table and over-night express corrections and manuscripts. I'm deeply impressed. Thanks 
for giving me the opportunity to take part in all those great conferences that I've been to.  

I'd like to thank Peter Brzezinski  for always being extremely helpful in- and outside the 
lab, for great discussions and for taking time to explain physics to me in a way that not 
only made me understand, but also provided me with information beyond the scope of 
what I wanted to know about. If you had not very early in my life as a PhD student given 
me the task to take care of the laser-lab, it would have taken me much much longer to 
understand the physics behind our measurements. You provided me with the great 
opportunity to in the future collaborate on what appears to be a tailor made project for 
me, in which I can apply what I have learned from you about our techniques in the past 
years.  

A "stor tack" goes to Joachim Reimann,  who as a friend and as a colleague helped me 
in all situations that life and measurements decided to provide me with, for great camp-
fires, discussions that you used to dominate and for teaching me a great deal about how 
"life works" in general, and my friend Theo  who has made my time in Stockholm a lot 
more pleasant, and who had great ideas on how to spend the weekend outside the lab. 

Among the present and past group members of the Pia & Peter group I would like to 
thank Rosa , Gustav , Christoph , Linda , Ann-Louise , Emelie , Ida, Kristina , Laila , 
Gisela and Lina . Ullis  for introducing me to flow-flash and being a great person, Håkan  
for always being helpful and geeky, Irina  for her humor and great, new expressions, 
Nina  for exciting nocturnal EPR measurements, Yafei  for making me realize how simple 
some things can be when you just don't think about how tricky they are.  

Torbjörn , I don't know how to thank you for all the technical advice and practical help 
that I've gotten from you even before starting my PhD studies at the department! I want 
to thank Bengt , the wizard with the soldering iron, for being always helpful, even with 
technical problems that were completely unrelated to my work, and Håkan T . for his 
quick and great work and for triggering conversations in Swedish.  

Thanks Mirjam  for the great coffee breaks before work, after work, dinners, for great 
vacations and especially for being a great teacher and examiner during the time of the 
"big exam". 



 29 

A huge "thank you" goes to Liesa , who came to Sweden in her "spare time" for three 
month. Where would I be without you? - Probably still in Osnabrück, where we met at 
the very first day of our studies. I'll always remember what a great time we had back 
there and in Stockholm. 

I want to thank Joachim Heberle  for first offering PhD positions and then agreeing to 
collaborate with Peter Brzezinski. I am looking forward to working on CcO and proton 
pumping in your lab. 

A special thanks to Melanie  not only for raising my interest in FTIR measurements and  
chatting with me at the right times with her supervisor in the background, but especially 
for good advice, great conversations, a great time in California and Bielefeld, for keeping 
my spirit up and for simply being Melanie. 

Vielen dank Angela  und Karl-Heinz , Petra  und Alexandera ! Obwohl ihr mich in den 
letzten Jahren fast nicht gesehen habt, wart ihr immer eine grosse Hilfe. Angela danke 
ich besonders für das, was man wohl unter Intuition zusammenfassen kann und Karl-
Heinz dafür, dass man mich manchmal fragt, ob ich Physik studiert habe. 



 30 

5 References 

1. Adak, S., A. M. Bilwes, K. Panda, D. Hosfield, K. S . Aulak, J. F. McDonald, J. 
A. Tainer, E. D. Getzoff, B. R. Crane, and D. J. St uehr.  2002. Cloning, 
expression, and characterization of a nitric oxide synthase protein from 
Deinococcus radiodurans. Proc. Natl. Acad. Sci. USA 99:107-112. 

2. Arp, D. J., L. A. Sayavedra-Soto, and N. G. Hommes.  2002. Molecular biology 
and biochemistry of ammonia oxidation by Nitrosomonas europaea. Arch. 
Microbiol. 178:250-255. 

3. Berthold, D. A., N. Voevodskaya, P. Stenmark, A. Gr äslund, and P. 
Nordlund.  2002. EPR studies of the mitochondrial alternative oxidase. Evidence 
for a diiron carboxylate center. J. Biol. Chem. 277:43608-43614. 

4. Bird, L. E., J. Ren, J. Zhang, N. Foxwell, A. R. Ha wkins, I. G. Charles, and D. 
K. Stammers.  2002. Crystal structure of SANOS, a bacterial nitric oxide 
synthase oxygenase protein from Staphylococcus aureus. Structure 10:1687-
1696. 

5. Blomberg, L. M., M. R. Blomberg, and P. E. Siegbahn . 2006. Reduction of 
nitric oxide in bacterial nitric oxide reductase - a theoretical model study. 
Biochim. Biophys. Acta 1757:240-252. 

6. Blomberg, L. M., M. R. Blomberg, and P. E. Siegbahn . 2006. A theoretical 
study on nitric oxide reductase activity in a ba3-type heme-copper oxidase. 
Biochim. Biophys. Acta 1757:31-46. 

7. Brucker, E. A., J. S. Olson, M. Ikeda-Saito, and G.  N. Phillips, Jr.  1998. Nitric 
oxide myoglobin: crystal structure and analysis of ligand geometry. Proteins 
30:352-356. 

8. Brzezinski, P., and R. B. Gennis.  2008. Cytochrome c oxidase: exciting 
progress and remaining mysteries. J. Bioenerg. Biomembr. 40:521-531. 

9. Butland, G., S. Spiro, N. J. Watmough, and D. J. Ri chardson.  2001. Two 
conserved glutamates in the bacterial nitric oxide reductase are essential for 
activity but not assembly of the enzyme. J. Bacteriol. 183:189-199. 

10. Chen, Y., and J. P. Rosazza.  1995. Purification and characterization of nitric 
oxide synthase (NOSNoc) from a Nocardia species. J. Bacteriol. 177:5122-5128. 



 31 

11. Choi, W. S., M. S. Chang, J. W. Han, S. Y. Hong, an d H. W. Lee.  1997. 
Identification of nitric oxide synthase in Staphylococcus aureus. Biochem. 
Biophys. Res. Commun. 237:554-558. 

12. de Boer, A. P., J. van der Oost, W. N. Reijnders, H . V. Westerhoff, A. H. 
Stouthamer, and R. J. van Spanning.  1996. Mutational analysis of the nor gene 
cluster which encodes nitric-oxide reductase from Paracoccus denitrificans. Eur. 
J. Biochem. 242:592-600. 

13. Di Matteo, A., F. M. Scandurra, F. Testa, E. Forte,  P. Sarti, M. Brunori, and A. 
Giuffre.  2008. The O2-scavenging flavodiiron protein in the human parasite 
Giardia intestinalis. J. Biol. Chem. 283:4061-4068. 

14. Field, S. J., L. Prior, M. D. Roldan, M. R. Cheesma n, A. J. Thomson, S. Spiro, 
J. N. Butt, N. J. Watmough, and D. J. Richardson.  2002. Spectral properties of 
bacterial nitric-oxide reductase: resolution of pH-dependent forms of the active 
site heme b3. J. Biol. Chem. 277:20146-20150. 

15. Field, S. J., F. H. Thorndycroft, A. D. Matorin, D.  J. Richardson, and N. J. 
Watmough.  2008. The respiratory nitric oxide reductase (NorBC) from 
Paracoccus denitrificans. Methods Enzymol. 437:79-101. 

16. Flock, U., P. Lachmann, J. Reimann, N. J. Watmough,  and P. Ädelroth.  2009. 
Exploring the terminal region of the proton pathway in the bacterial nitric oxide 
reductase. J. Inorg. Biochem. 103:845-50. 

17. Flock, U., J. Reimann, and P. Ädelroth.  2006. Proton transfer in bacterial nitric 
oxide reductase. Biochem. Soc. Trans. 34:188-190. 

18. Flock, U., F. H. Thorndycroft, A. D. Matorin, D. J.  Richardson, N. J. 
Watmough, and P. Ädelroth.  2008. Defining the proton entry point in the 
bacterial respiratory nitric-oxide reductase. J. Biol. Chem. 283:3839-3845. 

19. Flock, U., N. J. Watmough, and P. Ädelroth.  2005. Electron/Proton Coupling in 
Bacterial Nitric Oxide Reductase during Reduction of Oxygen. Biochemistry 
44:10711-10719. 

20. Fujiwara, T., and Y. Fukumori.  1996. Cytochrome cb-type nitric oxide reductase 
with cytochrome c oxidase activity from Paracoccus denitrificans Atcc 35512. J. 
Bacteriol. 178:1866-1871. 

21. Gibson, Q. H., and C. Greenwood.  1963. Reactions of cytochrome oxidase with 
oxygen and carbon monoxide. Biochem. J. 86:541-554. 



 32 

22. Girsch, P., and S. deVries.  1997. Purification and initial kinetic and 
spectroscopic characterization of NO reductase from Paracoccus denitrificans. 
Biochim. Biophys. Acta 1318:202-216. 

