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ABSTRACT 

A MECHANISTIC INVESTIGATION OF CYTOCHROME C NITRITE 

REDUCTASE CATALYZED REDUCTION OF NITRITE TO AMMONIA: 

THE SEARCH FOR CATALYTIC INTERMEDIATES 

by 

Shahid Shahid 

The University of Wisconsin-Milwaukee, 2020 
Under the Supervision of Professor A. Andrew Pacheco 

 

 

Cytochrome c Nitrite Reductase (ccNiR) is a periplasmic homodimeric decaheme enzyme 

that catalyzes the reduction of nitrite to ammonium in a process that involves six electrons and 

eight protons. Under standard assay conditions, which use a strong reducing agent as an electron 

source, catalysis takes place rapidly without producing detectable intermediates.  However, 

intermediates do accumulate when weaker reducing agents are employed, allowing the ccNiR 

mechanism to be studied.  Herein, the early stages of Shewanella oneidensis ccNiR-catalyzed 

nitrite reduction were investigated in isolation by using the weak reducing agents N,N,N’,N’-

tetramethyl-p-phenylenediamine (TMPD) and the 2-electron reduced form of indigo trisulfonate. 

Experiments were done with the wild type enzyme (wtccNiR) as well as with R103Q, Y206F, and 

H257Q variants. 

A UV/Vis stopped-flow investigation of the reaction between nitrite-loaded wtccNiR and 

TMPD revealed for the first time that the reaction proceeds via a transient 1-electron reduced 

intermediate. Generation of this species is pH-independent, whereas its decay to a previously 

characterized 2-electron reduced intermediate is fastest at pH 6.8 and significantly slower at higher 
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pH. The pH dependence is ascribed to the rate-limiting cleavage of the nitrite N – O bond, which 

requires a prior di-protonation predicted to be slow in earlier computational studies. 

 Under steady-state conditions, S. oneidensis ccNiR catalyzed the slow 1-electron reduction 

of nitrite to nitric oxide, which was monitored by tracking the concomitant appearance of the 

colored TMPD+ radical product. The rate of TMPD+ formation was found to be directly 

proportional to the concentration of TMPD+ at low TMPD concentrations, providing important 

insights about the mechanism of NO˙ release. The steady-state studies also showed that nitrite is a 

substrate inhibitor of NO˙ release when TMPD is the electron source, probably because it blocks 

exit by NO˙ through the nitrite entry channel. 

 The H257Q variant of ccNiR was found to have 1/400th of the wild type enzyme’s nitrite 

reductase activity in the standard assay in which methyl viologen monocation radical is the 

electron source, but nearly normal hydroxylamine reductase activity. This demonstrated that H257 

is essential for nitrite reduction but not for reduction of hydroxylamine, a putative intermediate in 

the catalytic process. UV/Vis spectropotentiometry showed that the nitrite-loaded active site of 

H257Q still reduced at fairly high applied potential, but the reduction was by one electron, whereas 

the wild type is reduced in a concerted 2-electron step. The experiments with the variant, coupled 

with the pH-dependent stopped flow experiments with wtccNiR, confirm H257’s importance in 

facilitating nitrite reduction, but suggest that its role is to modulate the pKa values of one or more 

of the waters that form a complex hydrogen bonding network in the active site. This view is more 

conservative than earlier theoretical predictions of direct histidine involvement in nitrite 

diprotonation leading to N – O bond cleavage. 
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Chapter 1  

Introduction 

 

1.1. The importance of nitrite in the nitrogen cycle 

Nitrite, which undergoes reduction to ammonium or oxidation to nitrate by various 

biological enzymes, is one of the pivotal components in the biological nitrogen cycle (Fig. 1.1). 

The reductive fate of nitrite is governed by either an assimilatory or a dissimilatory process. In the 

assimilatory process, nitrite is reduced to ammonium for incorporation into biomass. Assimilatory 

nitrite reduction is found in bacteria, plants, and fungi, and the process is catalyzed by either 

NAD(P)H- or ferredoxin-dependent cytoplasmic siroheme-containing nitrite reductases (CsNiR).1-

4 While the goal of assimilatory nitrite reduction is the production of ammonium for incorporation 

into biomass, dissimilatory nitrite reduction is an anaerobic respiratory process that is carried out 

by bacteria. In dissimilatory nitrite reduction, the product can be dinitrogen (respiratory 

denitrification) or ammonium (respiratory nitrite ammonification).1-4 Interestingly, both products 

are never produced at the same time during anaerobic respiration.5 Biological nitrite reduction is 

of interest to microbiologists and ecologists because of its importance in energy conservation and 

balancing eutrophication in the environment, among other things.6 

Metalloenzymes play essential roles in both assimilatory and dissimilatory processes, 

which attracts the interest of bioinorganic chemists. The first step in respiratory denitrification is 

the reduction of nitrite to nitric oxide (NO.), and this is carried out either by an enzyme called 

cytochrome cd1 nitrite reductase, or alternatively by a copper-containing nitrite reductase. An 

enzyme called NO reductase then reduces NO. to nitrous oxide (N2O), which is in turn reduced by 
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N2O reductase to dinitrogen (N2). Like the nitrite reductases, both NO reductase and N2O reductase 

are metalloenzymes. The complete denitrification process converts so-called “reactive nitrogen”  

 

 

 

 

 

 

 

 

 

 

 

 

(nitrogen that is universally bioavailable) into dinitrogen, which is the largest terrestrial nitrogen 

source, but is only directly usable by a handful of prokaryotes. These prokaryotes use the nitrogen-

fixing enzyme nitrogenase (NiF), another metalloenzyme, to reduce dinitrogen to the reactive 

nitrogen species ammonium. This makes nitrogen bioavailable for non-nitrogen fixing organisms, 

which are the majority.  

 

 Figure 1.1. The nitrogen cycle, showing the five major and one minor enzyme-catalyzed pathway. Black: Nitrogen 
fixation (Mo or Fe metal containing nitrogenase), Red: Dissimilatory nitrite reduction to ammonium (DNRA) (NaR: 
Mo containing nitrate reductase, ccNiR: c-heme containing cytochrome nitrite reductase), Dark Brown: 
Assimilatory Ammonification (NaR: Mo containing nitrate reductase, CsNiR: siroheme containing nitrite reductase), 
Violet: Denitrification, Green: Anaerobic ammonium oxidation (Anammox), Light Blue: Nitrification (AMO; 
ammonium monooxygenase, HAO: hydroxylamine oxidase)  
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Free nitrate is much less toxic to life forms than free ammonium, and so is the primary 

reservoir of reactive nitrogen in the biosphere, even though it is ammonium that is directly 

incorporated into the biomass. Nitrate reductases, which are molybdenum-containing 

metalloenzymes, convert nitrate to nitrite,7-9 which can then be converted to ammonium for 

biomass production either by the specialized assimilatory nitrite reduction pathway or by 

respiratory ammonification (also known as “dissimilatory nitrite reduction pathway to ammonium, 

DNRA”).10 Though the primary function of the latter process is anaerobic respiration, the 

ammonium generated by the process is also available for biomass incorporation. Cytochrome c 

nitrite reductase (ccNiR, also called NrfA after the nrfA gene that codes for it) is the main enzyme 

in the nitrite ammonification pathway, and remarkably, under standard assay conditions, it 

converts nitrite to ammonium without releasing any potential toxic intermediates. Moreover, not 

only nitrite can act as a terminal electron acceptor in this process, but also other nitrogenous 

molecules such as NO. and hydroxylamine can be reduced by ccNiR at a very good rate. In recent 

years, a few interesting results regarding ccNiR have been reported from different groups.6, 11-12 

This thesis focuses on efforts to elucidate the ccNiR mechanism for nitrite reduction to 

ammonium. The role of conserved active site amino acids in the reduction process will be explored, 

and possible reactive intermediates will be identified. The ccNiR source used for the studies 

presented herein was the bacterium Shewanella oneidensis, so the section that follows explains 

why S. oneidensis was chosen, and also briefly summarizes this bacterium’s interesting ecological 

position. Section 1.3 is an introduction to heme proteins and cytochromes in general, while Section 

1.4 presents an overview of the ccNiR structure in particular. Section 1.5 provides a summary of 

nitrite ammonification bioenergetics and its position relative to other bacterial respiratory 

pathways. Section 1.6 presents a detailed summary of the ccNiR reaction mechanism as it was 



   

 

4 
 

understood prior to the research described in this thesis, while Section 1.7 concludes the 

introduction with an outline of the specific thesis goals. 

 

1.2. An overview of the model species Shewanella oneidensis MR-1 

The Shewanella proteobacteria (Fig. 1.2) have attracted the most attention because of their 

bioremediation and versatile respiration capabilities,13 though they have also been considered as 

possible opportunistic pathogens of humans and other aquatic animals.14-15 Shewanella species 

were first noticed in putrid butter in combination with other bacteria.16 Shewanella can swim by 

using single polar type flagella so unsurprisingly they are also found in marine sediments and soil 

as well. Structurally, they are rod-shaped, with lengths and widths of no more than 2-3 m and 

0.4-0.7 m, respectively.14 Shewanella were first classified as belonging to the Achromobacter 

genus,17 but after 5S RNA sequencing in 1985, the new genus name Shewanella was coined to 

honor the renowned marine microbiologist Dr. James M. Shewan.18  

The discovery story of the oneidensis species is interesting (Table 1.1). It started with the 

surprising observation by a group of scientists that Lake Oneida contained an excessive amount of 

reduced manganese (Mn2+) in comparison with oxidized manganese (Mn4+ as MnO2), which would 

have been expected in natural aerated waters. The scientists could not find the reason for naturally 

reduced Mn2+ until DNA hybridization and 16S rRNA sequencing studies confirmed the presence 

of a new metal-reducing species of Shewanella bacteria.  They named the new species Shewanella 

oneidensis after the name of lake Oneida. The suffix MR-1 (“manganese-, or metal-reducing”) was 

added to reflect S. oneidensis’ Mn reducing property; however, this moniker doesn’t reflect the 

species’ versatility in anaerobic respiration. Indeed, S. oneidensis can reduce a wide range of 

inorganic, organic, soluble, and non-soluble compounds, using them as terminal electron acceptors 
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during anaerobic respiration. For example, in addition to manganese dioxide, the bacteria can 

reduce iron, dimethyl sulfoxide, dioxygen, and even uranium. 17, 19-21  

 

 

 

 

 

 

 

 

 

 

 

 

 

FIgure 1.2. Shewanella oneidensis MR-1 is seen through a scanning electron microscope (SEM) in the presence of 
limited oxygen and low agitation chemostat (50 rpm). (b) Fluorescence microscopy has observed similar structures 
when stained with a nonspecific fluorescent protein-binding stain. Both images are copied from Gorby et al (2006).22 

 

 

The insolubility of the Mn4+ oxidation state also highlights a remarkable feature of S. 

oneidensis respiration: these bacteria can transfer electrons to extracellular electron acceptors 

during respiration, a process that is now termed “extracellular respiration”.17, 23-24  

The MR-1 species was the first sequenced Shewanella genome. It contains a 4,969,803 

base pair circular chromosome, 4,758 coding genes (CDS), and a plasmid with 161,613 base pairs 
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and 173 CDS.13 MSHA and tapABCD are the type IV pilin gene clusters that play a role in colony 

formation and mediate DNA transfer during pathogenesis.25-27 The S. oneidensis genome contains 

39 cytochrome c genes, with 14 of these encoding at least 4 hemes in multi-heme proteins. This 

makes S. oneidensis the bacterium that contains the second-greatest number of cytochrome c 

proteins identified to date; for comparison, Escherichia coli encodes only 5-7 c type cytochromes. 

The recently sequenced bacterium Geobacter sulfurreducens holds the current record for most c-

type proteins. These bacteria have at least 111 cytochrome c encoding genes based on counting c 

attachment motifs, CXXCH. Out of these, 73 genes encode at least two heme groups per protein.28-

29 Unsurprisingly, the multiheme cytochrome groups in S. oneidensis and G. sulfurreducens make 

these organisms capable of using an extensive range of substrates for respiration.13, 29-30 

 

Table 1.1. Major events in Shewanella's history from first identification (1931) to genome sequencing (2002) 

Timeline Events Ref 

1931 Shewanella first isolated and reported as Achromobacter type bacteria 16 

1941 Proposed genus re-classification to Pseudomonas by Long and Hammer 31 

1964 -

1967 

CDC lists oxidase-positive l-b strains isolated from clinical “Pseudomonas 

(Shewanella) putrefaciens”  

32 

1972 Low G%, C%  nucleotide (43–55%) in P. putrefaciens compare to  
Pseudomonas spp. (58–70%) suggested a new genus  

33-35 

1978 (1) P. putrefaciens referred to infections of bloodborne, soft-tissue iseases    
(2) A minimum of four distinct DNA groups 

36-37 

1985 Phylogenic studies proposed a new family Vibrionaceae and genus 
Shewanella by MacDonell and Colwell  

38 

1988 Metal reducing Shewanella; the idea of bioremediation 21 

1996 Shewanella algae associated with human illness 39 

2002 Shewanella MR-1 genome sequenced 13 
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1.2.1. Biofilm formation and transfer of electrons to external acceptors  

Insoluble oxidized manganese is widely reduced by S. oneidensis, revealing a novel form 

of anaerobic respiration. Microbes form biofilms after attaching to a solid surface, and this is also 

the first step of external metal reduction since biofilm formation brings bacteria and oxidized metal 

surfaces together. In the environment, Shewanella first creates a metabolic interaction on the 

mineral surface to continue its metabolism and biofilm formation. In vitro, the Shewanella initially 

attaches to a surface (Fig. 1.3) and grows out sideways along the surface for about 24 hours to 

fully colonize the surface. After that, the biofilm continues to grow straight up.  