23. Goretski, J., O. C. Zafiriou, and T. C. Hollocher.  1990. Steady-state nitric oxide 
concentrations during denitrification. J. Biol. Chem. 265:11535-11538. 

24. Greenwood, C., and Q. H. Gibson.  1967. The reaction of reduced cytochrome c 
oxidase with oxygen. J. Biol. Chem. 242:1782-1787. 

25. Grönberg, K. L., M. D. Roldan, L. Prior, G. Butland , M. R. Cheesman, D. J. 
Richardson, S. Spiro, A. J. Thomson, and N. J. Watm ough.  1999. A low-
redox potential heme in the dinuclear center of bacterial nitric oxide reductase: 
implications for the evolution of energy-conserving heme-copper oxidases. 
Biochemistry 38:13780-13786. 

26. Grönberg, K. L., N. J. Watmough, A. J. Thomson, D. J. Richardson, and S. J. 
Field.  2004. Redox-dependent open and closed forms of the active site of the 
bacterial respiratory nitric-oxide reductase revealed by cyanide binding studies. 
J. Biol. Chem. 279:17120-17125. 

27. Hemp, J., H. Han, J. H. Roh, S. Kaplan, T. J. Marti nez, and R. B. Gennis.  
2007. Comparative Genomics and Site-Directed Mutagenesis Support the 
Existence of Only One Input Channel for Protons in the C-Family (cbb3 Oxidase) 
of Heme-Copper Oxygen Reductases. Biochemistry 46:9963-9972. 

28. Hendriks, J., U. Gohlke, and M. Saraste.  1998. From NO to OO: Nitric oxide 
and dioxygen in bacterial respiration. J. Bioenerg. Biomembr. 30:15-24. 

29. Hendriks, J., A. Warne, U. Gohlke, T. Haltia, C. Lu dovici, M. Lubben, and M. 
Saraste.  1998. The active site of the bacterial nitric oxide reductase is a 
dinuclear iron center. Biochemistry 37:13102-13109. 

30. Hendriks, J. H., A. Jasaitis, M. Saraste, and M. I.  Verkhovsky.  2002. Proton 
and electron pathways in the bacterial nitric oxide reductase. Biochemistry 
41:2331-2340. 

31. Hendriks, J. H. M., L. Prior, A. R. Baker, A. J. Th omson, M. Saraste, and N. 
J. Watmough.  2001. Reaction of carbon monoxide with the reduced active site 
of bacterial nitric oxide reductase. Biochemistry 40:13361-13369. 

32. Hong, I. S., Y. K. Kim, W. S. Choi, D. W. Seo, J. W . Yoon, J. W. Han, H. Y. 
Lee, and H. W. Lee.  2003. Purification and characterization of nitric oxide 
synthase from Staphylococcus aureus. FEMS Microbiol. Lett. 222:177-182. 



 33 

33. Huang, Y., J. Reimann, H. Lepp, N. Drici, and P. Äd elroth.  2008. Vectorial 
proton transfer coupled to reduction of O2 and NO by a heme-copper oxidase. 
Proc. Natl. Acad. Sci. USA 105:20257-20262. 

34. Iyer, L. M., V. Anantharaman, and L. Aravind.  2003. Ancient conserved 
domains shared by animal soluble guanylyl cyclases and bacterial signaling 
proteins. BMC Genomics 4:5. 

35. Karow, D. S., D. Pan, R. Tran, P. Pellicena, A. Pre sley, R. A. Mathies, and M. 
A. Marletta.  2004. Spectroscopic characterization of the soluble guanylate 
cyclase-like heme domains from Vibrio cholerae and Thermoanaerobacter 
tengcongensis. Biochemistry 43:10203-10211. 

36. Kartal, B., M. M. Kuypers, G. Lavik, J. Schalk, H. J. Op den Camp, M. S. 
Jetten, and M. Strous.  2007. Anammox bacteria disguised as denitrifiers: nitrate 
reduction to dinitrogen gas via nitrite and ammonium. Environ. Microbiol. 9:635-
642. 

37. Kastrau, D. H., B. Heiss, P. M. Kroneck, and W. G. Zumft.  1994. Nitric oxide 
reductase from Pseudomonas stutzeri, a novel cytochrome bc complex. 
Phospholipid requirement, electron paramagnetic resonance and redox 
properties. Eur. J. Biochem. 222:293-303. 

38. Kowalchuk, G. A., and J. R. Stephen.  2001. Ammonia-oxidizing bacteria: a 
model for molecular microbial ecology. Annu. Rev. Microbiol. 55:485-529. 

39. Kumita, H., K. Matsuura, T. Hino, S. Takahashi, H. Hori, Y. Fukumori, I. 
Morishima, and Y. Shiro.  2004. NO Reduction by Nitric-oxide Reductase from 
Denitrifying Bacterium Pseudomonas aeruginosa: Characterization of reaction 
intermediates that appear in the single turnover cycle. J. Biol. Chem. 279:55247-
55254. 

40. Moënne-Loccoz, P., and S. de Vries.  1998. Structural characterization of the 
catalytic high-spin heme b of nitric oxide reductase: A resonance Raman study. 
J. Am. Chem. Soc. 120:5147-5152. 

41. Moënne-Loccoz, P., O. M. H. Richter, H. W. Huang, I . M. Wasser, R. A. 
Ghiladi, K. D. Karlin, and S. de Vries.  2000. Nitric oxide reductase from 
Paracoccus denitrificans contains an oxo-bridged heme/non-heme diiron center. 
J. Am. Chem. Soc. 122:9344-9345. 

42. Morita, H., H. Yoshikawa, R. Sakata, Y. Nagata, and  H. Tanaka.  1997. 
Synthesis of nitric oxide from the two equivalent guanidino nitrogens of L-arginine 
by Lactobacillus fermentum. J. Bacteriol. 179:7812-7815. 



 34 

43. Pant, K., A. M. Bilwes, S. Adak, D. J. Stuehr, and B. R. Crane.  2002. Structure 
of a nitric oxide synthase heme protein from Bacillus subtilis. Biochemistry 
41:11071-11079. 

44. Pinakoulaki, E., S. Stavrakis, A. Urbani, and C. Va rotsis.  2002. Resonance 
Raman detection of a ferrous five-coordinate nitrosylheme b3 complex in 
cytochrome cbb3 oxidase from Pseudomonas stutzeri. J. Am. Chem. Soc. 
124:9378-9379. 

45. Pinakoulaki, E., and C. Varotsis.  2003. Time-resolved resonance Raman and 
time-resolved step-scan FTIR studies of nitric oxide reductase from Paracoccus 
denitrificans: comparison of the heme b3-FeB site to that of the heme-CuB in 
oxidases. Biochemistry 42:14856-14861. 

46. Qian, J., D. A. Mills, L. Geren, K. Wang, C. W. Hog anson, B. Schmidt, C. 
Hiser, G. T. Babcock, B. Durham, F. Millett, and S.  Ferguson-Miller.  2004. 
Role of the conserved arginine pair in proton and electron transfer in cytochrome 
c oxidase. Biochemistry 43:5748-5756. 

47. Reimann, J., U. Flock, H. Lepp, A. Honigmann, and P . Ädelroth.  2007. A 
pathway for protons in nitric oxide reductase from Paracoccus denitrificans. 
Biochim. Biophys. Acta 1767:362-373. 

48. Romberg, R. W., and R. J. Kassner.  1979. Nitric oxide and carbon monoxide 
equilibria of horse myoglobin and (N-methylimidazole)protoheme. Evidence for 
steric interaction with the distal residues. Biochemistry 18:5387-5392. 

49. Snyder, S. H.  1992. Nitric oxide: first in a new class of neurotransmitters. 
Science 257:494-496. 

50. Stewart, V. C., and S. J. Heales.  2003. Nitric oxide-induced mitochondrial 
dysfunction: implications for neurodegeneration. Free Radic. Biol. Med. 34:287-
303. 

51. Stuart-Smith, K.  2002. Demystified. Nitric oxide. Mol. Pathol. 55:360-366. 

52. Tavares, P., A. S. Pereira, J. J. Moura, and I. Mou ra. 2006. Metalloenzymes of 
the denitrification pathway. J. Inorg. Biochem. 100:2087-2100. 

53. Thorndycroft, F. H., G. Butland, D. J. Richardson, and N. J. Watmough.  
2007. A new assay for nitric oxide reductase reveals two conserved glutamate 
residues form the entrance to a proton-conducting channel in the bacterial 
enzyme. Biochem. J. 401:111-119. 



 35 

54. Vazquez-Torres, A., T. Stevanin, J. Jones-Carson, M . Castor, R. C. Read, 
and F. C. Fang.  2008. Analysis of nitric oxide-dependent antimicrobial actions in 
macrophages and mice. Methods Enzymol. 437:521-538. 