A global transposon mutagenesis screening of 1500 mutants turned up 173 that had defects 

in either (1) attachment or (2) biofilm formation or (3) both. The study also reported that 71 of 

those mutants had a non-swimming phenotype, which prompted the authors to further investigate 

the roles of motility for biofilm formation. The mutation of the motility genes (flhB, fliK, and 

pomA) in Shewanella posed no problem for attachment to the glass surface, but nevertheless 

significantly affected biofilm development.  

Other studies showed that biofilm development is also inversely nutrient-dependent, so that 

biofilms form faster when the nutrient level is low. When the nutrient level is high and oxygen is 

available, Shewanella can metabolize aerobically and not waste energy for biofilm formation. On 

the other hand, under anaerobic conditions and when the nutrient level is poor, Shewanella form 

biofilms which help them continue to thrive by interacting with oxidized metal. After successful 

surface colonization multicomponent electron transport systems, mainly cytochrome reductase 

proteins, quinones, or riboflavin, help the bacteria to transfer the electrons to terminal electron 

acceptors, including metal oxides, for anaerobic respiration.40 
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Figure 1.3. S. oneidensis MR-1 biofilm formation on a glass surface. Confocal laser-scanning microscopy aided green 
fluorescence protein (GFP)-labeled Shewanella cells. (A) adhesion by the first colonies (1 hour), (B) successive rapid 
cell divisions (8 hours), (C) formation of 3D structures (12-16 hours), (D) the cells fully cover the surface and tower 
to a height of around 20 μm (20-24 hours). By the 5th day, the biofilm formation enters a stable state and shown 
approximately 200 μm. (E) and (F) are recorded after 48 hours and 120 hours, respectively. The scale bar in the image 
reflects 80 μm. The bacterial cells were grown in a 0.5 mM lactate-containing LM medium. This image is copied from 
Thormann et al.40  

 

 

1.2.2. Shewanella oneidensis is a better host for expression of ccNiR than E. coli  

Though S. oneidenis has attracted the most attention from researchers for its ability to 

reduce solid metal oxides, the bacterium is also very well suited to be a source of ccNiR. Several 

methods have been suggested for the overexpression of c-type multi-heme cytochromes.41-44 

Originally E. coli seemed to be a suitable organism to use for overexpressing c-heme proteins such 

as ccNiR, and this organism has indeed been used successfully, although mostly for proteins 
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containing four or less hemes.43, 45 A big downside of the E. coli expression system though is that 

eight cytochrome c maturation (CCM) chaperones (ccmA-H) that are required for the post-

translational incorporation of c-type hemes into apoproteins are only expressed anaerobically in 

this organism. Londer et al. resolved the issue by producing an E. coli strain that contained the 

necessary chaperones within a pEC86 vector. However, ccNiR requires three additional 

chaperones (nrfEFG) to properly ligate lysine to the active-site heme (see below), and once again, 

these are expressed only anaerobically in E. coli.43, 45-46  

Crucially, unlike E. coli, S. oneidensis expresses the ccmA-H and nrfEFG genes under both 

aerobic and anaerobic conditions. This makes S. oneidensis a much better host for expressing c-

type cytochromes at high levels because, like other bacteria, Shewanella bacteria tend to grow 

much faster and to higher densities under aerobic conditions.41, 44, 47 

1.3. Introduction to heme proteins 

1.3.1. Heme  

Heme is one of the most important prosthetic groups in living cells, involved in electron 

transfer, energy metabolism, catalysis, and transport of small molecules.48-49 The basic heme unit 

consists of an iron coordinated equatorially by four nitrogen donor atoms from a macrocyclic 

porphyrin ligand. Hemes are widely found within proteins with one or two ligands bound to the 

iron axial sites, in addition to the equatorial heme ligand.  

Very often the types of axial arrangements define the protein or enzyme function. For 

example, hemes involved purely in electron transfer are typically 6-coordinate, with two amino 

acid axial ligands from the protein occupying the axial sites.50-51 Histidine and methionine are the 

two most common amino acid residues bound to the axial sites of hemes in electron transfer 



   

 

10 
 

proteins, which are sometimes referred to as closed hemes because both proximal and distal axial 

sites are occupied.  

In contrast to closed hemes, penta-coordinated heme is termed an open heme center 

because of the open distal site that allows exogenous substrates to bind. Typically, when a protein’s 

primary role is to transport small molecules such as oxygen, then a penta-coordinated open 

structure is most prevalent. Histidine is bound in the proximal site in most, but not all, of the cases. 

Interestingly, a seemingly closed heme can be functionally open because the proximal axial ligand 

is loosely held, and easily displaced by a substrate.  A common example is water, a weak-field 

ligand that is easily displaced by stronger-field ligands that can bind and then undergo 

oxidoreductase reactions.51 Other examples of weak distal ligand coordination are provided by 

Cd1NiR, bacterial cytochrome c peroxidase, Neuroglobin (Nb), or Cytoglobin.52-54  In these cases, 

the distal ligand is often an amino acid from the protein backbone.  

Importantly, the nature of proximal site ligand often dictates heme reactivity. As examples, 

CytP450,55 and NOS56 contain cysteine amino acids, peroxidases have histidine,57 and catalase 

contains tyrosine.58 CcNiR, the subject of this thesis, has a lysine ligand in the proximal site which 

is very unusual.59-60 Looking specifically at nitrite reduction, the nitrite ammonifying ccNiR has 

the lysine as the distal ligand, whereas the NO-producing cd1 type heme (Cd1NiR) has histidine 

in the distal site.61 

 

1.3.2. Overview of cytochromes  

Cytochromes are heme-containing proteins that are involved in electron transport and 

enzymatic oxidation-reduction processes. They are widely distributed in the biosphere, and along 

with iron-sulfur clusters, are the main electron transporting molecules used during respiration. 
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Because of the broad tunability of the prosthetic iron’s redox potential, and the accessibility to 

multiple oxidation states (oxidized Fe3+, reduced Fe2+, and in some cases Fe4+ in catalytic 

intermediates),62 cytochromes are highly versatile. 

Irish scientist Charles Alexander MacMunn first described cytochromes as respiratory 

pigments in the blood in 1886,63 but it was entomologist David Keilin that coined the term 

“cytochrome” (standing for “cellular pigment”) after rediscovering the proteins in the 1920s.64 

Keilin was also responsible for the early classification of cytochromes into groups a – c, based on 

the position of their lowest energy absorption band in their reduced state. For cytochrome a the 

lowest energy band is found at around 605 nm, for cytochrome b it is in the vicinity of 565 nm, 

and for cytochrome c it’s closer to 550 nm.65-66 Later, cytochrome d was added to the 

classification,67 and more recently cytochrome o68 and cytochrome p450, among others, have 

joined the pantheon. The monooxygenase cytochrome P450s have been widely studied because of 

their medically important catalysis of redox reactions of fatty acids, steroids, and xenobiotics in 

mammals.69-70 The cytochrome spectroscopic properties reflect the chemical properties of the 

heme prosthetic group, as will be detailed below for the case of cytochrome c.  

Because of their metal-reducing properties, cytochrome c proteins comprise nearly  80% 

of the total outer membrane protein content in S. oneidensis.23 Membrane proteins are always 

important to study because more than half of reported therapeutic drugs are based on targeting 

membrane proteins,71-72 and approximately 20-30% of all total open reading frames are responsible 

for encoding membrane proteins.73-74 
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1.3.3. Cytochrome c proteins  

C-type hemes are structurally unique among the heme prosthetic groups in that the 

porphyrin rings are covalently bound to the protein backbone. All other hemes are held in place 

by non-covalent interactions, and by the interaction between the iron and amino acids from the 

protein backbone at one or both of the iron axial sites. In c-hemes, the heme c is covalently bound 

to the protein by two thioether bonds (Fig. 1.4).66 Characteristically, the bond formation region of 

the amino acid sequence in the cytochrome c family is encoded by the CXXCH motif, where C 

stands for a cysteine amino acid residue, X for any amino acid residue, and H for histidine. The Sγ 

atoms from the two cysteines form two covalent thioether bonds with vinyl groups from the 

porphyrin ring (Fig. 1.4) and the histidine ligand binds to one axial site of the iron. Mammalian 

cytochrome c, the best characterized and most studied protein in the cytochrome family, was 

discovered over a hundred years ago.63 In S. oneidensis at least 42 types of putative cytochrome c 

proteins have been identified based on the number of CXXCH motifs present in the genome,75 

though Romine et al. eliminated one because of disrupted or truncated genes.76 Interestingly, most 

ccNiRs, including S. oneidensis ccNiR, are unusual because they contain a CXXCK motif in place 

of the usual CXXCH motif.  This motif is associated with the ccNiR heme active site.77 

In addition to their role as electron transfer proteins, eukaryotic cytochrome cs also appear 

to play other important ancillary roles.  For example, they appear to help trigger apoptosis when 

they are released from mitochondria into the cytoplasm.78 Furthermore, in mammalian cells, 

cytochrome cs also show responses to nitrosative and oxidative stress.  
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Figure 1.4. The typical c-heme, showing the two thioether linkages (yellow) to cysteine residues and bis-histidine 
coordination to the iron center (red sphere). The typical CXXCH motif for c-heme is presented here by Cys-Thr-Ala-
Cys-His. Four of five heme centers in each protomer of ccNiR follow this CXXCH pattern, where X can be any amino 
acid residue. However, the ccNiR active site is unusual in that the proximal site His (H) is replaced by Lys (K) and 
encoded by a CXXCK motif. The ccNiR active site structure is discussed in detail in the main text. The c-heme image 
here is taken as an example from the S. oneidensis ccNiR enzyme (PDB 6P73). 

 

In prokaryotic cells, the main function of cytochrome cs is still in respiration and 

photosynthesis, but they also play key roles in response to nitrosative stresses.79 In fact, ccNiRs 

provide an illustrative example of how one class of c-type heme protein may play multiple 

physiological roles. As communicated above, the main role of ccNiR is to catalyze nitrite 

ammonification during anaerobic respiration, where nitrite is being used as an electron sink in 

energy transduction. However, some bacteria that express ccNiR, such as the microaerobic 

bacterium Campylobacter rectus, can’t survive if nitrite is the only available electron sink. In the 

case of C. rectus it appears that ccNiR’s role is to detoxify nitric oxide by reducing it. In this way, 

these bacteria are adapted to survive in the human oral cavity and circulatory system, where they 

are responsible for periodontal disease and formation of arterial wall plaques, among other 
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pathologies.80-83 Another interesting example of non-standard ccNiR behavior is provided by the 

Campylobacter jejuni variant, which has a CXXCH motif at the active site instead of the novel 

CXXCK motif.84 This ccNiR variant can’t readily reduce nitrite, but it does reduce nitric oxide, 

and so its physiological role is most likely to be mitigation of nitrosative stress. 

1.4. Structure of cytochrome c nitrite reductase   

1.4.1. Typical structural characteristics  

CcNiR is a stable, periplasmic, soluble, multi-heme respiratory protein found in a variety 

of gram-negative bacteria. A recent low temperature crystal structure of S. oneidensis ccNiR (1.66 

Å, PDB 6P73)60 and one previously obtained at room temperature using the Laue method (2.59 Å 

PDB 3UBR)59 showed that the S. oneidensis enzyme is quite similar to homologs from Wolinella 

succinogenes,85 E. coli,86 Sulfurospirillum deleyianum (1.9 Å),77 Desulfovibrio desulfuricans,87 

Desulfovibrio vulgaris,88 and Haemophilus influenzae77 that had been structurally characterized 

earlier.  