55. Watmough, N. J., G. Butland, M. R. Cheesman, J. W. Moir, D. J. Richardson, 
and S. Spiro.  1999. Nitric oxide in bacteria: synthesis and consumption. 
Biochim. Biophys. Acta 1411:456-474. 

56. Zafiriou, O. C., Q. S. Hanley, and G. Snyder.  1989. Nitric oxide and nitrous 
oxide production and cycling during dissimilatory nitrite reduction by 
Pseudomonas perfectomarina. J. Biol. Chem. 264:5694-5699. 

57. Zumft, W. G.  1997. Cell biology and molecular basis of denitrification. Microbiol. 
Mol. Biol. Rev. 61:533-616. 

58. Zumft, W. G.  2005. Nitric oxide reductases of prokaryotes with emphasis on the 
respiratory, heme-copper oxidase type. J. Inorg. Biochem. 99:194-215. 

 
 



 36 

 



  Article I ...





Exploring the terminal region of the proton pathway in the bacterial nitric
oxide reductase

Ulrika Flock a, Peter Lachmann a, Joachim Reimann a, Nicholas J. Watmough b, Pia Ädelroth a,*

aDepartment of Biochemistry and Biophysics, The Arrhenius Laboratories for Natural Sciences, Stockholm University, SE-106 91 Stockholm, Sweden
bCentre for Molecular Structure and Biochemistry, School of Biological Sciences, University of East Anglia, Norwich NR4 7TJ, United Kingdom

a r t i c l e i n f o

Article history:

Received 6 November 2008
Received in revised form 12 February 2009
Accepted 20 February 2009
Available online 3 March 2009

Keywords:

Proton transfer
Electron transfer
Ligand binding
Flow-flash

a b s t r a c t

The c-type nitric oxide reductase (cNOR) from Paracoccus (P.) denitrificans is an integral membrane pro-
tein that catalyzes NO reduction; 2NO + 2e� + 2H+

? N2O + H2O. It is also capable of catalyzing the reduc-
tion of oxygen to water, albeit more slowly than NO reduction. cNORs are divergent members of the
heme–copper oxidase superfamily (HCuOs) which reduce NO, do not pump protons, and the reaction
they catalyse is non-electrogenic. All known cNORs have been shown to have five conserved glutamates
(E) in the catalytic subunit, by P. denitrificans numbering, the E122, E125, E198, E202 and E267. The E122
and E125 are presumed to face the periplasm and the E198, E202 and E267 are located in the interior of
the membrane, close to the catalytic site. We recently showed that the E122 and E125 define the entry
point of the proton pathway leading from the periplasm into the active site [U. Flock, F.H. Thorndycroft,
A.D. Matorin, D.J. Richardson, N.J. Watmough, P. Ädelroth, J. Biol. Chem. 283 (2008) 3839–3845]. Here we
present results from the reaction between fully reduced NOR and oxygen on the alanine variants of the
E198, E202 and E267. The initial binding of O2 to the active site was unaffected by these mutations. In
contrast, proton uptake to the bound O2 was significantly inhibited in both the E198A and E267A variants,
whilst the E202A NOR behaved essentially as wildtype. We propose that the E198 and E267 are involved
in terminating the proton pathway in the region close to the active site in NOR.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

Denitrification is an anaerobic process where dinitrogen (N2) is
produced, in a stepwise manner, from nitrate (NO�

3 ) via nitrite
(NO�

2 ), nitric oxide (NO) and nitrous oxide (N2O). The individual
steps are catalyzed by nitrate reductase (NAR), nitrite reductase
(NIR), nitric oxide reductase (NOR) and nitrous oxide reductase
(N2OR) respectively, see Scheme 1.

NO and N2O are both greenhouse gases and thus contribute to
the global warming process. The third step of denitrification, in
which the N–N bond is formed, is catalyzed by nitric oxide reduc-
tases (NORs). For reviews on denitrification see [1,2].

The NOR in this study is a so called c-type NOR as it uses cyto-
chrome c as the electron donor (pseudoazurin is an alternative
electron donor, described in [3]) and it is found in denitrifying
bacteria such as Paracoccus (P.) denitrificans, Rhodobacter (R.)
sphaeroides and Pseudomonas (P.) stutzeri [4]. In addition to the
two-electron reduction of NO to N2O, see Eq. (1), NOR from P. den-

itrificans can catalyse the four-electron reduction of O2 to H2O [5,6].

2NOþ 2e� þ 2Hþ ! N2OþH2O ð1Þ

The cNORs are members of the heme–copper oxidase superfam-
ily (HCuOs). Well-known members of this superfamily are the
cytochrome c oxidases (CcO) found in e.g. mitochondria or R. sph-
aeroides. These CcOs are both aa3-type oxidases and catalyse the
four-electron reduction of oxygen to water, using protons exclu-
sively from the ‘inside’ of the inner membrane of the mitochon-
drion or the bacterium, respectively. In addition, protons are
pumped across the membrane. For reviews on the CcOs see [7–9].

All members of the HCuOs have, in their catalytic subunit,
twelve (predicted1 in the case of NorB) transmembrane helices
and six invariant histidines (His) presumed to coordinate the cofac-
tors. The cNORs are purified as heterodimeric cytochrome bc-com-
plexes situated in the cytoplasmic membrane of the bacterium
[2,4]. The complex is composed of a NorC subunit, which contains
a heme c, here the electrons presumably enter the enzyme, and a
catalytic NorB subunit that contains three co-factors; a low-spin
heme b, a high-spin heme b3 and a non-heme iron FeB [10]. The last
two form a bimetallic centre [8], which is the active site with the FeB
replacing the Cu ion (CuB) in other HCuOs. The presence of FeB rather
than CuB in the binuclear site has been suggested to be functionally
important for the NO-reducing capability [11].
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Although NOR is a member of the HCuO family, the reactions
with either substrate (NO or O2) are non-electrogenic. Hence, no
protons are pumped and the enzyme takes both electrons and pro-
tons from the periplasmic face of the membrane [12,13]. This in
turn implies that there is a proton-transfer pathway leading from
the periplasm in to the interior of the protein where the binuclear
site is situated.

A homology model of the NorB from P. denitrificans (see Fig. 1)
based on the sequence similarity to the HCuOs with known struc-
tures was published recently by our group [13] (the overall struc-
ture is similar to the model of NorB from P. stutzeri [2,18]). In the P.
denitrificans NorB sequence a total of 17 glutamates are found and
five of them are strongly conserved throughout all NOR sequences
[1,2,13]. The five Glus are the E122, E125 (which however is an Asp
in some sequences), E198, E202 and E267.

In Fig. 1 the non-conserved glutamate residues are shown in
green and the five conserved glutamates are colored red. Of all sev-
enteen glutamates, five are facing the periplasm (E42, E119, E122,
E125 and E401), including two of the conserved ones; E122 and
E125. Nine glutamates are located on the cytoplasmic side of the
membrane (E75, E76, E78, E80, E222, E225 and E443 and, not vis-
ible in the model, E459 and E462), out of which only the E80 posi-
tion has a conserved carboxylic acid [13], a glutamate or an
aspartate.

The five conserved glutamates have in earlier studies been
shown not to be required for the assembly of NOR in the mem-
brane. Of these, four (the E122, E125, E198 and E267) show severe
loss of activity when substituted with an alanine (Ala) residue
[3,14]. The glutamate residues that are conserved in the NORs,
but not in the other HCuOs, have previously been suggested to
be involved in either proton transfer from the periplasm or ligation
of FeB [2,3,10,12,14]. The CuB in ‘conventional’ HCuOs has tetrahe-

dral coordination based on the three His ligands [15], whereas non-
heme irons (if not in iron–sulphur clusters) typically prefer penta-
or hexa-dentate ligation with both N- and O-ligands (see e.g.
[10,16]). However only three obvious candidate ligands to FeB are
present (the H194, H245 and H246, not shown in Fig. 1). The oxi-
dised NOR also presumably has a l-oxo bridge in the binuclear site
[17]. It has been proposed that either E198 or E267 could serve as
additional ligands to FeB [14]. It should however be noted that the
distances from these glutamates to the FeB are too long in both
homology models [13,18] for either of them to serve as a ligand
to FeB (distances �8 and 9 Å, respectively, in [13]). The E202 has
not been proposed any specific role, and it retains �40% of wild-
type activity when substituted with an alanine [3,14].

The E122 and E125 have been proposed to be part of a proton
pathway stretching from the periplasm into the binuclear site
[3,14] and we recently showed experimentally that the E122 and
E125 are indeed at the entry point for this pathway [19]. We fur-
ther suggested that the pathway then continues through (maybe
R121), D185, T243, S264 and finally ends around E198 and E267
close to the active site [13].