The enzyme is a homodimer (Fig. 1.5a); each protomer has five c type hemes and a molecular 

weight that varies from 55 kDa-70 kDa depending on the bacterial source.3, 89 Four of the hemes 

(heme #2 to heme #5) are low-spin, bis-his ligated, and interact with the protein backbone through 

the characteristic CXXCH motif  (see the previous section). However, the active site heme #1 is 

five coordinate, has a high-spin ferric resting state, and unusually, has a lysine (Lys123 in S. 

oneidensis) bound at the proximal site instead of a histidine.90 This lysine is supplied by the novel 

CXXCK sequence mentioned earlier. All ccNiRs identified to date have three conserved amino 

acid active site residues that appear to be critical for optimal catalytic activity. For example, in S. 

oneidensis ccNiR these are Arg-103, Tyr-206, and His-257,59-60 in W. succinogenes they are Arg-
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114, Tyr-218, and His-277, and in S. deleyianum they are Arg-113, Tyr-217, His-282.77 (Table 

1.2, Fig. 1.6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. (a) The homodimer structure of S. oneidensis ccNiR. Each protomer contains five heme centers, heme#1 
– heme#5. Heme #2 (green) is considered the electron entering the heme center and heme#1 (purple) is the active site 
heme in each protomer. Each protomer of S. oneidensis ccNiR has one Ca2+ ion (left protomer; lemon sphere, right 

protomer; gray sphere). (b) Zoom-in view of the left side protomer showing the substrate and product channels in the 
active site heme#1 of ccNiR. The two funnel-like channels were drawn using free software Caver 3.0.3 plugin in 
PyMol (PDB 6P73). Green balls trace the entry tunnel, with the black dashed line represent the substrate’s entry path 
into the tunnel from the hidden backside. The blue balls trace the possible product release tunnel. (c) Ligand 
orientations for the five ccNiR hemes on one protomer. The histidines on heme#2 – heme#5 are blue sticks, while the 
unusual lysine ligated to the active site heme#1 is lemon. (d) the S. oneidensis ccNiR active site heme arrangement 
with three conserved amino acid residues, R103, Y206 and, H257 (red stick) where green stick representing hydrogen 
atom. 
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The arrangement of the histidine imidazole planes in 6-coordinate c-hemes can range from 

being completely perpendicular to completely parallel (Fig. 1.5c). This provides an important EPR 

spectroscopic handle because hemes with parallel imidazoles have rhombic signals whereas hemes 

with perpendicular imidazoles have very characteristic axial signals. The imidazole plane in heme 

#2 is close to parallel in all ccNiR homologues characterized so far. However, compared to all 

other species the imidazole plane of heme #2 from the S. oneidensis is more parallel. The imidazole 

planes in heme#3 are also close to parallel, while those in hemes#4 and heme#5 are 

perpendicular.86  

According to an analysis by Page et al, electrons can transfer from one redox center to 

another if the distance between them is less than 14 Å.95 All the ccNiR heme centers are tightly 

packed and closely spaced (Fe-Fe distances < 13 Å), which facilitates the shuttling of electrons 

between them. Heme#2 appears to be the entry point for electrons from the physiological electron   

Organism Wolinella 

succinogenes 

Desulfovibrio 

desulfuricans 

Sulfurospirillum 

deleyianum 

Geobacter 

loveleyi 

Escherichia  

coli 

Shewanella 

oneidensis 

Proteobacteria 
class 

Epsilon (ε) Delta (δ) Epsilon (ε) Delta (δ) Gamma (γ) Gamma (γ) 

PDB ID 2E80 1OAH 1QDB 6V0A 1GU6 6P73 
e  ̵ supplier 
partner 

NrfH NrfH NrfH NrfH NrfB CymA 

Active site 
residues 

Arg-114 
Tyr-218 
His-277 

His-299 
Arg-130  
Tyr-237 

Arg-113 
Tyr-217 
His-282 

Arg-122 
Tyr-221 
His-278 

Arg-106 
Tyr-216 
His-264 

Arg-103 
Tyr-206 
His-257 

Proximal 
ligand 

Lys-134 Lys-150 Lys-133 Lys-133 Lys-126 Lys-123 

References 91 92 77 93 86 60, 94 

Table 1.2. CcNiR obtained from different species of bacteria comparison 
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Figure 1.6: Multiple sequence alignment of ccNiR protein from different classes of bacteria. Blue: conserved amino acid sequence for the c-heme motif (CXXCH). 
In the active site, the unusual Lysine (K) is highlighted with yellow. Red: Conserved histidine residues in the distal site of heme centers which complete the bis-
histidine ligated heme center. G. loveyi ccNiR contains R122 which is not aligned with other bacterial ccNiR (shown in the dark brown arc). Amino acids not in 
the active site, and as far as is known, not structurally or catalytically active, are shown in green. Red highlighted: G. loveyi ccNiR, the function of methionine 
(M255) instead of typical tyrosine is as yet unknown. Arginine (R277) is shown prior to the conserved active site histidine (H) instead of typical glutamine (Q) 
residue. R277 plays a function similar to that of Ca2+ ion in G. loveyi ccNiR where Ca2+ ion is not present, as discussed in detail in the main text.
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donors. 86 88 From there, the electrons can shuttle from heme to heme to the active site on the same 

protomer. Alternatively, as hemes#5 from the two protomers are closely spaced, electrons may 

jump from one protomer to the other, and make their way to the second protomer’s active site (Fig. 

1.7).89 

Einsle et.al. first detected the presence of a calcium ion close to the active site of S. 

deleyianum ccNiR in their X-ray crystal structure, which was further confirmed by the ICP mass 

spectrometry.77 Calcium ions have since been found in virtually all the other homologous ccNiRs 

structurally characterized to date, including the S. oneidensis enzyme,92, 96-98 though at present their 

role in the enzyme is unclear. Based on the calcium ion’s closeness to the active site (10.7 Å) and 

other structural clues, it is hypothesized that Ca2+  may facilitate proton delivery during catalysis. 

The possible roles of Ca2+ are further discussed in Section 1.6.2.4 below.  

 

 

 

 

 

 

 

Figure 1.7. The heme arrangement within the S. oneidensis ccNiR dimer (dotted line separates the protomers). The 
electron entering heme#2 (green) and electron transferring heme#3 (blue), heme#4 (cyan) and heme#5 (orange) are 
bis-histidine ligated (6-coordinate). The active sites heme1# (purple) have unusual Lys at 123 (5-coordinate) and the 
distal site open for binding substrate nitrite. 
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Alpha helices are the main secondary structural motif in ccNiR (Fig. 1.8). At the end of the 

peptide chain, four long helices and four short turns are present. Two short antiparallel beta-sheets 

are found in each protomer and one of these is found close to the active site and appears to form a 

funnel-like structure that facilitates substrate entry (Fig. 1.5b). The dimer interface of ccNiR is 

mainly formed by two helices, dubbed h22 and h25 by Einsle et al,77 where h25 has direct 

interaction with the other protomer (Fig. 1.8). The dimer interaction consists of approximately 28 

amino acid residues along a 42 Å stretch, which is also 8.5% of the total accessible surface area of 

a protomer.77  

 

 

 

 

 

 

 

 

 

 

Figure 1.8. The ccNiR structure showing the helix (cyan), loop (pink), and sheet (red) form. The helix25s are shown 
here as sticks (blue) and the polar interactions between amino acids are shown as red dotted lines. 

 

 

 

 

 



   

 

20 
 

1.4.2. Atypical nitrite ammonifying enzymes  

A few Thialkalivibrio species of bacteria (T. nitratireducens and T. paradoxus) have a 

homohexameric ccNiR consisting of eight hemes per protomer, where each protomer has two 

domains. The N-terminal domain contains a unique fold and three hemes, while the C-terminal 

contains the remaining five hemes in the typical pattern seen in S. oneidensis. Interestingly, the 

Thialkalivibrio pentaheme sequence has only approximately 20% sequence homology with the 

analogous S. oneidensis domain, but their main catalytic amino acid residues, calcium metal-

binding site, and lysine bound in the proximal site are all conserved. The ccNiR enzyme from T. 

nitratireducens (also referred as TvNiR) shows a covalent modification between amino acid 

Y(331) and C(333) which is another significant difference from the more typical bacterial ccNiRs 

such as that from S. oneidensis.99 A third difference is found in the architecture of the substrate 

entry and product exit channels.99-102 

A crystal structure from Geobacter lovleyi ccNiR (2.55 Å resolution, PDB 6V0A) has 

recently revealed that, unusually, Ca2+ is not present in this form of the enzyme. Instead, an 

arginine, R277, appears to provide the electrostatic stability and hydrogen-bonding network 

normally provided by Ca2+ in the active site. The catalytic properties of G. lovleyi ccNiR are similar 

to those of other bacterial ccNiRs.93 A more in-depth comparative analysis of G. lovleyi ccNiR 

relative to the Ca2+ containing variants is presented in Section 1.6.2.4 below. 

1.5. The bioenergetics of nitrite ammonification 

 During ccNiR-mediated anaerobic respiration, nitrite is the primary electron acceptor and 

formate the electron donor, with the NAD+/NADH couple mediating the electron transport.6, 103 

However, the bioenergetics are not straightforward because many processes are intertwined. 

Ammonification can also serve to decrease nitrogenous oxidative stress molecules such as nitric 



   

 

21 
 

oxide, hydroxylamine, and O-methyl hydroxylamine (CH₃ONH₂) to ammonium, and in addition, 

ccNiR can reduce sulfite to sulfide at significant rates,3, 104-105 thus bridging the sulfur and nitrogen 

cycles.84, 96, 105-108  

 The δ, ε, and γ-proteobacteria have different electron transport proteins to directly supply 

electrons to ccNiR’s heme#2 (Table 1.2), which is the physiological entry point for electrons.86, 109 

In S. oneidensis, a γ-proteobacterium, the electrons are supplied by CymA (Cytoplasmic 

membrane protein A), which is an inner membrane-anchored electron transport protein (Fig 1.9). 

Interestingly, in E. coli which is also a γ-proteobacterium, the electron source is NrfB,  a 

periplasmic pentaheme protein with molecular weight ∼21 kDa.21, 86, 110-113 Perhaps reflecting the 

difference in electron donors, the S. oneidensis and E. coli structures, which are otherwise very 

similar, are most different on the protein surface surrounding the heme 2-electron entry point (Fig. 

1.10). This has some interesting effects on the ccNiR electrochemistry.89 NrfH, another 

cytoplasmic membrane-anchored protein with MW∼20 kDa, is the electron supplier for W. 

succinogenes, an ε-proteobacterium,11, 85, 104 and for D. desulfuricans87 and D. vulgaris,88, 114 both 

δ-proteobacteria.  

In S. oneidensis, the CymA protein sits at a branch point from where it can distribute 

electrons to several periplasmic reductase proteins (Fig 1.10). Unsurprisingly then, mutation of 

CymA blocks not only ccNiR activity but also other conversions, such as fumarate to succinate 

and DMSO to dimethyl sulfide. The Cytochrome periplasmic metal-reducing protein A (MtrA) is 

also part of the complex electron transport system mediated by CymA. MtrA, together with another 

periplasmic protein MtrB and the outer membrane protein MtrC, are involved in the respiratory 

extracellular reduction of insoluble metals such as manganese dioxide.115  
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In addition to CymA, the respiratory fumarate reductase (FccA) also plays a central role in 

the multifaceted S. oneidensis electron transport system (Fig. 1.10). It is a soluble monomeric 

protein and responsible for reducing fumarate to succinate using the electrons supplied by CymA. 

However, in S. oneidensis, it plays an additional role not observed in other organisms: it appears 

to store electrons temporarily, thus acting as an intermediate electron acceptor during the 

temporary absence of a suitable terminal electron acceptor.116-118  

 

 

 

 

 

 

 

 

 

Figure 1.9. The inner membrane protein, CymA, anchors the electron distribution to multiheme respiratory proteins 
including the periplasmic ccNiR. CymA also provides electrons to MtrA which ultimately transports electron to the 
extracellular surface (MtrC and OmcA). 
 
 
 

 

 

 



   

 

23 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Heme#2 alignment between S. oneidensis (darkblue) and E. coli (red) ccNiR. The E. coli ccNiR 
propionate chain is less solvent-exposed and forms hydrogen bonds (green dotted lines) with Arg-201, whereas in S. 

oneidensis, the propionate chain is more solvent-exposed and forms no hydrogen bond with similarly aligned Lys191. 
 
 
 
 
 

 
 

 

Scheme 1.1. Reactions catalyzed by ccNiR under standard assay conditions. The strong reductant methyl viologen 
monocation radical, MVred, is used as the electron donor. Sulfite reduction by ccNiR is shown here with a dotted arrow 
(d) to emphasize that the reduction is normally catalyzed by the SirA enzyme. By doing sulfite reduction ccNiR also 
couples the nitrogen cycle with the sulfur cycle.  
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1.6. The ccNiR reaction mechanism 

1.6.1. Overview   

The ccNiR-catalyzed nitrite ammonification pathway is fascinating in its complexity, 

involving as it does the transfer of a total of six electrons and eight protons in proton-coupled 

electron transfers (PCETs) at the ccNiR active site heme center. The standard in vitro assay for 

ccNiR uses methyl viologen monocation radical (MVred, Eo = − 0.445 V) as the nitrite reducing 

agent (Scheme 1.1). Ammonium is the sole free nitrogenous product in the MVred assay, and no 

enzyme intermediate has ever been detected with the assay either.77, 80, 86, 94 This is in keeping with 

the prediction that each successive reduction step increases the protonation affinity, which in turn 

increases the affinity for the next reduction.61 Despite the absence of detectable intermediates 

though, researchers soon surmised that nitrite reduction proceeded through catalytic intermediates 

that had NO˙ and hydroxylamine bound at the active site because both of these species are also 

substrates for ccNiR in the standard assay (Scheme 1.1).77, 86-87, 91-92 Over the years several 

computational studies, together with assessment of the existing ccNiR crystal structures, have 

provided additional insights regarding the possible ccNiR mechanism. Section 1.6.2 below 

summarizes the mechanistic hypotheses that have been developed on the basis of structural and 

computational studies, together with the data that support these hypotheses.   

Despite the early conclusions to the contrary, recent reports by the Pacheco group have 

demonstrated that putative catalytic intermediates can be trapped and studied, if ccNiR-catalyzed 

nitrite reduction proceeds under more weakly reducing conditions than are provided in the MVred 

assay.59, 97-98, 119 These reports are summed up in Section 1.6.3. The theoretical and experimental 

studies reviewed in Sections 1.6.2 and 1.6.3 provided the starting point for the investigations 

described in this thesis, whose goals are summarized in Section 1.7. 
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1.6.2. Structural and computational analyses of the ccNiR mechanism 

 1.6.2.1. The resting enzyme and nitrite activation at the active site. Initially, the ccNiR 

active site was surmised to be 5-coordinate or to have water bound at the distal site, on the basis 

of spectroscopic studies.120-122 Since then, resting-state ccNiR has been crystallized with a variety 

of ligands occupying the active site distal position.29 For example, the E. coli and S. oneidensis 

enzymes have been crystallized with water or hydroxide in the distal position,60, 86 while the W. 

succinogenes and S. deleyianum structures were obtained with sulfate in this position.77 The W. 

succinogenes structure was also obtained in the presence of the physiological substrate nitrite, and 

of the putative reaction intermediate, hydroxylamine.91 Azide is an inhibitor for ccNiR, but it does 

not bind the active site.85  In a series of computational studies, the Neese group analyzed the ccNiR 

mechanism, using the experimental structures as benchmarks for calibrating their calculations.123-

126 123 

The Neese group first modeled the resting enzyme with water at the distal site.  They 

calculated an iron – oxygen distance of 2.106 Å for water bound to the ferric heme,123, 125 which is 

in good agreement with the experimental structure (2.1 Å).91 However, the calculations predicted 

that the resting active site should be low-spin, whereas EPR studies show it to be high-spin.89-90, 

127 128 This is unsurprising, as the density functional methods used in the calculations are known 

to overestimate the stability of lower spin states.125 Despite this limitation, the calculations could 

be used to do comparative studies. For example, the calculations show that water will be weakly 

bound in both the ferric and ferrous state, with binding energies of −10.8 and −5.6 kcal/mol for the 

ferrous and ferric complexes, respectively, and that upon reduction, the iron – oxygen bond length 

should increase from 2.106 Å to 2.134 Å.  
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Figure 1.11. Various possible binding modes of nitrite when it binds with iron. The figure drawn here shows binding 
mode possibilities only. The bond lengths, angles, and other parameters are ignored here. 

 

The catalytic process starts when the substrate, nitrite, binds to the heme#1 distal site. 

Nitrite is an ambidentate ligand that can, in principle, bind metals via either a nitrogen or an oxygen 

donor atom, to give the nitro or nitrito forms, respectively (Fig. 1.11).  In addition, the nitrito form 

has cis and trans isomers, as well as a bidentate form in which both oxygens bind to the metal 

center (Fig. 1.11).  Both nitro and nitrito forms are known in heme chemistry. For example, the 

nitrito isomer was found in horse-heart myoglobin129 and human myoglobin,130 in which the 

proximal site is typically histidine bound. In the case of ccNiR, the 2002 structure of the W. 

succinogenes homologue displayed the nitro isomer.91 The theoretical calculations by Bykov and 

Neese also predicted that binding via oxygen should be 4 kcal/mol less favorable than binding via 

nitrogen.123 The calculations suggest that the proximal lysine ligand plays a role in stabilizing the 

nitro form, as do the positively charged amino acid residues that line the active site and interact 

with the N-bound nitrite’s oxygen atoms.91, 123, 125 In the S. oneidensis homologue the positively 

charged amino acids that stabilize the nitro form are His257 and Arg103.94 
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Figure 1.12. Back-bonding interaction between the ccNiR active site heme (ferrous iron) and the physiological 
substrate nitrite. The iron dxz orbital interacts with the NO2

- molecule’s lowest unoccupied molecular orbital, which 
has an antibonding character with regard to the N-O bond. 

 

DFT calculations predict that the Fe-N bond becomes significantly stronger when the 

nitrite-loaded active site is reduced.  This can be attributed to -backbonding from the more 

electron-rich ferrous iron into the nitrite -antibonding orbital (Fig. 1.12).  As a consequence of -

backbonding the FeII-N bond length is calculated to be a short 1.877 Å.  At the same time, as 

mentioned earlier, the Fe – O bond distance of active site-bound water lengthens from 2.106 Å to 

2.134 Å upon heme reduction, which facilitates replacement of the water by nitrite upon reduction.  

The driving force for the replacement was calculated to be −39 kcal/mol.125  In addition to 

shortening the Fe – N bond, -backbonding also weakens the nitrite N – O bond as it adds electron 

density to the antibonding orbital.  This results in N – O bond elongation, which facilitates the 

subsequent heterolytic cleavage of one of the N-O bonds.91, 123, 125, 131-132 The active site amino acid 

residues (R103, Y206, H257 in S. oneidensis ccNiR) form an electropositive environment that 

fine-tunes the iron-nitrite -backbond to optimize for subsequent PCET reactions.92, 125 
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1.6.2.2. The Possible Pathways for the First N−O Bond Cleavage. The theoretical work 

of the Neese group explored the role of the three conserved active site residues (Arg103, Tyr206, 

and His257 in S. oneidensis) in mediating the first N – O nitrite bond cleavage. At physiological 

pH, the Arg and Tyr must be protonated since their side-chain pKa values are expected to be around 

12.5 and 10.1, respectively, based on the pKas of the free amino acids. The pKa of the His side 

chain (pKa = 6.0 in the free amino acid) is close to the physiological level, which indicates it can 

be protonated or deprotonated.  Bykov and Neese computationally explored two reaction 

pathways, the first assuming that His was initially protonated, the second that is was 

deprotonated.123, 125 

When His was initially protonated (HisH+) the theoretical analysis of Bykov and Neese 

ruled out Tyr as the proton donor leading to HONO formation because the product Fe(HONO) 

adduct was unstable. This adduct was stable when either Arg or HisH+ was the proton donor; 

however, proton transfer from Arg was highly endergonic (ΔG = +17.7 kcal/mol) while proton 

transfer from HisH+ was much more thermodynamically feasible (ΔG = +4.9 kcal/mol). The latter 

is still endergonic, but this is manageable if the Fe(HONO) is continually removed by subsequent 

reactions. The calculations also showed a reasonable activation barrier for proton transfer from 

HisH+ to bound nitrite (G‡ = +5.5 kcal/mol).123 

The crystallographic evidence supports the theoretical conclusions.91, 133-134 According to 

the crystal structure of nitrite-bound ccNiR, the active site His is very close (2.6 Å) to one of the 

nitrite oxygen atoms. The active site Arg is close, but not as close, to the second nitrite oxygen 

(2.8 Å).91  Bykov and Neese calculate an H-bonding distance of 1.56 Å for the nitrite -HisH+ 

interaction and 2.67 Å and 2.30 Å for the two Arg interactions.123 Tellingly, an H-bonding 

interaction is also seen between Arg and O in the hydroxylamine-bound ccNiR crystal structure 
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(3.0 Å), whereas the His – O hydrogen bond is missing in this structure,91 suggesting that the 

oxygen that interacted with HisH+ in the nitrite structure has now been cleaved. 

To cleave the first N-O bond completely, two protons need to be transferred to the O 

leaving group. So, the question arises: which amino acid donates the second proton? Again, Bykov 

and Neese examined each possibility computationally.123 Protonation by Tyr or Arg both had 

activation barriers (+37.5 kcal/mol and +24.4 kcal/mol, respectively) that substantially exceeded 

the barrier predicted from experimental results (+15.2 kcal/mol),96, 106 which left only His. Bykov 

and Neese showed that His could be re-protonated if the Fe-bound HONO temporarily rotated 

towards Tyr at an energy cost of +4.2 kcal/mol.  This, together with the +7.9 kcal/mol cost of His 

reprotonation, provided an activation barrier of +12.1 kcal/mol, in the range of the experimental 

predictions.96, 106 The calculations also showed that subsequent proton transfer from HisH+ and 

hydrolysis of the resulting H2ONO could proceed with no further activation barrier. 

In calculations where the active site His was taken to be deprotonated at the start of the 

reaction, Bykov and Neese showed that the lowest energy path involved successive protonations 

of the nitrite oxygen leaving group by the active site Arg, which was reprotonated after each proton 

transfer step.123  In this case, the first activation barrier was 16.7 kcal/mol and the second 17.2 

kcal/mol.  These activation barriers are higher than those calculated when HisH+ is the proton 

donor, but they are nevertheless in the range of the +15.2 kcal/mol barrier predicted from 

experimental results.96, 106  Taken together, the conclusions of Bykov and Neese suggest that while 

ccNiR may use HisH+ as the proton donor at low pH, it should still be able to catalyze the first N 

– O nitrite bond cleavage fairly rapidly at high pH by using Arg as an alternate proton source. 
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1.6.2.3. Heme iron-nitrosyl intermediates and the second N – O bond cleavage. The 

Neese computational group analyzed the reduction steps that follow cleavage of the first N – O 

bond in two detailed articles,124, 126 and a review.125  The analyses looked at the changes occurring 

at the heme#1 center, as well as the protonation states of the three conserved active site amino acid 

residues known to be directly involved in catalysis (see above).  This section summarizes the key 

results of the analyses, using a modified version of the shorthand used by Bykov and Neese in their 

papers (Scheme 1.3). 

Following cleavage of the N – O bond in nitrite bound to ferrous heme, one obtains an iron 

nitrosyl species referred to as {FeH1NO}6 using the Enemark-Feltham notation (Scheme 1.2).135 

This species is, in turn, reduced by two more electrons, to generate iron nitrosyl species referred 

to as {FeH1NO}7 and {FeH1(HNO)}8 (Scheme 1.3).135 The {FeH1NO}6 reduction to {FeH1NO}7 

(Step 1, Scheme 1.3) was predicted to be highly exergonic,124 a prediction that is consistent with 

later experimental results in our laboratories (see Section 1.6.3 below). Bykov and Neese analyzed 

the sequential reductions computationally to assess the roles of the conserved active site amino 

acids.124-125 In the {FeH1NO}7 state, Arg103 was protonated, but His257 remained unprotonated 

(Scheme 1.3). The {FeH1NO}7 state was calculated to be a thermodynamic minimum; however, 

the species could be reduced in a CPET step to {FeH1HNO}8, in a nearly thermoneutral process 

with a 6.5 kcal/mol activation barrier (Step 2, Scheme 1.3).124 

 

 

Scheme 1.2. Enemark – Feltham notation used to represent iron nitrosyl species for which the electron distribution 
is uncertain.135 
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Scheme 1.3. Some of the catalytic steps proposed for the reduction of nitrite to ammonia at the ccNiR active site, 
based on computational analysis.124-126, 135 The heme-bound nitrosyl species are represented by their Enemark-Feltham 
notations (Scheme 1.2). When present in protonated form, the catalytically important conserved active site amino 
acids are labeled as follows (using S. oneidensis numbering): HY, Tyr-206; HR, Arg-103; HH, His-257. This shorthand 
is adapted from that used by Bykov and Neese,126 but with some modifications.  PCET: Proton Coupled Electron 
Transfer.    