We have earlier studied ligand binding and proton transfer in
NOR using the reaction between fully reduced NOR and O2 [6].
We established that the O2 molecule binds to the heme b3 with a
time constant of �40 ls (at 1 mM O2) and that the next step in
the reaction is the oxidation of all hemes with a time constant of
25 ms (at pH 7.5). The oxidation of the hemes was found to be cou-
pled to proton uptake from the bulk solution and the reaction was
limited by proton transfer into the active site from a protonatable
residue with a pKa �6.6. The 25 ms-reaction thus represents a un-
ique step in the catalytic cycle such that perturbations in proton
transfer rates by a mutation should be evident.

Here we present single turnover data on the reaction between
the fully reduced NOR variants E198A, E202A and E267A and O2.
We show that the E198 and E267 are essential for the s = 25 ms
oxidation coupled to proton uptake, whereas the reaction is unaf-
fected in E202. We propose a function for the E198 and E267 in the
proton-transfer pathway in NOR.

2. Materials and methods

2.1. Growth of bacteria and purification of NOR

Construction of the NOR variants has been described in [3,14].
Growth of bacteria was as in [19], but for details see [20]. The puri-
fication of the NOR variants were done essentially as described in
[14] with the same exceptions as in [6] with the following addi-
tional exception; during the preparation of cytoplasmic mem-
branes an X-press was used [21]. The principal difference
compared to the french-press, is that the sample is pressed at
�25 �C. The buffer of the purified NOR was exchanged for 50 mM
Tris-HCl, 0.05% b-D-dodecyl maltoside (DDM) pH 7.6 and the pro-
tein was then stored at �80 �C until use. UV/vis spectra of purified
NOR variants were recorded with a Cary-400 spectrophotometer
(Varian).

2.2. Determining steady-state reduction rates of NO and O2

The NO and O2 reduction activities of the NOR variants were
measured using a Clark-type electrode (Hansatech) with a variable
voltage setting (polarized at �0.7 V for O2 and �0.8 V for NO)
essentially as in [10]. Briefly, for NO reduction, the chamber was
kept anaerobic by a gentle stream of N2 and by including the glu-
cose/glucose oxidase/catalase system (30 mM glucose, 1 unit/ml
glucose oxidase and 20 units/ml catalase) to remove any residual
O2. Substrate NO was added by repeated injections of small

Fig. 1. Glutamates in the NorB subunit. Coordinates are from the model of NorB
from P. denitrificans [13]. The conserved glutamates are labeled red and numbered
by P. denitrificans numbering. The remaining glutamates are labeled green. Only
three glutamates are predicted to be positioned in the middle of the membrane,
they are the Glu198, Glu202 and Glu267 and these are the focus of this study. This
picture and the one in Fig. 6 were made with the VMD program [28]. Note that two
of the glutamates in NorB are not visible in this model, they are located in a 18 aa
long not modelled cytoplasmic tail.

Scheme 1.
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volumes of saturated (2 mM) NO buffer. The reaction buffer typi-
cally contained 50 mM Hepes pH 7.6, 50 mM KCl, 6 mM ascorbate,
0.5 mM TMPD, 20 lM horse-heart cyt.c, and 270 lM O2 or 15 lM
NO. Reduction of the substrate was initiated by the addition of
NOR (50 nM). For O2 reduction, the turnover number was deter-
mined using the initial rate of O2 consumption, whereas for NO,
the maximum velocity, which occurs at lower NO because of sub-
strate inhibition (see [22]) was used.

2.3. Flow-flash, sample preparation and measurements

Samples were prepared as in [19]. Measurements were done as
in [19] on a set-up described in [23]. In short, fully reduced CO-
bound NOR was mixed 1:5 with an oxygen saturated buffer in a
modified stopped-flow apparatus (Applied Photophysics, UK). After
a delay of 200 ms, a 10 ns laser flash (Nd-YAG laser, Quantel) was
applied, dissociating CO and allowing O2 to bind and start the reac-
tion. The reaction was studied from ls to s at different wave-
lengths in the Soret and alpha regions. For the pH-dependence
measurements, the buffer concentration in the NOR solution before
mixing was decreased to 10 mM (Hepes at pH 7.5). The oxygenated
solution contained 50 mM KCl, 0.05% DDM and 100 mM of either
citrate (pH 5.0–6.0), Mes (pH 6.0–7.0), Hepes (pH 7.0–8.0) or Tris
(pH 8.0–9.0) depending on the final pH required. Alternatively,
Bis-Tris propane (BTP) was used (pH 6.0–9.0). Proton uptake from
solution was measured at 570 nm using the pH-sensitive dye phe-
nol red in a non-buffering solution (50 mM KCl, 0.05% DDM) as in
[6].

2.4. Data handling and analysis

Data handling and analysis was made essentially as in [6,19]. At
each wavelength and time-scale, 5–15 individual traces with 50 k
data points each were collected and averaged. Then, each resulting
trace was reduced to �1000 points by averaging over a progres-
sively increasing number of points. The pH-dependence of the
s = 25 ms-phase in the E202A NOR was fitted to a simple Hender-
son–Hasselbach titration of one protonatable group using the
equation kobs = kmax/(1 + 10pH�pKa) + k0, were k0 is 5–6 s�1.

3. Results

3.1. The UV–visible spectrum of the E198A, E202A and E267A NORs

The UV–visible spectrum of the E198A has been described pre-
viously [14], and closely resembles that of the wildtype enzyme.
Our results are in agreement with this although our preparation
of E198A (which had A280/A410 � 2) was not as pure as that of wild-
type (A280/A410 = 1.2) (data not shown). The UV–visible spectra of
the E202A and the E267A did not present any significant altera-
tions compared to the wildtype spectrum in the oxidised (data
not shown) or reduced (dithionite) states, see Fig. 2.

3.2. Steady-state reduction of NO and O2

The turnover numbers for NO and O2 reduction in the purified
NOR variants as well as WT are presented in Table 1, both as abso-
lute numbers and in relation to wildtype activity. The values for NO
reduction activity in the NOR variants (in relation to wildtype
activity) correlate well with those measured in membranes [3,14].

3.3. CO recombination to the fully reduced NOR variants

The recombination of CO, in a CO-atmosphere, to the reduced
high-spin heme b3 after flash photolysis, was used to probe the

integrity of the catalytic site (data not shown, but see [6,24] for
wild type).

In the wildtype enzyme CO recombines to the heme b3 in a bi-
phasic manner with time constants (at 1 mM CO) of 5–10 ls and
50–100 ls were the both phases contribute approximately 50/50
to the amplitude [6]. In the E198A NOR, CO recombines in a bipha-
sic manner with time constants of �30 ls and 140 ls, respectively,
with each phase contributing 50/50 to the amplitude. In the E267A
NOR, the time constants were �10 ls and �150 ls, where the two
phases contributed �50/50. In the E202A NOR, the time constants
were �20 ls and �180 ls with a 40/60 contribution. Sometimes a
third slower phase contributing to less than 5% of the total ampli-
tude was observed in all mutants as well as in the wildtype.

3.4. Single turnover O2 reduction by the fully reduced NOR variants

3.4.1. O2 binding to heme b3 in the E198A, E202A and E267A NOR

In the wildtype NOR, O2 binds to heme b3 with a time constant
of �40 ls (at 1 mM O2) [6]. All three mutants bind oxygen as wild-
type NOR, studied at 430 nm (see Fig. 3, panel A), with a time con-
stant of 38–42 ls, under the same conditions.

3.4.2. Proton-Coupled electron transfer (the 25 ms-phase) in the

E198A, E202A and E267A NOR

In the wildtype enzyme, after O2 binding to the b3 heme, the up-
take of protons is synchronous with the transfer of electrons from
the low-spin hemes b and c to the bound oxygen. This phase is
dependent on pH and titrates with a pKa of �6.6 [6].

In the E198A variant no electron transfer on the ms time-scale is
observed, as studied at 430 nm (reporting mainly on the heme b3),
see Fig. 3 (panel A) and at 420 nm (reporting the oxidation of all
heme groups) see Fig. 3 (panel B). Furthermore, the E198A NOR
does not take up any protons from solution (as studied at
570 nm using the pH-sensitive dye phenol red), see Fig. 4, on the
time-scale of this experiment (1 ms–20 s). A small residual oxida-
tion accounting for �10% of the normal amplitude at 430 nm is
sometimes observed (data not shown) during the ms time range.

Fig. 2. The visible spectrum of reduced WT and NOR variants. The spectra were
recorded after the addition of a few grains of dithionite to the oxidised samples.

Table 1

Steady-state NO and O2 reduction activity of the investigated NOR variants. The
turnover numbers were measured as described in Section 2.

NOR variant NO reduction activity (e�s�1) O2 reduction activity (e�s�1)

WT 23 (±1.6, n = 3) (100%) 6.9 (±1.3, n = 3) (100%)
E202A 6.5 (±1.9, n = 3) (29%) 2.7 (±0.1, n = 3) (40%)
E198A 1.2 (±0.1, n = 3) (5%) 1.0 (±0.05, n = 3) (14%)
E267A 1.1 (±0.2, n = 3) (5%) 1.3 (±0.1, n = 3) (19%)
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This small phase can be fitted to a time constant of �20 ms but was
independent on pH (from pH 5.5 to 7.5).

In the E267A variant the s = 25 ms-phase is much reduced, but
unlike the E198A mutant not totally absent. In Fig. 3 (panel A and
B), a small oxidation, with amplitudes of �10% of wildtype is seen
that can be fitted to a s of �20 ms at pH 7.5 and a s of �3.5 ms at
pH 6.5, but no pKa was determined. No proton uptake was ob-
served on the ms time-scale, but a slow drift (see Fig. 4) was ob-
served that could indicate that protons are taken up on a slower
time-scale.

The E202A variant behaves essentially as wildtype with no ma-
jor alterations in the ms-phase. The protein oxidises with a time
constant of �25 ms at pH 7.5 and does so essentially with wildtype
amplitudes (see Fig. 3, panel A and B). The pH-dependence of the
25 ms-phase in E202A is presented in Fig. 5, the kmax was deter-

mined to 156 (±5) s�1 and the pKa to 6.7 (±0.15). In the wildtype,
kmax was determined to 250 (±10) s�1 and the pKa to 6.6 (±0.06) [6].

Moreover, the E202A NOR takes up protons in a wildtype man-
ner (see Fig. 4).

3.4.3. Slower reactions

The slower phase, representing further oxidation of the heme
groups, with an observed time constant of 1–2 s in the wildtype
NOR [6] was not observed in either of the E198A or E267A NOR
variants, see Fig. 3. In the E202A NOR this slow phase had an ob-
served time constant of �5 (±1) s.

4. Discussion

4.1. The UV–visible spectra and catalytic activity of the E198A, E202A

and E267A NOR variants

The UV–visible and EPR spectra of the E198A NOR variant was
presented previously and were wildtype-like, suggesting that all

Fig. 3. Absorbance changes at 430 nm (panel A) and 420 nm (panel B) during the reaction between fully reduced NOR (WT and variants) and O2. Shown are the three
observed phases in wild type NOR (time constants of �40 ls (panel A), 25 ms (panels A and B), and �1 s (panel B), respectively) and the effects on these phases in the mutant
forms. Experimental conditions: �1 lM reacting NOR in 100 mM Hepes-KOH, pH 7.5, 50 mM KCl, 0.1 mM EDTA, 0.05% DDM, [O2] = 1 mM, T = 295 K. The laser flash at t = 0
gives an artifact that has been truncated for clarity. The amplitude of the s = 25-ms-phase varies somewhat between experiments for both WT and E202A, therefore it has
been normalized to the same total amplitude to clarify and emphasize the similarities in this phase. Wildtype data is from [6].

Fig. 4. Proton uptake from the bulk solution by wild type (WT), E198A, E202A and
the E267A NORs. The traces shown are the difference traces obtained after
subtracting the buffered trace from the one obtained in the absence of buffer, for
details see Section 2. The pH-sensitive dye phenol red was used, the pH was �7.5
and data was collected at 570 nm. Experimental conditions after mixing:�1 lM
NOR, 50 mM KCl, 0.05% DDM, 50 lM EDTA, 40 lM phenol red, [O2] = 1 mM,
T = 295 K. A laser artifact around t = 0 has been truncated for clarity and the E202A-
trace has been normalized and adjusted for a slow negative drift. Wildtype data is
from [6].

Fig. 5. The pH-dependence of the s = 25 ms-phase in wild type and the E202A
mutant NOR. Shown are data and fits to a single pKa, giving for wild type: kmax = 250
s�1 and a pKa = 6.6, and for E202A: kmax�150 ± 5 s�1 and pKa = 6.7 ± 0.15. Experi-
mental conditions as in Fig. 3, except for the buffers used in the pH-titration, see
Section 2. Wildtype data is from [6].
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cofactors are inserted correctly and that the high-spin heme b3 and
FeB remain anti-ferromagnetically coupled in the active site. Chem-
ically mediated redox titrations of the E198A have shown some-
what altered potentials of the heme b3 and FeB ([14], but see also
[25] for difficulties in assigning signatures to FeB), but these
changes were not believed to be the reason for the severe inhibi-
tion of catalytic turnover. Since the optical spectra (as well as the
ligand binding properties (see below)) of the E202A and E267A
variants are similar to wildtype (Fig. 2), we conclude that the cofac-
tors are correctly inserted into these NOR variants. However, slight
alterations in the environment of FeB would not necessarily be evi-
dent in the optical spectra.

The turnover activities of the purified NOR variants with both
NO and O2 are presented in Table 1. Only the E202A variant shows
significant activity (�30% of WT, compared to �5% for E198A and
E267A) with NO, which correlates with measurements in mem-
branes [3,14]. The E198A and E267A mutant NORs show higher
residual activity with O2 (see Table 1) but qualitatively, the
E202A is still the most active of the mutants.

4.2. Binding of the ligands CO, O2 and NO to the fully reduced E198A,

E202A and E267A NORs

The NOR variants studied here demonstrate slightly slower
rates of CO recombination to reduced heme b3, which is especially
evident in E198A. The CO-recombination results are surprising
since oxygen binding to the heme b3 is not affected and prelimin-
ary data suggests that NO binding to the E198A is very similar to
wildtype (work in progress).

The wildtype-like rates of O2-binding, �40 ls at 1 mM O2, in all
three investigated mutants (and the wildtype like NO binding in
the E198A variant), show that the active site can bind ligands nor-
mally, although the slight changes in CO-binding properties of the
mutants might suggest a slightly altered environment in the active
site. The more sensitive CO-binding could be linked to the observa-
tion that the CO recombination kinetics are pH-dependent
(Ädelroth, unpublished) whereas O2 binding is not [6]. The pH-
dependence of CO-binding as well as its sensitivity to mutations
is possibly due to conformational changes caused by the proton-
ation of an amino acid close to the active site. Taken together,
the wildtype-like binding of ligands to the NOR variants indicates
that the structure of the active site is not significantly altered,
although as stated above for the optical spectrum, minor changes
around the FeB would not necessarily be evident.

4.3. Proton-Coupled electron transfer (the 25 ms-phase) in the E198A,

E202A and E267A NOR

In NOR, the protons and electrons needed for the reduction of
NO and O2 are taken up from the periplasm [13], in contrast to
the classical O2-reducing HCuOs.

In the E198A and E267A NOR variants we see a severe and spe-
cific perturbation of the 25 ms-phase and no proton uptake is ob-
served. The E198A protein sometimes showed a small (10% of the
wildtype amplitude) and pH-independent oxidation only at
430 nm, which we interpret to be a process other than the
25 ms-phase observed in the wildtype NOR. This small oxidation
could be a one-electron reduction of the oxygen molecule since
the heme b3 has a very low midpoint potential [14] and should
be readily oxidised.

The E267A NOR does show a small pH-dependent heme oxida-
tion (�10% of the wild type amplitude), which is intriguing since
no protons are taken up on this time-scale. Taken together, the re-
sults suggest that the E198 and E267 are indeed part of the proton
pathway. Moreover, the short distances between these two resi-
dues, indicated by the model (for details, see above), could imply

that they interact with each other through hydrogen bonds or
coordinate a water molecule in between them as a part of the pro-
ton pathway, as seen in, for example, the D-channel of cytochrome
c oxidase from R. sphaeroides [15].

The catalytic subunit of the conventional A1-type HCuO cyto-
chrome c oxidase (CcO) has in the transmembrane helix VI, a con-
sensus motif of WxxGHPEVY (see e.g. [26,4]). The glutamate in this
case is the glutamate 286 (E286), by R. sphaeroides numbering,
which is the immediate proton donor to the active site. The histi-
dine in the consensus sequence, here H284, is coordinating the
CuB in the binuclear site and the tyrosine Y288 is cross-linked to
the H284 and stabilizes a radical during O2 reduction. In the cNORs,
on the other hand, the consensus sequence is WxxxHLWVEG in the
same helix, where H is His-194, which presumably ligates FeB,
since it corresponds to H284 mentioned above. The E is the con-
served E198, which thus holds a position in the same region as
the E286 in COX, making it a good candidate for being involved
in proton delivery to the active site.

The E202A NOR, in contrast to the E198A and E267A, clearly
shows proton uptake from the bulk coupled to the s�25 ms-phase,
which retains the same rate constant and pH-dependence as wild-
type. Therefore we presume that this residue is not a part of the
proton pathway. The slightly lowered kmax (Fig. 5) and the some-
what slower s�1 s phase could be due to secondary effects on
the E198, which is �4.5 Å from E202 in the model. It should be
noted that the E202A mutant NOR, although catalytically active,
has a reduction in turnover number compared to wildtype, and
that this decrease must be due to inhibition of other steps than
proton transfer during catalysis.