 

Reduction of {FeH1HNO}8 is prohibitively endergonic unless it is coupled to proton 

transfer, and Bykov and Neese’s calculations suggest that this first requires a rate-limiting 

protonation of His 257 (+12.9 kcal/mol, Step 3, Scheme 1.3).126  There are two energetically 

plausible products of {FeH1HNO}8 reduction, and Step 4 of Scheme 1.3 shows the one that is most 

consistent with our experimental results, the ferrous [FeH1H2NO˙] (see Section 1.6.3 below).  
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Sequential protonation and reduction of the active site moiety next generates the ferrous 

hydroxylamine-bound intermediate, [FeH1H2NOH] (Step 5, Scheme 1.3).  

The final stage in the catalytic cycle is the reduction of bound hydroxylamine to ammonia, 

and both the computational studies126 and experimental results from our laboratories (Section 1.6.3 

below) suggest that this is an energetically expensive process. The computational studies 

unambiguously show that the rate limiting step is hydroxylamine dehydration, which requires a 

prior protonation. The lowest energy pathway requires an initial protonation of His 257 at a cost 

of 5 kcal/mol (Step 6, Scheme 1.3), followed by proton transfer to the hydroxylamine oxygen and 

subsequent dehydration (Step 7, Scheme 1.3). This step is highly endergonic (9.0 kcal/mol), and 

has an activation barrier of 12.2 kcal/mol.126 Experimental results (Section 1.6.3 below) suggest 

that this may be the overall rate-limiting step in nitrite reduction to ammonia, at least at pH 7.0; 

however, the activation energy is still within the range of the +15.2 kcal/mol barrier predicted from 

experimental results.96, 106 It should be noted that, while protonated histidine provides the lowest 

energy pathway to hydroxylamine dehydration, calculations show that protonation by Tyr-206 is 

also feasible. Indeed, Bykov et al. favor the tyrosine pathway because this amino acid appears to 

be essential for efficient hydroxylamine reduction.126 

Once hydroxylamine has been dehydrated, the subsequent reactions are all highly 

exergonic, with steps 8-10 of Scheme 1.3 showing one plausible sequence to heme-bound 

ammonia.  Two important conclusions came from the computational analysis of the final steps. 

First, the final nitrogenous product has ammonia bound to ferric heme. Second, the rate of 

dissociation of the bound ammonia is governed by a switch from a low-spin to high-spin ferric 

state as the Fe – N bond lengthens; the low spin state energy increases as the bond lengthens, 
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whereas the high-spin state energy decreases.  The activation barrier for the dissociation is the 

point at which the low-spin and high-spin potential energy surfaces cross.126  

1.6.2.4. Possible roles for the Ca2+ ion. Einsle et.al. first noted a calcium ion close to the 

active site of S. deleyianum ccNiR by X-ray crystallography and confirmed its presence by ICP 

mass spectrometry.77 Since then Ca2+ has been found in all but one of the ccNiR homologues that 

have been structurally characterized to date. That Ca2+ plays a very important role in the active site 

stability/catalytic activity is confirmed by mutating the amino acid residues that interact directly 

with the cation. In E. coli, ccNiR variants with an altered Ca2+ environment exhibit significantly 

different active site midpoint potentials.136 The presence of external Ca2+, or Ca2+ chelators, in the 

ccNiR solution buffers has been found to affect some ccNiR preparations but not others. For 

example, S. deleyianum ccNiR activity increases in the presence of added Ca2+, and decreases by 

50% in the presence of added EDTA,96 but neither of these additives has any effect on the activity 

of the S. oneidensis enzyme.94 Adding other divalent cations like Mg2+ cannot compensate for S. 

deleyianum ccNiR activity under limited Ca2+ concentration. Interestingly, adding Zn2+ slows 

down the ccNiR activity significantly.136 

Though Ca2+ has now been found in virtually all ccNiR homologues,92, 96 its role in the 

enzyme remains unclear. Based on its structural properties and close proximity to the active site 

(10.7 Å), it is hypothesized that the Ca2+ ion may indirectly facilitate proton delivery during 

catalysis by stabilizing OH− that is formed as H+ is donated to the nitrogenous intermediates in 

CPET.125 The Ca2+ ion can also form hydrogen bonds with the conserved active site amino acid 

residues to provide stability,92 and to provide a positive electrostatic potential that encourages 

substrate nitrite’s entry to the active site.92, 125  
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The architectural position of Ca2+ ion in CcNiR and peroxidase enzymes (classes II and 

III) are similar and can serve to restrict His residues from binding to the Fe atom in the heme active 

site. In all these enzymes, the metal ion Ca2+ inhibits a conserved His residue from binding the Fe 

atom in the active site which would result in catalyst deactivation. Experiments with P. 

chrysosporium lignin and manganese peroxidase enzymes showed that when the calcium ion is 

missing, the enzymes lost their activity because a conserved His was then bound to the heme 

iron.137  

A second Ca2+ ion binding site was observed close to heme #3 and heme #4 of ccNiR in 

many  and  proteobacteria (but not in S. oneidensis ccNiR), as well as in TvNiR from 

Thioalkalivibrio nitratireducens. The role of this second Ca2+ ion is still unknown.86, 88, 92 The 

second Ca2+ is far from the active sites, approximately 14 Å92, and has different ligation 

arrangements in ccNiR and TvNiR. In all cases, the second Ca2+ ion is octahedrally coordinated 

by the propionate groups of heme #3 and heme #4, the carbonyl oxygen from a Proline (P91 for  

and  proteobacterial ccNiR, P144 for TvNiR).85, 136, 138-139 The second Ca2+ ion is also ligated with 

at least two or three water molecules. A second Ca2+ is also seen in -proteobacterial ccNiR, but 

its ligation is different again. The second Ca2+ is not ligated with any water molecules and instead, 

it is ligated exclusively by amino acid residues.92, 139-140 The solvent excluding the arrangement of 

Ca2+ coordination in -proteobacteria makes this metal less mobile. 

Interestingly, the recently crystallized G. lovleyi ccNiR (2.55 Å) has revealed a new ccNiR 

structure where the primary Ca2+ is not present. Instead, R277 provides the electrostatic stability 

and network in the active site normally provided by Ca2+. The catalytic properties of G. lovleyi 

ccNiR are similar to all other bacterial ccNiR. G. lovleyi ccNiR also effects one-step nitrite 

ammonification in a six-electron reduction reaction without releasing intermediates. Here, the side 
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chain of R277 forms two salt-bridges with the side chain oxygens of E263. The R277 side chain 

and carbonyl group form two more hydrogen bonds with the carbonyl group and the side chain of 

conserved Tyr-221, respectively. Unlike, E. coli and like S. oneidensis one water molecule was 

found close to the R277 and forms a hydrogen bond with the side chain of R277. Additionally, the 

R277 shows a -cationic interaction with Y221 which facilitates the proper arrangement of Tyr 

and His. Site-directed mutagenesis experiments also confirmed the importance of R277: R277K 

or R277Q variants of G. lovleyi ccNiR showed less than 3% activity compared to wild type 

ccNiR.93  

1.6.2.5. The roles of non-active conserved amino acids in the active site cavity.  

In addition to the three active site amino acids that appear to be directly involved in the ccNiR 

catalytic cycle (R103, Y206, and H257 in the S. oneidensis enzyme) several other active site 

residues are strictly conserved in ccNiR homologues (Fig. 1.6). The exact role of these amino acids 

is still unknown, but surely, they play a role in catalysis. The crystal structure has shown that Y235 

(S. oneidensis) helps form a network with water molecules in the active site cavity. The 

homologous amino acid in W. succinogenes is Y218, and a site-directed mutagenesis study of the 

Y218P variant revealed very low catalytic activity for nitrite ammonification, 0.7% compared to 

the wild type.107 However, the mutation did not disrupt the enzyme’s conformation. 

A conserved glutamine is another important amino acid in the ccNiR active site cavity 

(Gln263 in E. coli, Gln256 in S. oneidensis). The amide oxygen of Gln (Q) forms a hydrogen-

bonding network to the active site Ca2+. The Q263E ccNiR variant (E. coli) showed no catalytic 

or conformational disruption, probably because glutamine and glutamate occupy almost the same 

volumes. However, the variant displayed a significantly higher Km value (10-fold). One possible 

explanation for the increased Km is that the amide group of Gln is neutral at pH 7.0 and forms only 
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monodentate ligation with the active site Ca2+ ion, whereas the mutant Glu is negatively charged 

and can ligate in a bidentate fashion, which disrupts the conserved water molecule’s orientation. 

A second possible reason for the high Km in the variant is that introducing the negatively charged 

Glu into the active site may play a repulsive role for the negatively charged substrate nitrite and 

thus lower the active site potential.136, 139 

1.6.3. Detection of catalytic intermediates under weakly reducing conditions 

1.6.3.1. Detection of high potential intermediates. As mentioned earlier, under standard 

assay conditions ccNiR catalyzes nitrite reduction to ammonia by MVred in a single six-electron 

step, without detected intermediates (Scheme 1.1a). Based on these results it had long been 

assumed that ammonia was the sole product of ccNiR-catalyzed nitrite reduction in vivo as well. 

A comparison of protein film voltammetry (PFV) and spectropotentiometric experiments with S. 

oneidensis ccNiR first caused the Pacheco group to question this assumption. The PFV 

experiments showed that no ammonia formation occurs at potentials above −120 mV vs SHE,94, 

97, 119 though the process should be favorable at potentials as high as 0 mV (Fig. 1.13). On the other 

hand, UV/Vis- and EPR-spectropotentiometric studies showed that the ccNiR active site, when 

occupied by the strong-field ligand cyanide, had a midpoint potential of +20 mV vs SHE,89 well 

above the potential required for the onset of catalysis. As N-bound nitrite is also a strong-field 

ligand, these results raised the possibility that ccNiR with nitrite bound to the active site would 

also be reduced at a potential well above that required for the onset of catalysis. A subsequent 

report from the Pacheco research group proved this conjecture.98 UV/vis spectropotentiometry 

showed that nitrite-loaded S. oneidensis ccNiR is reduced in a concerted 2-electron step to generate 

the {FeH1NO}7 moiety at the active site (see Step 1, Scheme 1.3), with an associated midpoint 

potential of +246 mV vs SHE at pH 7.0.60 This is 220 mV higher than the midpoint potential for 
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reduction of cyanide-loaded ccNiR, and over 350 mV above the potential at which the onset of 

catalysis is observed in PFV experiments (Fig. 1.13).  Thus, these results suggest that {FeH1NO}7 

is a catalytic intermediate in the ccNiR-mediated reduction of nitrite to ammonia, whose degree of 

accumulation depends exclusively on the applied potential.  At low potentials the species is rapidly 

reduced and does not accumulate, while at higher potentials it is trapped, thus preventing catalytic 

ammonia formation. 

 

 

 

 

 

 

Figure 1.13.  Cyclic voltammogram of electrode-adsorbed ccNiR dipped in a solution containing 500 mM nitrite in 
a pH 7.0 buffer.97 

 

 1.6.3.2. Detection of lower potential ferrous nitrosyl intermediates. As discussed more 

fully in ref., 60 the {FeH1NO}7 moiety may not be the only catalytic intermediate that can be trapped 

by tuning the potential applied to nitrite-loaded ccNiR. Preliminary UV/Vis spectropotentiometric 

studies89 showed that a second intermediate might accumulate at applied potentials between −80 

mV vs SHE and the −120 mV vs SHE required for detectable catalytic turnover; this hypothesis is 

also supported by the results of rapid-mixing experiments with ccNiR and hydroxylamine.59 

UV/Vis stopped-flow experiments showed that when ccNiR was mixed with large excesses of 
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hydroxylamine (10 mM – 300 mM) the ccNiR was reduced in a triphasic exponential process. A 

follow-up using the rapid freeze-quench technique showed that a radical species built up within 

100 ms of mixing, and then decayed, but not to zero concentration. EPR analysis59 suggested that 

this transient intermediate was most likely the ferrous [FeH1H2NO·] moiety that theoretical 

studies126 have proposed as an intermediate in ccNiR-catalyzed nitrite reduction (see Section 

1.6.2.3 and Step 4 of Scheme 1.3). Together, the stopped-flow and rapid freeze-quench EPR 

studies suggested that, within 10 s of mixing ccNiR with hydroxylamine, electrons were 

transferred from the hydroxylamine to the ccNiR heme pool, generating an equilibrium mixture of 

partly reduced nitrosylated ccNiR moieties.59 

1.7. Specific objectives of this thesis 

 Figure 1.15 summarizes schematically our understanding of the ccNiR reaction 

mechanism, based on the theoretical and experimental evidence reviewed in Section 1.6. We 

propose that the rate-limiting step for ccNiR-catalyzed reduction of nitrite to ammonia is the final 

2-electron reduction of a heme 1-bound hydroxylamine equivalent (specifically, Steps 6 and 7 in 

Scheme 1.3). A strong reducing agent such as MVred can overcome this activation barrier, but 

weaker reducing agents will generate partially reduced nitrosylated ccNiR moieties. The 

hypothesis is consistent with the fact that the kcat value, as measured in electrons transferred per 

second, is the same for nitrite and hydroxylamine reduction to ammonia when MVred is the electron 

source.94 Chapter 2 of this thesis describes a kinetic investigation of the reaction between nitrite-

loaded ccNiR and the weak reducing agent N,N,N,N-tetramethyl-p-phenylenediamine (TMPD),  

which we had previously shown does not reduce nitrite-loaded ccNiR beyond the {FeH1NO}7 

stage.60 Stopped-flow analysis reveals that a 1-electron reduced intermediate accumulates 

transiently on the way to {FeH1NO}7, while steady-state studies provide a measure of the lability 
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Figure 1.14. Cartoon representation of the ccNiR-catalyzed nitrite reduction path proposed on the basis of 
experimental and theoretical data available at the start of the project described in this thesis.  