The role of the glutamate residues that are both conserved and
close to the active site in the NORs, but not in the other HCuOs, have
previously prompted suggestions of involvement in either proton
transfer from the periplasm [3,12,14] or ligation of FeB [2,10]. E198
is located one helical turn below the histidine at position 194
(H194) which is presumed to serve as a ligand to FeB since it is one
of the six conserved histidines found in all HCuOs and the equivalent
residue serves as a ligand to CuB in the O2-reducing HCuOs.

However, none of the glutamates under consideration are,
based on our model [13], close enough to FeB (distances �8 and
9 Å, respectively), to be a ligand. Also, the unaltered optical spectra
as well as ligand binding characteristics indicate the integrity of
the active site. For the E198A, there is additional EPR evidence that
the active site preserves an intact heme b3-FeB site [14]. However,
both E198 and E267 are very close to the H194 (with distances of
�4 and 3 Å, respectively). Thereby the two glutamates could effect
the immediate environment (possibly causing the mildly affected
CO recombination) of this ligand. Rather than being ligands to
FeB, we find it more likely that the residues are involved in proton
transfer, as indicated by our results.

The results presented here, together with earlier published data
[13,19,27] make the proposal for a proton pathway [13], also de-
noted the ‘‘E-pathway” [3], leading from the periplasm to the active
site stronger. This E-pathway has an entry point around the E122
and E125 [19] (�30 Å from the heme b3-FeB active site), where
the substitution of both E122 and E125 by alanine lead to a com-
plete inhibition of the ms-phase. However, the reaction was re-
tained when the E122 was substituted with an aspartate, but in
the E122D NOR the observed pKa of this phase was upshifted by
�2.5 pH units (from 6.6 to 9.1) indicating that the E122 is involved
in defining the proton donor, limiting the rate of the reaction.

After entering around E122 and E125 the E-pathway (see Fig. 6)
is proposed to continue through the Asp-185, Thr-243, Ser-264 and
finally ending around the Glu-198 and Glu-267 [13], one of which
could donate protons to the intermediates bound at the active site
as indicated by the results from this study. The involvement of
Asp-185, Thr-243 and Ser-264 in proton transfer is currently under
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investigation. The role of the Glu-202 which is strictly conserved,
but for which no function has been demonstrated, remains unclear.

5. Summary

In this work we establish that both the Glu-198 and Glu-267,
are essential for proton uptake coupled to oxidation in the P. den-
itrificans NOR during the reduction of oxygen. These results show
that the E198 and E267 are necessary for the transfer of protons
into the active site and provide evidence that these residues are
part of the proposed ‘‘E-pathway”, where one of them could be
the immediate proton donor to the active site.

6. Abbreviations

NOR bacterial nitric oxide reductase
HCuO heme–copper oxidase
CcO cytochrome c oxidase
DDM b-D-dodecyl maltoside
BTP Bis-Tris propane
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ABSTRACT 

The nitric oxide reductase (NOR) from Paracoccus denitrificans catalyses the two-electron 

reduction of NO to N2O (2NO + 2H+ + 2e− �N2O + H2O) which is an obligatory step in the 

process of denitrification. NOR has four redox-active cofactors; two low-spin hemes c and b, 

one high-spin heme b3, and a non-heme iron FeB, and belongs to same superfamily as the 

oxygen-reducing heme-copper oxidases. Here we have studied the reaction between fully 

reduced NOR and NO using the ‘flow-flash’ technique. Fully reduced NOR has four 

preloaded electrons, and is thus capable of two turnovers with NO. Our data shows initial 

binding of NO to the reduced heme b3 with a time constant in the µs-range at 2 mM NO in 

agreement with earlier studies (1). This binding of NO to heme b3 is clearly [NO]-dependent, 

ruling out an obligatory binding of NO to FeB before ligation to heme b3. Oxidation of the 

low-spin hemes takes place in a biphasic reaction with rate constants of 50 and 3 s-1 at 2 mM 

NO and pH 7.5. Interestingly, this oxidation is accelerated as [NO] is lowered, at 0.1 mM 

NO, the rate constant are 120 and 12 s-1, an acceleration of 3-4-fold. The acceleration at lower 

[NO] is more pronounced as the pH is lowered, the same change in [NO] yielding an 

acceleration of a factor of 17 at pH 6.0. Our data shows that substrate inhibition in NOR, 

previously observed during steady-state turnover, occurs already upon oxidising the fully 

reduced enzyme. Thus, NO must bind to its inhibitory site before electrons redistribute to the 

active site. The further implications of our data for the mechanism of action as well as for 

substrate inhibition in NOR are discussed.  
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INTRODUCTION 

Bacterial NO-reductases (NOR) are integral membrane proteins that reduce NO to N2O 

(Eq. 1) as part of the sequential reduction of nitrate to dinitrogen, a process termed 

denitrification (for a recent review, see (2)). 

2NO + 2H+ + 2e− � N2O + H2O        (1) 

The largest subunit in the NORs is a divergent member of the superfamily of O2-reducing 

heme-copper oxidases (HCuOs), which are characterized by having a catalytical subunit with 

six invariant histidines at the same predicted positions in 12 trans-membrane helices (3, 4). 

Two of these histidines coordinate a low-spin heme, one a high-spin heme and in the O2-

reducing heme-copper oxidases, the remaining three histidines coordinate a copper ion. In 

NOR, this copper is presumed to be replaced by a non-heme iron (5, 6).  

When purified, the NOR from Paracoccus (P.) denitrificans contains two subunits; NorB 

and NorC. NorB is the catalytic subunit harboring a low-spin heme b, a high-spin heme b3, 

and a non-heme iron, FeB. The heme b3 and FeB form a magnetically coupled binuclear center, 

which is the site of NO-reduction. This binuclear center is connected via a µ-oxo bridge in the 

resting oxidised state of the enzyme (7, 8). NorC is a membrane-anchored protein harboring a 

low-spin heme c, which is believed to be the site of electron entry from the water-soluble 

electron source, either cytochrome (cyt.) c551 or pseudoazurin (2, 9). 

The purified P. denitrificans NOR catalyses NO-reduction with a maximum turnover 

number of ~40 NO s-1 (6, 10). The mitochondrial aa3-type HCuOs, like bovine cytochrome c 

oxidase, are not capable of NO-reduction at significant turnover rates (11). The properties of 

NOR that differ from HCuOs, and thus might be involved in conferring the high NO-reducing 

capability include: (i) the iron instead of copper in the catalytic site and (ii)  a very low 

midpoint potential of high-spin heme b3, suggested to avoid formation of a stable heme b3
2+-
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NO ‘dead-end’ complex during turnover (12), (iii) a reaction de-coupled from the generation 

of an electrochemical gradient , since NO-reduction by NOR is non-electrogenic and protons 

derived from the periplasmic side of the membrane (1, 13-15). 

The detailed mechanism for NO-reduction by NOR is not known, but models have been 

suggested that involve either a ‘trans’ mechanism (1, 16, 17) where one NO binds to each of 

the metals in the binuclear site, or ‘cis’ mechanisms where two NOs bind either to the non-

heme FeB ((18); see also (12)), or consecutively to heme b3 such that the second NO binds to 

the intermediate formed upon binding of the first (19).  

A detailed catalytic model needs to be compatible with the observation that the maximum 

turnover activity is obtained at ~5 µM NO, whereas higher NO concentrations lead to a 

decrease in activity. This substrate inhibition has been suggested to be due to NO binding also 

to oxidised NOR (6, 20).  

For the HCuOs, the detailed mechanism of oxygen reduction and its coupled proton 

pumping have been extensively investigated using the so-called ‘flow-flash’ technique (21). 

In this technique, fully reduced enzyme with carbon monoxide (CO) bound to the high-spin 

heme in the active site is mixed in a stopped-flow apparatus with an O2-containing solution. 

Since CO and O2 both bind to the high-spin heme, the reaction is limited by the dissociation 

of CO, which is slow. However, if a short laser flash (~10 ns) is applied when mixing is 

complete, the photolabile Fe-CO bond is broken and the binding of dioxygen and its 

subsequent step-wise reduction can be followed using time-resolved (from ns) spectroscopy. 