  

of the nitrosyl species. Chapters 3 and 4 of the thesis describe preliminary studies of ccNiR active 

site variants. Chapiter 3 describes the expression and purification of three such variants, H257Q, 

R103Q, and Y206F, while Chapter 3 presents a UV/Vis spectropotentiometric analysis of nitrite-

loaded H257Q, as well as a steady-state analysis of H257Q-catalyzed reduction of nitrite and 

hydroxylamine by MVred. Chapter 5 summarizes preliminary studies of ccNiR-catalyzed nitrite 

reduction by reduced indigo trisulfonate. Reduced indigo trisulfonate (Eo = −0.085 V) is a stronger 

reducing agent than TMPD, but a weaker one than Mred. The goal of this study was to trap one or 
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more nitrosylated ccNiR intermediates that are more reduced than {FeH1NO}7.  Finally, Chapter 6 

summarizes the findings of the thesis.60, 77, 86-87, 89, 91-92, 97-98, 119, 135, 141-144 
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Chapter 2 

Investigation and characterization of the trapped intermediates at 

the early stage of nitrite loaded wtccNiR reduction 

2.1. Overview 

In earlier studies within the Pacheco group, S. oneidensis ccNiR was found to catalyze slow 

reduction of nitrite to nitric oxide when a weak reductant such as ferrocyanide, N,N,N′,N′-

tetramethyl-p-phenylenediamine (TMPD) or [Ru(NH3)6]2+ was the electron source.1-2 NO· 

production was verified by capturing the product with catalase to make the spectroscopically 

distinct nitrosylated product.1 When ferrocyanide was used as the electron donor the initial rate of 

NO generation was found to depend linearly on ccNiR concentration, sigmoidally on pH, and 

hyperbolically on nitrite and ferrocyanide concentrations.1   

 The NO trapping experiments described above were performed using ccNiR 

concentrations of 0 – 100 nM. In the presence of micromolar concentrations of ccNiR catalytic 

reduction of nitrite by ferrocyanide was fast enough that detectable amounts of the colored 

ferricyanide product accumulated over the course of an hour, thus obviating the need for the 

catalase indicator. In these experiments one could also follow by UV/Vis a biphasic reduction of 

nitrite-loaded ccNiR.1 The faster ccNiR reduction phase took place within the reagent mixing time, 

and it’s amplitude decreased if 10 – 100 M of ferricyanide were added to the reaction mixture at 

the start. The slower phase had a typical half-life of ~100 s at ferrocyanide concentrations > 1 mM; 

the half-life increased as the initial ferrocyanide concentration decreased below ~1 mM, but it was 

difficult to analyze the low-ferrocyanide concentration experiments quantitatively. The extent of 
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heme reduction over both phases was invariant with respect to initial ferricyanide concentration. 

Importantly, the rate of ferricyanide formation associated with release of free NO was linear over 

the entire monitoring interval and was not affected by the extent of ccNiR reduction.   

The experiments with ferrocyanide and micromolar concentrations of ccNiR provided 

many intriguing mechanistic insights.  However, they were difficult to analyze quantitatively for 

two primary reasons.  First, the ferricyanide product has very weak absorbance, so monitoring 

micromolar changes in ferricyanide concentration pushes the limit of UV/Vis detection.  This is 

exacerbated by the second difficulty, which is that the first-order reduction of ccNiR by 

ferrocyanide occurs over hundreds of seconds, and thus overlaps the appearance of ferricyanide 

that is coupled to NO release. Together, these two factors severely limited the range of conditions 

under which ccNiR-catalyzed reduction of nitrite by ferrocyanide could be meaningfully 

investigated. 

This chapter describes a systematic kinetic analysis of the ccNiR-catalyzed reduction of 

nitrite to NO· by TMPD, using steady-state UV/Vis and stopped-flow spectroscopy. The study 

builds on the results obtained using ferrocyanide as electron donor but exploits two big advantages 

offered by TMPD.  First, the product of TMPD 1-electron oxidation (TMPD+, Scheme 3.1) has an 

intense blue color that is much more readily detectable by UV/Vis spectroscopy than ferricyanide. 

Second, TMPD reduces nitrite loaded ccNiR substantially more rapidly than the weaker reducing 

agent ferrocyanide; while complete reduction of the ccNiR by ferrocyanide takes several hundred 

seconds, reduction by TMPD is complete within less than a minute. This allowed spectral 

components arising from ccNiR reduction to be cleanly separated from the component that arises 

as TMPDox is slowly generated during ccNiR-catalyzed reduction of nitrite to free NO.  CcNiR 
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reduction could be monitored by stopped-flow, while TMPD oxidation by nitrite was readily 

monitored by conventional UV/Vis spectroscopy. 

2.2. Materials and Methods 

2.2.1. General instrumentation 

Routine UV/Vis spectroscopy was performed using a CARY Bio 50 UV/Vis 

spectrophotometer. Two of these spectrophotometers are already placed inside nitrogen-filled 

gloveboxes (MBraun and Innovative Technologies) which provide an anaerobic environment. The 

oxygen level was strictly monitored and maintained at less than 2 ppm; the glovebox catalysts 

were regenerated with 5% or 7% Hydrogen (Airgas) once a month or whenever the oxygen level 

rose above 2 ppm. 

2.2.2. General Materials 

All reagents were of high bio-grade purity and purchased from Thermo-Fisher, Dot 

Scientific, or MP Biomedicals unless mentioned specifically.  

2.2.3. Large Scale Shewanella oneidensis TSP-C cells culture for wild type ccNiR protein 

2.2.3.1. Culture preparation and harvesting. Wild type ccNiR (wtccNiR) was obtained 

from an S. oneidensis TSP-C expression system first reported by Youngblut et al.3 A petri dish 

containing autoclaved LB agarose, and the antibiotics kanamycin (Kan, 50 μg/mL), and rifampicin 

(Rif, 30 μg/mL) was inoculated with S. oneidensis TSP-C cells containing the plasmid with the 

wtccNiR gene and incubated overnight at 30 °C. A single bacterial colony from the petri dish was 

suspended in 5mL LB (20 mg/mL), Kan (50 μg/mL), Rif (30 μg/mL) solution and was incubated 

for 10-11 hours in an incubator shaker at 200 rpm and 30 °C. After that period, 1 mL of bacterial 
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culture was transferred into 1 L of the same medium, which was then incubated for 16 hours under 

the same conditions as in the first step. In a final step, 1 L of bacterial cell culture was transferred 

into a 50 L carboy that already contained 45 L LB, Kan (50 μg/mL), Rif (30 μg/mL) thermostatted 

at 30 °C in a constant temperature water bath (Fig. 2.1).  The culture was incubated for 16 - 18 

hours at 30 °C while being continually sparged with compressed air, which served to agitate the 

culture suspension and to keep it aerated until late in the growth process when high bacterial 

density consumed oxygen faster than it could be replenished.  The cells were harvested from the 

45 L cell culture by centrifuging aliquots in 1 L bottles for 10 minutes at 5,800 × g. The pooled 

cell pellets were resuspended using 50 mM HEPES, pH=7.0 (final volume ~500 mL), and the two 

protease inhibitors leupeptin (1-10 μM), AEBSF/PMSF (0.1 - 1.0 mM) were immediately added.  

The resuspended pooled cell pellet was frozen and stored at −80 °C in a stainless-steel beaker until 

needed. 

 

Figure 2.1. Large scale (45 L) Shewanella oneidensis culture for high amount wtccNiR enzyme purification. A carboy 
used for this culture was surrounded by water. A thermostat maintains the constant optimum temperature (30 ˚C). To 
keep the culture aerated and to avoid cell settling, two fritted sparging tubes inside of the carboy provided compressed 
air circulation that continuously agitated the culture.    
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2.2.3.2. Wild type ccNiR enzyme purification from overexpressing S. oneidensis TSP-

C cells. Concentrated suspensions of cells containing the overexpressed wtccNiR were lysed by 

sonication in an ice-cooled stainless steel beaker, using cycles of 30 s ultrasonic bursts at 70% 

amplitude followed by 45 s pauses, repeated for 10 minutes. The lysed cell products were 

centrifuged for 30 minutes at 41,500 × g and the supernatant solution was collected to remove cell 

debris. Finely ground ammonium sulfate (AS) was added very slowly to make the final 50 % 

saturated solution at 4 °C. The AS was very slowly introduced to reduce unwanted ccNiR 

precipitation and stirred simultaneously with a magnetic stirrer. The final mixed salt sample was 

centrifuged at 41,500 × g for 30 min, and then the supernatant was collected.  

In total, three columns were used sequentially to purify wtccNiR protein. First, the 

collected supernatant protein sample was loaded to a 400 mL octyl-sepharose column 

(hydrophobic interaction chromatography, HIC, by GE Healthcare). This column was pre-

equilibrated with a buffer that contained 3 M AS, 20 mM HEPES and 1 mM EDTA, adjusted to 

pH = 7.0 (Buffer A). The HIC column was deemed to be equilibrated when the UV reading at 280 

nm of the column flow-through was constant.  After the clarified cell extract had been loaded, the 

column was washed with at least 2 column volumes of Buffer A until the UV reading at 280 nm 

of the column flow-through was once again constant. The loaded protein sample was then washed 

with at least 2 column volumes of a mixture containing 60% Buffer A and 40% of a pH 7.0 low 

salt buffer containing 20 mM HEPES and 1 mM EDTA, pH = 7 (Buffer B) until the UV at 280 

nm once again dropped to a stable baseline. The eluant contained mostly non ccNiR protein and 

nucleic acids and was discarded. In a third step, the column was washed with a solution containing 

20% Buffer A and 80 % Buffer B. All fractions from this step for which the A280 deviated 

significantly from the baseline were pooled and transferred to Snake-Skin dialysis tubes (9 mL /1 
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cm, ThermoFisher) for dialysis at 4 °C for roughly 4 hours in Buffer B. The dialysis tube was then 

transferred into another buffer reservoir (20 mM NaHEPES, 1 mM EDTA pH = 7.0; Buffer C) 

which was an optimum buffer for the second column, an 80 mL Q-sepharose anion exchange 

column (GE Healthcare). 

The dialyzed sample was centrifuged at 41,500 × g for 10 min. The supernatant solution 

was collected leaving any precipitate that accumulated during overnight dialysis. The supernatant 

was loaded onto the Q-sepharose column that had been pre-equilibrated with Buffer C, and the 

unretained flow-through was collected. The Q column retains only negatively charged proteins, 

and ccNiR ccNiR is nearly neutral at pH = 7.0. Important: it is critical to employ buffer made 

with the HEPES sodium salt rather than the HEPES acid. HEPES buffer made with 20 mM HEPES 

acid has an ionic strength of 10 mM and at this ionic strength ccNiR binds weakly to Q-Sepharose, 

which greatly decreases the resolution. HEPES buffer made with 20 mM HEPES sodium salt has 

an ionic strength of 20 mM and passes through the column cleanly without binding. 

The eluant buffer from the Q-Sepharose column was exchanged for one containing 2 M 

AS, 20 mM HEPES, 1 mM EDTA, pH = 7.0 (Buffer D) using a tangential flow filtration device 

(TFF,30 K, OAPMP220, Pall Life Sciences) that simultaneously concentrated the sample. If 

necessary, the conductivity of the concentrated protein sample was adjusted to exactly that of 

Buffer D by adding ground solid AS. The concentrated protein sample was loaded onto a 3.5 mL 

RESOURCE isopropyl HIC column (GE Healthcare, capacity 25 mg protein/mL) that had been 

pre-equilibrated with Buffer D, and then eluted with a 0 to 40 % gradient of Buffer B. Pure ccNiR 

eluted at 20 – 30 % Buffer B, and was detectable as a sharp peak in the UV(280 nm) chromatogram. 

The purity of ccNiR was initially checked by UV/Vis spectrophotometry (pure ccNiR has an 

A409/A280 absorbance ratio ≥ 4) and confirmed by observing a single band at ≈ 55 kDa in SDS-
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PAGE. After exchanging the enzyme buffer for one with 50 mM HEPES, pH 7.0, and 

concentrating the solution to about 2-3 mL using the TFF device, the sample was stored at −80 °C 

until needed. 

2.2.4. Pyridine hemochromagen assay for determining the concentration of wtccNiR 

The pyridine hemochromagen assay was performed to determine the concentration and the 

extinction coefficient spectrum of wtccNiR. The method used was similar to that described by 

Berry and Trumpower,4 and Barr and Guo,5 but with the following minor modifications. Briefly, 

Solution-I containing 10 L 0.1 M potassium ferricyanide was mixed with 800 L of 0.5 M NaOH, 

800 L of pyridine (Anhydrous, 99.8% pure, Sigma-Aldrich) and 390 L nano-pure water make 

2 mL of Solution-II. The final concentrations in solution II were 500 M K₃[Fe(CN)₆], 0.2 M 

NaOH and 40% v/v pyridine. A solution containing equal volumes of Solution-II and 50 mM 

HEPES buffer, pH 7, was used to set the baseline for the UV/Vis spectrophotometer. CcNiR 

samples were dissolved in a 50 mM HEPES buffer, pH = 7.0, to make Solution-III. Equal volumes 

of Solution-II and Solution-III were mixed in a cuvette, and the UV/Vis spectrum was recorded in 

the range 450 nm – 800 nm. This was the oxidized pyridine hemochrome sample and was labeled 

as Dataset-1. A few grains of solid sodium dithionite (sodium hydrosulfite) were added into the 

cuvette, the solution was carefully mixed, and then several UV/Vis spectra were recorded at 30 s 

intervals until the spectra remained unchanged.  The final spectrum was the reduced pyridine 

hemochrome sample and was labeled as Dataset-2; the reduced solution is distinctly pink, 

compared to the orange oxidized pyridine hemochrome. The difference spectrum (Dataset-2) – 

(Dataset-1) was fit in the range from 525 nm – 620 nm using the known extinction coefficient 

difference spectrum4 to determine the concentration of pyridine hemochrome in solution. This 

concentration was divided by 5 to obtain the ccNiR protomer concentration in the pyridine 
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hemochrome solutions (as each ccNiR protomer contains 5 hemes), and then multiplied by 2 to 

obtain the ccNiR protomer concentration in Solution-III. To obtain the extinction coefficient 

spectrum of ccNiR, the spectrophotometer baseline was first reset in the range from 250 nm – 800 

nm with a 50 mM HEPES buffer, pH 7. A known volume of Solution-III was diluted to 1 mL such 

that the Soret band absorbance (409 nm) was ≤ 1.0, and the UV/Vis spectrum was recorded from 

250 nm – 800 nm.  As the ccNiR concentration was known from the pyridine hemochrome assay, 

the extinction coefficient spectrum was readily obtained by dividing the absorbances obtained 

between 250 nm and 800 nm by the concentration and pathlength (Beer’s law). A complementary 

extinction coefficient spectrum for the lower intensity region from 500 nm – 800 nm was also 

obtained from less diluted samples of Solution-III. 

2.2.5. Rapid freeze pump thaw method to degas ccNiR  

This procedure was performed to remove oxygen dissolved in the enzyme solution prior to 

transfer into the glovebox. A concentrated ccNiR solution (typically ~100 L) was introduced into 

a Schlenk flask.6 The flask was capped and its sidearm connected to a vacuum line via a vacuum 

hose; Apiezon M Economical High-Vacuum Lubricant was used to grease the Schlenk flask cap 

and sidearm stopcock. The sample was frozen with liquid nitrogen (step-1), then the stopcock was 

opened to evacuate the headspace gas above the frozen enzyme sample for a few minutes (step-2). 

The stopcock was again closed and the enzyme sample was thawed under vacuum by warming 

with a room temperature water bath to the release dissolved gaseous species (step-3).  This freeze-

pump-thaw cycle (steps 1-3) was repeated three times to remove the dissolved oxygen gas in the 

protein solution. The Schlenk flask containing the degassed enzyme solution could then be passed 

through the glovebox antechamber. Note: it is not generally advisable to use the freeze-pump-thaw 

method on protein solutions because the foam that forms during the thaw step usually denatures 
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proteins. However, ccNiR survived the process with no apparent changes to its chemical and 

physical properties. 

2.2.6. Reduction of nitrite-loaded S. oneidensis ccNiR by N, N, N′, N′-tetramethyl-p-

phenylenediamine (TMPD): UV/Vis steady steady-state experiments  

TMPD was used as a weak reducing agent (+0.260 V vs SHE).7 All the required solid 

reagents (TMPD, nitrite, ferricyanide) were weighed out and then transferred to a glovebox, where 

they were dissolved in 50 mM HEPES pH = 7.0 buffer to make stock solutions. The ferricyanide 

solutions were found to slowly dissociate cyanide, which binds strongly to the ccNiR active site,8 

and so were made fresh for each experiment. TMPD and nitrite stock solutions were stable 

indefinitely in the glovebox. Steady-state experiments were performed as described below to 

assess the kinetic dependence of the ccNiR-catalyzed reduction of nitrite by TMPD on TMPD, 

TMPD+, nitrite and S. oneidensis ccNiR concentrations. Attempts to repeat the pH 7 experiments 

at pH 8 failed because the TMPD+ product (Scheme 2.1) was found to be unstable at the higher 

pH on the timescale monitored in the steady-state experiments. 

All steady-state experiments were performed in the presence of 10 M TMPD+, except 

those in which TMPD+ concentration was the variable parameter. To determine the effect of the 

1- electron oxidized TMPD free radical (TMPD+, Scheme 2.1) on the kinetics of ccNiR-catalyzed 

reduction of nitrite by TMPD, small quantities of ferricyanide (5 M – 50 M) were added to large 

excesses of TMPD (400 M – 3 mM). In a typical experiment to follow the kinetics in the presence 

of 600 μM TMPD, 5 μM TMPD+, 1 μM wtccNiR and 1 mM nitrite, 1 mL of reaction mixture was 

made by mixing 575 μL 50 mM HEPES, pH = 7, 10 μL 100 mM nitrite, 300 μL 2 mM TMPD, 

100 μL 50 μM ferricyanide, and 15 μL 66.7 μM wtccNiR in a cuvette, pre-installed in the 

spectrophotometer cuvette holder. The reagents were rapidly mixed using a cuvette mixer 
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(Fireflysci P68 mixer for semi-micro cuvettes), and data collection was immediately initiated. 

Spectra were collected every 15 s for 1 h in the range 300 nm - 800 nm (240 scans total). Data 

were collected in csv format and later analyzed by using programs written for Mathcad 15.0 (PTC 

Software) and Origin 9.0 (Microcal Software).9-10 Note that in the example given ferricyanide was 

added to the cuvette as a fairly high volume, low concentration aliquot. This is an important detail 

because when smaller volumes of highly concentrated ferricyanide were added they could rapidly 

generate local pockets of the 2-electron oxidized TMPD2+ species before the reaction mixtures 

could be stirred. TMPD2+ is unstable,11-12 and solutions prepared by addition of concentrated 

ferricyanide aliquots gave poorly reproducible results. 

 

 

 

Scheme 2.1. N,N,N´,N´-tetramethyl-p-phenylenediamine (TMPD) and its 1-electron oxidized radical TMPD+. 
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2.2.7. Reduction of nitrite-loaded S. oneidensis ccNiR by N, N, N′, N′-tetramethyl-p-

phenylenediamine (TMPD): stopped-flow experiments 

2.2.7.1. Stopped-Flow Experiments at varying TMPD concentrations. A single mixing 

SX-20 stopped-flow spectrophotometer (Applied Photophysics) was used to monitor the pre-

steady-state kinetics of nitrite-loaded wtccNiR reduction by TMPD. A mixture of 20 mM α-D-

glucose and 200 U/mL Aspergillus niger glucose oxidase (MP biomedical) enzyme was used to 

scrub oxygen from the stopped-flow apparatus. Lyophilized glucose oxidase and glucose were 

dissolved in buffer inside a glovebox, and the solution was transferred to a tonometer whose 

stopcocks and caps were greased with Apiezon M Economical High-Vacuum Lubricant. The 

sealed tonometer was removed from the glovebox and connected to one of the stopped-flow 

loading ports, from which both stopped flow syringes and the observation cell could subsequently 

be filled with the scrubbing solution, according to the instructions provided in the SX-20 manual. 

This solution was left in the stopped-flow overnight to make the system completely anaerobic, 

after which it was washed out with anaerobic 50 mM HEPES, pH=7.0 buffer, again following the 

SX-20 manual instructions. Stock reagent solutions were made in a glovebox as described 

previously in section 2.2.6. From these, one solution containing approximately 2.6 μM wtccNiR 

and 4 mM nitrite in 50 mM HEPES, pH = 7.0 was prepared and transferred into one tonometer, 

while 50 mM HEPES, pH = 7.0 solutions containing TMPD concentrations ranging from 100 M 

to 10 mM TMPD and 20 M ferricyanide (to generate TMPD+) were used to fill a second set of 

tonometers. A tonometer containing only buffer was also prepared in the glovebox, and the 

solution from this tonometer was used to wash out the glucose-glucose oxidase scrubbing solution 

(see above), and also to blank the stopped-flow spectrophotometer. The tonometer containing 

nitrite-loaded ccNiR was used to fill one of the stopped-flow drive syringes, while one of the 
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TMPD solutions was used to fill the other.  The solutions were mixed 1:1 by the stopped-flow 

drive piston.  Initially, data sets were collected on 2 s, 10 s, 50 s and 120 s timescales. These 

preliminary experiments showed that the optimal collection mode was logarithmic over a 50s time 

period, after which all subsequent experiments were collected in this mode. Each experiment at a 

certain TMPD concentration was repeated 3 – 5 times; the first two datasets were typically 

discarded, and the 3rd, 4th and 5th signal-averaged. All the data were collected in photodiode array 

(PDA) mode. Data were collected in csv format and later analyzed by using programs written for 

Mathcad 15.0 (PTC Software) and Origin 9.0 (Microcal Software).9-10  

2.2.7.2. Stopped-Flow Experiments at varying pH. A procedure similar to that described 

in section 2.2.7.1 was used to study the effect of pH on the kinetics of nitrite-loaded wtccNiR 

reduction by TMPD. Experiments were carried out in the pH range from 6.0 to 8.4 at pH intervals 

of 0.2 units. Buffer solutions were made in 50 mL batches on the benchtop, purged with argon for 

30 minutes, then taken into the glove box. Bis-tris was used for making buffers at pH 6.00, 6.20, 

6.40, 6.60, HEPES for buffers at pH 6.80, 7.00, 7.20, 7.40, 7.80 and HEPPS for 8.00, 8.20, 8.40. 

In all experiments one of the stopped-flow drive syringes was filled with a solution containing 8 

mM nitrite with 2 μM wtccNiR, and the other with a solution containing 16 mM TMPD and 20 

μM ferricyanide; both solutions were made up in buffers of the desired pH. 

2.3. Results 

2.3.1. Steady-state experiments 

2.3.1.1. Effect of TMPDox on ccNiR-catalyzed reduction of nitrite by TMPD.  The 

blue traces in Fig. 2.2a show the typical UV/Vis spectral changes observed after mixing S. 

oneidensis ccNiR with large excesses of nitrite and TMPD, at pH 7, using the protocol previously 
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described in ref. 2. The reaction mixture was monitored by UV/vis at 15 s intervals for 1h, but for 

clarity the blue traces in Fig. 2.2a are at 600 s intervals. Figure 2.2b shows an absorbance vs time 

slice taken at 611 nm. SVD analysis13-14 showed that only two components were needed to 

faithfully reconstruct a noise-reduced absorbance matrix. The SVD-treated data were then fit to 

Eq 2.1 using a global fitting routine (red traces, Fig. 2.2a).9-10 In Eq 2.1 Aλ,t  is the absorbance 

obtained at wavelength λ and time t, and the spectral component Λ0  is present immediately after 

adding nitrite (taken as t = 0). The second component in Eq. 2.1, Λ1, grows in almost linearly with 

time, but with a slight acceleration that is apparent in Fig. 2.2b. To account for the acceleration, 

Λ1 is multiplied by the quadratic binomial t+qt2 in Eq. 2.1, where q is a manually adjusted empirical 

parameter that allows small admixture, typically ~0.015%, of the quadratic term that improves the 

empirical fit. 