The flow-flash technique has been used in combination with various detection techniques and 

has yielded information about the catalytic cycle of the HCuOs, e.g. how fast different 

intermediates are formed, the chemical nature of these intermediates, the sequence of electron 

transfer reactions, the mechanisms and pathways for proton transfer (see e.g. (22-24)). 
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We have previously studied the flow-flash reaction between fully reduced NOR and O2 rather 

than NO because of the experimental advantages, e.g. in studying the mechanism of proton 

transfer since the chemical reactivity of NO in aqueous solutions hampers direct pH 

measurements (25-27). Our results showed that oxygen binds to heme b3 with a τ=40 µs (at 

1 mM O2), after which electron transfer from the low-spin hemes b and c to the O2 bound at 

the binuclear site occurs simultaneously with a τ=25 ms (at pH 7.5). The τ=25 ms phase is 

coupled to proton uptake from the bulk solution, limited by proton transfer from a group with 

pKa =6.6 (25). This reaction was impaired or altered in mutant NORs where residues 

presumably involved in proton transfer to the active site were altered (26, 27).  

The flow-flash technique has also been used in one study of reduction of NO by NOR (1). 

The reductive coupling of two NO molecules to form N2O requires two electrons, whereas the 

fully reduced NOR has four redox-active groups. Hence two full turnovers are required to 

reoxidize the enzyme. Moreover, since after oxidation, the oxidised NOR can bind NO (see 

above and (20)), there are multiple possible reaction paths in the reaction of fully reduced 

NOR with NO.  

In order to elucidate the details of the mechanism of reduction of the physiological substrate 

NO, here we have studied the reaction between fully reduced NOR and NO, with special 

emphasis on the effects of NO concentration. Our results show that whereas initial binding of 

NO to the heme b3 shows an acceleration at higher [NO], subsequent oxidation of the low-

spin hemes is decelerated. These results indicate that initial binding of NO does not need to 

go through the FeB for producing the first N2O at the active site. Furthermore, NO binds to an 

inhibitory site, possibly the oxidised heme b3, faster than electrons are transferred to the active 

site for the second turnover and slows oxidation already when oxidising the fully reduced 

protein. We also studied the effect of lowering the pH on these reactions, and the results show 

that whereas binding of NO to heme b3 is not dependent of pH, subsequent oxidation of the 
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low-spin hemes is. The results further show that substrate inhibition of the oxidation of the 

low-spin hemes is more pronounced at lower pH, possibly associated with a larger degree of 

NO binding to the oxidised b3. 
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MATERIALS AND METHODS 

Growth of bacteria and purification of NOR 

The NOR used in this study was from Paracoccus (P.) denitrificans, expressed in 

Escherichia (E.) coli JM 109 using the expression system described in (10). Growth of 

bacteria, preparation of membranes and purification of NOR was essentially as described in 

(10), with the same exceptions as in (26). NOR was then rapidly frozen in N2(l) and stored at 

–80oC until needed. 

Sample preparation for flow-flash studies 

NOR was diluted to 5-10 µM in a modified Thunberg cuvette, air was exchanged for 

nitrogen on a vacuum line, and the enzyme was reduced by adding 1-2 mM ascorbate and 

0.2 µM 5-methylphenazinium methosulfate (PMS). Nitrogen was then exchanged for 5-10 % 

CO; low CO concentrations were used to avoid CO recombination interfering with NO 

binding. Before transferring the sample to the flow-flash apparatus, 10-20 µM dithionite was 

added to ensure that the sample was completely reduced and to reduce any residual O2.  

Flow-flash measurements 

Flow-flash measurements were performed on a set-up described in (28). Briefly, fully 

reduced CO-bound NOR was mixed 1:5 with NO-containing buffers in a modified stopped-

flow apparatus (Applied Photophysics, U.K.), where both syringes had been made anaerobic 

by incubation in 50 mM dithionite over night. After a 200 ms delay, a 10 ns laser flash (Nd-

YAG laser, Quantel) was applied, dissociating CO, allowing NO to bind and initiate the 

reaction. For measurements of NO binding at high (mM) NO concentrations, the rise time of 

the instrument was improved and the Xe lamp for measuring light was pulsed, generating a 

bright light, stable for ~500 µs, as described in (29). 
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The time course of the reaction was studied at different wavelengths in the Soret and alpha 

regions. Typically, at each wavelength, 5 · 104 data points were collected and the data set was 

then reduced to ~1000 points by averaging on a logarithmic time scale. 

For the pH-dependence measurements, the buffer concentration in the NOR solution before 

mixing, in the same 1:5 ratio, was decreased to 10 mM (Hepes at pH 7.5). The NO buffer 

contained 200 mM of either Mes (pH 6.0-7.0) or Hepes (pH 7.0-8.0).  

Buffers with saturated [NO] were prepared by bubbling 100 % NO gas through anaerobic 

buffers as in (5). The lower [NO]-buffers were prepared by bubbling 5% NO gas (mixed with 

95% N2) in the same way. The solubility of NO was taken to be 1.8 mM at all pHs (30), so 

that after mixing in the flow-flash set-up in the 1:5 ratio, the [NO] was either ~1.5 mM or 

0.075 mM. For simplicity, these concentrations will be referred to as 2 and 0.1 mM NO, 

respectively, throughout the text. 

Preliminary experiments varying the final NO concentrations were made by varying the 

mixing ratio in the flow-flash set-up.  

Data handling and analysis 

To extract the rate constants and kinetic difference spectra from the traces obtained in the 

flow-flash reaction, the time-resolved changes in absorbance from different wavelengths were 

fitted either separately or globally to a model of consecutive irreversible reactions using the 

software package Pro-K (Applied Photophysics, U.K.). Alternatively, rate constants were 

fitted as a sum of exponentials in SigmaPlot (Jandel Scientific). 
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RESULTS 

NO reduction by the fully reduced NOR 

Fully reduced NOR has four pre-loaded electrons, whereas reduction of NO to N2O requires 

two. Therefore, we will assume that the reaction comprises two turnovers, where the first uses 

electrons already present at the binuclear site, whereas the second turnover has to involve 

electron transfer from the low-spin hemes b and c.  

a) Initial binding of NO to reduced heme b3 and the first turnover 

After flashing off CO from heme b3, in the presence of 2 mM NO, the first observed phase 

has a time constant of ~1 µs and is clearly seen as an absorbance decrease at 430 nm (Fig. 

1A). This phase shows a kinetic difference spectrum (data not shown, see (1)) consistent with 

NO binding to the heme b3. There is a second rapid phase with a time constant of ~20 µs with 

a different kinetic difference spectrum with small amplitudes (similar to the 1.9x104 s-1 (τ= 

50 µs) phase obtained in (1)). However, the amplitude of this phase varies at 430 nm between 

protein preparations, which we assume is due to an overlapping second phase of NO binding, 

similar to the biphasic CO binding which is more pronounced in the P. denitrificans NOR 

when expressed in E. coli (see (31) and (25)).  

This rapid process(es) clearly displays NO-concentration dependnet kinetics, at 0.1 mM NO 

(Fig. 2), the trace on the rapid time-scale was fitted with two time constants of 6 and 100 µs, 

each contributing ~50% to the observed amplitude. This gives a difference of a factor of ~5 to 

the rates for binding at 2 mM NO (for both components).  

Binding is [NO]-dependent also in the range between 0.1 and 2 mM (preliminary data, not 

shown), but no time constants have been fitted.  
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After binding of NO during the first 100 µs, there are very little absorbance changes until 

oxidation of the low-spin hemes take place on the ms time-scale (see below and Fig. 1).  

b) Oxidation of the low-spin hemes; 2nd turnover 

At 2 mM NO and pH 7.5, oxidation of the low-spin hemes occurs with rate constants of 50 

and 3 s-1 (τ=20 ms and 300 ms respectively, see fits in Fig. 1). As seen in Fig. 1, the c-type 

heme has a larger contribution to the fast phase (about 50% of absorbance change at 550 nm) 

than the b-type hemes (6-20% contribution at the other wavelengths). That heme c oxidises 

faster than heme b is consistent with previously obtained data (1).  

These processes are also clearly dependent on the NO concentration, as they speed up at 

lower [NO] (see Fig. 2). A global fit to data at 420, 430 and 550 nm (data at 420 and 550 nm 

not shown) for 0.1 mM NO shown in Fig. 2 gave major rate constants of 120 and 12 s-1. Also 

at this [NO], the fast process is mainly heme c oxidation (60% contribution at 550 nm, below 

35% at 420 and 430). This gives a difference of a factor of ~3-4 compared to the rates 

observed at 2 mM NO (50 and 3 s-1).  

Whereas rapid binding of NO on the µs time-scale at 2 mM is not dependent on pH (Fig. 

3A), oxidation of the low-spin hemes is, as seen in Fig. 3. The major (oxidation of heme b) 

phase at 430 nm with 2 mM NO had a rate constant of ~6 s-1 (Fig. 3A), a factor of two slower 

than at pH 7.5. The pH effect is more pronounced at lower (0.1 mM) [NO] (Fig. 3B), where 

the major rate constants differ by a factor of 8 (~100 s-1 at pH 6.0 compared to 12 s-1 for pH 

7.5). 

The same data also shows that the effect of lowering the [NO] is greater at pH 6.0, the 

major oxidation phase decreases from ~6 s-1 (2 mM) to ~100 s-1 (0.1 mM), a factor of 17, 

which is linear with the 20-time decrease in [NO].  
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DISCUSSION 

In this work, we have studied the reaction between fully reduced bacterial NO reductase 

and NO time-resolved using the flow-flash technique. The fully reduced NOR contains four 

electrons, whereas reduction of NO to N2O requires two electrons (see Eq. 1), making the 

enzyme capable of completing two full turnovers, involving the binding of four NO 

molecules. Two electrons reside in the binuclear site, so we expect the first turnover to use 

these electrons and involve no oxidation of the low-spin hemes b and c. The second turnover, 

however, must involve transfer of electrons from the low-spin hemes to the active site, as well 

as binding of two additional NOs.  

Initial binding of NO to reduced heme b3 occurs on the µs time-scale (Fig. 1A), in 

agreement with previous measurements (1). When [NO] is decreased to 0.1 mM, binding is 

clearly slowed (see Fig. 2), and preliminary data indicates that binding is slowed also when 

the NO concentration is decreased to intermediate [NO], around 0.5 mM (data not shown). 

Hendriks et al. suggested that initial binding of NO to reduced heme b3 is independent of 

[NO], possibly because of limiting internal transfer from FeB to the heme b3, which is not in 

agreement with our data. However, we cannot at this stage rule out the possibility that the rate 

of binding saturates since the slowing of NO binding is not linear with [NO] between 0.1 and 

2 mM, the rate constant(s) is ~6-fold slower for 20 times lower [NO]. Hence, there might be a 

role in limiting the rate at which heme b3 binds NO for internal transfer from FeB at very high 

[NO]. It should be noted that we don’t expect the binding of NO to FeB to give rise to any 

significant absorbance changes, so FeB might bind NO faster than the heme b3 or it could bind 

NO during the 200 ms mixing time, with CO still bound to the heme b3. The possibility of 

simultaneous binding of CO to heme b3 and NO to FeB has been suggested previously (17).  

Further, we report here the first studies of the dependence of [NO] on the oxidation of the 

low-spin hemes in the reaction between NO and the fully reduced NOR. Interestingly, this 
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process accelerates as [NO] is lowered. Bacterial NOR is known to show substrate inhibition 

on steady-state turnover (6), where the maximum activity occurs at a few µM NO. The 

molecular mechanism for this inhibition is not known, but was suggested to be due to NO 

binding also to the oxidised NOR, with an obtained Ki of 13.5 µM at pH 6.0 (6). There are 

several possible mechanisms for NO binding to the oxidised NOR being inhibitory of the 

catalytic rate; e.g. binding to ferric heme b3, lowering its midpoint potential, slowing the rate 

of electron transfer from the low-spin hemes, conformational changes affecting the input of 

electrons into the protein, binding of NO to ferric FeB, affecting its electron donation rate, or 

binding to some other ‘allosteric’ site.  

There are several reports of NO binding to ferric heme b3 (see e.g. (20, 32)), an interaction 

which was suggested to be pH dependent, with more NO bound at lower pH (32). The reason 

for the pH dependence has been suggested to be the easier displacement of the µ-oxo bridge 

between ferric heme b3 and FeB at low pH (33). The larger extent of NO binding to ferric 

NOR at lower pH is consistent with larger absorbance changes obtained when oxidised P. 

denitrificans NOR reacts with NO at pH 6.0 compared to 7.5 (Lachmann, unpublished). Also 

ferric FeB has been suggested to bind NO (32). If catalysis involves binding of NO to ferrous 

heme b3, followed by a second NO molecule binding to the intermediate formed as suggested 

(19), then the binding of NO to FeB is a possible site of inhibition, as it could interfere with 

catalytic binding for e.g. steric reasons.  

We also note that there are no major absorbance changes occurring between those attributed 

to the binding of NO and later phases due to oxidation of the low-spin hemes (see below). We 

therefore see no evidence for the suggested displacement of the proximal His ligand to heme 

b3 (16) upon NO binding, which is in agreement with Hendriks et al. (1). We note however, 

that there are presumable several processes occurring during this time, the binuclear centre 

should oxidise, producing the first molecule of N2O, and NO should bind to its inhibitory site 
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affecting the rate of electron transfer from the low-spin hemes (see below). None of these 

processes is thus associated with large absorbance changes (at the wavelengths used), which 

is in agreement with the relatively small absorbance changes seen for NO binding to the 

resting oxidised NOR at pH 7.5 ((20, 32), and Lachmann, unpublished)). 

Here we have shown that substrate inhibition occurs already when the fully reduced protein 

reacts with NO, ruling out that the inhibition involves electron input into the protein, which 

does not occur. Our work also shows that binding of NO to its inhibitory site must occur on 

the time-scale of oxidation of the low-spin hemes in our measurements, i.e. on the ms time-

scale or faster. This is because after the first presumed turnover, using electrons from the 

binuclear site, NO must bind to its inhibitory site (at the oxidised binuclear centre) before 

electrons redistribute from the low-spin hemes, since otherwise the second turnover would be 

a repetition of the first, showing acceleration instead of deceleration at high [NO]. This means 

that reaction schemes involving such electron redistribution before NO binding (such as in 

(17)) are incompatible with our data. 

Transfer of electrons from the low-spin hemes into the active site during NO reduction is 

also pH dependent (Fig. 3), whereas binding of NO to reduced heme b3 (at 2 mM) is not. It 

should be noted that the kinetic effect of lowering the pH is presumably underestimated as 

presumably more NO binds to the oxidised NOR at lower pH (see above). Thereby, the 

inhibitory effect of NO could be larger at low pH, counteracting the acceleration of electron 

transfer in the oxidation process. This is also supported by our observation that the effect of 

lowering [NO] on the rates of oxidation is larger at pH 6 than at pH 7.5. It should be noted 

that in the resting state of NOR, the active site presumably has a µ-oxo bridged structure 

which needs to be broken in order for NO to bind. In our kinetic measurements, however, it is 

possible that after the first turnover, NO binds to the oxidised NOR before the µ-oxo bridge is 

reformed, hampering a direct correlation to data obtained with the resting enzyme.  
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It is interesting to note that using the binding and inhibition parameters derived by Girsch 

and deVries from steady-state NO reduction at pH 6 (6), the kcat at 2 mM NO compared to 

0.1 mM should differ by a factor of 18, about the same as the factor of 17 obtained for the 

ratio of the rate constants in the oxidation of the fully reduced NOR at the same [NO] and pH 

(see Fig. 3).  

That electron transfer from the low-spin hemes is coupled to the transfer of protons into the 

active site is observed also upon oxidation of fully reduced NOR by O2 (25). In that study the 

rate of oxidation of the low-spin hemes was independent of the O2 concentration and 

displayed pH dependent kinetics with a pKa of 6.6. The time constants were in the same range 

(τ=25 ms at pH 7.5) as those found in this work using NO as the electron acceptor, and the 

rates were pH dependent in the same range, indicating that proton transfer contributes to the 

rate-limiting step of the reactions.  

In summary, here we present results from studies of the NO concentration dependence on 

oxidation of the fully reduced NOR. The results show that while NO binding accelerates with 

increasing NO concentration, the following oxidation of the low-spin hemes displays a 

reverse NO-concentration dependence. These data show that there are fundamental 

differences in the oxidation of NOR when using NO or O2 as substrates, which offers 

mechanistic insights into the function of this enzyme. 
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FIGURE LEGENDS 

 

Figure 1. Absorbance changes during the reaction between fully reduced NOR and NO at 

2 mM shown at 430 (reporting mainly in the heme b3), 420 (all hemes contributing), 550 

(heme c) and 560 (heme b) nm. The initial rise in absorbance at t=0 at 430 nm is due to the 

unresolved dissociation of CO. Experimental conditions: 200 mM Hepes at pH 7.5, 50 mM 

KCl, 0.1 mM EDTA, 0.05% DDM, ~2 µM reacting NOR, [NO]=2 mM, T=295 K. The short 

time-scales in panel A and B were recorded using a brighter light pulse (see Material and 

Methods). The red lines on the longer time-scales are two-exponential fits to the two rate 

constants 50 and 3 s-1. 

 

Figure 2. Comparison of the reaction between fully reduced NOR and NO at high (2 mM) 

and lower (0.1 mM) NO concentrations. Other conditions as in Fig. 1. 

 

Figure 3. Comparison of the oxidation of fully reduced NOR by NO at pH 7.5 and 6.0 

showing also the differences at high (2 mM, panel A) and low (0.1 mM, panel B) NO. Other 

conditions as in Fig. 1.  
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Figure 2, Lachmann et al.
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Figure 3, Lachmann et al.
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