Aλ,t = Λ0(λ) + Λ1(λ)(t + qt2 )   (2.1) 

 

Figure 2.3 shows the spectral components obtained from the fitting process. The 

component Λ0 (Fig. 2.3a) was in its turn fit with the independently obtained extinction coefficient 

spectrum of 2-electron reduced nitrite loaded ccNiR, {FeH1NO}7, and that of the blue TMPD+ 

radical.2 As noted in our earlier work, the fit shows that nitrite-loaded ccNiR is rapidly reduced by 

two equivalents of TMPD to generate the {FeH1NO}7 active site. The spectral component Λ1 (Fig. 

2.3b) was fit with the extinction coefficient spectrum of the TMPD+ radical,15 and shows that 

TMPD continued to oxidize at an initial rate of ∼ 4.3 10−8  M s−1, with a slight acceleration with 

time, after the initial oxidation burst. This TMPD+ generation correlated with the catalytic 

reduction of nitrite to NO, previously observed in our laboratories under weakly reducing 

conditions.1  
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Figure 2.2. (a) Blue traces: typical UV/Vis spectral changes observed after mixing S. oneidensis ccNiR (2 M) with 
1 mM nitrite and 600 M TMPD, at pH 7. Red traces: least-squares best fit to Eq. 2.1. The reaction mixture was 
monitored at 15 s intervals for 1h, but for clarity the selected traces are at 600 s intervals. (b) Absorbance vs time slice 
taken at the 611 nm maximum of the data set above.  The solid red line is the best fit to Eq. 2.1, while the dashed red 
line is the initial rate calculated from the first derivative of Eq. 2.1.  The fit to Eq. 2.1 deviates from the experimental 
data near t = 0 where ccNiR reduction is still taking place (see Section 2.3.2).  
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Figure 2.3. Spectral components Λ0 (a) and Λ1 (b) generated by fitting the SVD-processed Fig. 2.2 data to Eq 2.1 
(blue traces). Λ0 was in turn fit with the extinction coefficient spectra of reduced nitrite-loaded ccNiR and of the blue 
TMPD+ radical, while Λ1 was fit using only the TMPD+ extinction coefficient spectrum.2 The red traces show the 
calculated spectra in each case. 
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That ccNiR was catalyzing TMPD oxidation by nitrite was confirmed by monitoring the 

dependence of the TMPD oxidation rate on ccNiR concentration.  

The acceleration with time seen in TMPD+ formation suggests that TMPD+ itself could be 

causing the acceleration.  To test this hypothesis, a series of experiments analogous to the one 

shown in Fig. 2.2 was carried out in the presence of varying initial concentrations of TMPD and 

TMPD+; two representative data sets are shown in Fig. 2.4. Figure 2.4a shows that, in the presence 

of 600 M TMPD, the ratio of initial rate of TMPD oxidation to ccNiR concentration (Vo/[ccNiR], 

obtained from fits of the corresponding 1 components) increased linearly when the initial 

concentration of TMPD+ was varied from 0 to 50 M. The slope of the line was 29.00.1 M−1s−1, 

and the intercept in the absence of TMPD+ was (8.30.4)10−4 s−1. Similar results were obtained 

with TMPD concentrations of 400 M and 800 M.  However, when the initial TMPD 

concentration was increased to 3 mM, Vo/[ccNiR] remained constant at (1.020.07)10−3 s−1 as the 

initial TMPD+ concentration was varied from 0 to 50 M (Fig. 2.4b). These results confirm that 

the rate of TMPD oxidation is accelerated as the TMPD+ concentration increases, but that the effect 

of TMPD+ becomes less pronounced as the total TMPD concentration increases.  The results also 

show that TMPD oxidation can take place in the absence of any TMPD+, in a base process with a 

first-order rate constant of ~10−3 s−1. 

2.3.1.2. Effect of nitrite concentration on ccNiR-catalyzed reduction of nitrite by 

TMPD.  Figure 2.5 shows the dependence of Vo/[ccNiR] on nitrite concentration.  Surprisingly, 

Vo/[ccNiR] decreases hyperbolically as the nitrite concentration increases from 50 M to 10 mM.  

This behavior is quite different to that seen in the standard assay where methyl viologen 

monocation radical serves as the electron donor,3 and is also different from that seen when  
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Figure 2.4. Dependence of V0/[ccNiR] (where V0 is the initial rate of TMPD oxidation in M/s, obtained from fits of 
the corresponding 1 components) on initial TMPD+ concentrations in the presence of (a) 600 M TMPD, and (b) 3 
mM TMPD. The nitrite concentration was 1 mM in all experiments, and the ccNiR concentration was roughly 2 M, 
with the exact concentration being obtained from the 0 fits in each experiment.  All experiments were in 50 mM 
HEPES buffer, pH 7.0 
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ferrocyanide was the electron donor.1 In both those cases Vo/[ccNiR] increases hyperbolically with 

nitrite concentration. The Fig. 2.5 data were fit to Eq. 2.2, in which kcat(i) is the value of Vo/[ccNiR] 

expected as the nitrite concentration approaches  

     

zero, kcat(f) is the value of Vo/[ccNiR] expected as the nitrite concentration goes to infinity, and Km 

is the nitrite concentration at which Vo/[ccNiR] is half-way between kcat(i) and kcat(f).  The values 

obtained from the fit were (2.40.2)10−3 s−1 for kcat(i), (62)10−4 s−1 for kcat(f), and (1.50.4)10−4 

M for Km. 

 

 

 

Figure 2.5. Dependence of V0/[ccNiR] on initial nitrite concentrations (where V0 is the initial rate of TMPD oxidation 
in M/s, obtained from fits of the corresponding 1 components). Blue circles are the experimental data, and the red 

curve is the least-squares best fit to Eq. 2.2. Experimental conditions: [TMPD], 1 mM; [ccNiR], ~1.8 M (exact 
concentration measured in each experiment from the 0 component fits); 50 mM HEPES, pH 7.0. 

 

 

 

Vo

[ccNiR]
= kcat (i ) +

kcat ( f ) - kcat (i )( )[NO2
- ]

Km +[NO2
- ]

(Eq 2.2) 
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2.3.2. Stopped-flow experiments 

 2.3.2.1. Reaction of nitrite-loaded ccNiR with TMPD at pH 7. Figure 2.2 shows that, in 

the first several seconds after mixing, the fit of steady-state data to Eq. 2.1 deviates from the 

experimental data because ccNiR reduction is still taking place.  To explore the kinetics of ccNiR 

reduction, this timescale was therefore monitored using UV/Vis stopped-flow.  The experiments 

were carried out with diode array detection so that spectral changes could be monitored across a 

wide range of wavelengths.  Figure 2.6a shows the spectral changes obtained when a solution 

containing 3 M ccNiR and 4 mM nitrite was mixed 1:1 with a solution containing 10 mM TMPD 

and 20 M ferricyanide; both solutions were in 50 mM HEPES buffer, pH 7.0. Figure 2.6b shows 

Absorbance vs time slices taken at selected wavelengths from the spectra of Fig. 2.6a. SVD 

analysis13-14 showed that four components were needed to faithfully reconstruct a noise-reduced 

absorbance matrix. The SVD-treated data were then fit to Eq 2.3 using a global fitting routine (red 

traces, Fig. 2.6a).9-10, 16 In Eq. 2.3, Aλ,t  is the absorbance obtained at wavelength λ and time t, and 

Λ0  to Λ3 are the spectral components.  

      

        

      Eq. 2.3 

 

 

 

Component Λ0 is present at t = 0, Λ1 grows in exponentially at a rate governed by k1app, 

and then decays exponentially at a rate governed by k2app, and Λ2 grows in as Λ1 decays, at a rate  
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Figure 2.6. (a) Spectral changes obtained when a solution containing 3 M ccNiR and 4 mM nitrite was mixed 1:1 
with a solution containing 10 mM TMPD and 20 M ferricyanide; both solutions were in 50 mM HEPES buffer, pH 
7.0.  The blue traces are at 50 ms, 200 ms, 400 ms, 600 ms 800 ms and 1s; the green traces are at 500 ms intervals 
from 1.5 s to 4s, and the purple traces are at 10 s intervals from 10s to 50 s. The dashed red traces are least-squares 
best fits to Eq. 2.3. (b) Absorbance vs time slices taken at selected wavelengths from the spectra of Fig. 2.6a. Again, 
the dashed red traces are the least-squares best fits to Eq. 2.3.  
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governed by both k1app and k2app. Note that Λ0 should decay exponentially as Λ1 grows in, at a rate 

governed by k1app. By treating Λ0 as a constant, Λ1 and Λ2 will appear as difference spectra. 

The component Λ3 can be attributed almost exclusively to the linear appearance of TMPD+ 

predicted from the steady-state experiments of Section 2.3.1 (see below); however, a better fit was 

obtained when Λ3 was multiplied by the empirical exponential function f3(t), in which a rate 

constant k3 allowed a very slight curvature to be introduced to the Λ3 evolution. The nonlinearity 

of this component is likely an artifact that arises because components Λ2 and Λ3 are not perfectly 

resolved by SVD and mix a little. 

 Figure 2.7 shows the spectral components Λ0 - Λ3 obtained from the least-squares fit to Eq. 

2.3.  As mentioned above, Λ3 (Fig. 2.7d) can be attributed almost exclusively to the steady-state 

formation of TMPD+ during ccNiR-catalyzed nitrite reduction by TMPD and will not be further 

discussed here. The component Λ0 (Fig. 2.7a), present at t = 0, was fit with the extinction 

coefficient spectra of nitrite-loaded ccNiR, and of the blue TMPD+ radical, to obtain the initial 

concentrations of the species.  For this experiment, the total ccNiR and TMPD+ concentrations at 

t = 0 were measured at 1.4 M and 10 M, respectively, as expected from the nominal reagent 

concentrations in the drive syringes (3 M for ccNiR in syringe 1 and 20 M ferricyanide in 

syringe 2; see above). The third component, Λ2 (Fig. 2.7c), was well fit with the extinction 

coefficient difference spectrum {FeH1NO}7 – [FeH1
III (NO2

−)] and the extinction coefficient 

spectrum of the TMPD+ radical.2  As mentioned above, the spectrum appears as a difference 

because Λ0 isn’t multiplied by exp(−k1appt) in Eq. 2.3. This is advantageous because the spectral 

changes due to ccNiR reduction are small and difficult to see clearly in the absolute spectra (Fig. 

2.6a). The best fit was obtained with the concentration of [FeH1
III (NO2

−)] reduced to {FeH1NO}7 

set to 1.3 M, and that of TMPD oxidized to TMPD+ set to 3.6 M. The ratio of TMPD oxidized 
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Figure 2.7. Spectral components Λ0 – Λ3 generated by fitting the SVD-processed Fig. 2.6 data to Eq 2.3 (blue traces, 
upper panels of (a) – (d).  (a) Red trace: Λ0 was fit with the extinction coefficient spectra of nitrite-loaded ccNiR and 
of the blue TMPD+ radical to obtain the initial concentrations of the species. (b) Red trace upper panel: contribution 
from the TMPD+ radical that was subtracted from Λ1 to give the difference spectrum in the lower panel; this is taken 
to be the difference spectrum of 1-electron reduced and oxidized nitrite-loaded ccNiR. (c) Red trace: Λ2 was fit with 
the extinction coefficient difference spectrum {FeH1NO}7 – [FeH1

III (NO2
−)] and the extinction coefficient spectrum of 

the TMPD+ radical to obtain the concentrations of the species as t →.2  (d) The red trace is the least-squares fit of 
Λ3 with the extinction coefficient spectrum of the TMPD+ radical.  The excellent fit shows that the final component 
is due exclusively to TMPD oxidation (a very minor contribution from c-heme reduction is most likely artifactual 
mixing in the SVD process). 
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to ccNiR reduced is 2.8, higher than the 2.0 expected for a 2-electron reduction of [FeH1
III (NO2

−)] 

to {FeH1NO}7. The absolute concentration of ccNiR reduced, 1.3 M, is close to the total ccNiR 

concentration verified by the Λ0 analysis above (1.4 M).  

 The transient spectral component Λ1 (top panel, Fig. 2.7b) is attributed to a mix of TMPD+ 

and the 1-electron reduced ccNiR species [FeH1
II (NO2

−)] (see Discussion section 2.4.2.1 below), 

for which the UV/Vis extinction coefficient spectrum is not yet available. To obtain a rough 

estimate of what the [FeH1
II (NO2

−)] - [FeH1
III (NO2

-)]  difference spectrum looks like, the spectral 

contribution due to TMPD+ (red trace, Fig. 2.7b) was subtracted from Λ1, taking advantage of the 

fact that the TMPD+ spectrum has a sharp absorbance maximum at 611 nm where the ccNiR 

spectrum is relatively smooth.  The resulting difference spectrum is shown in the lower panel of 

Fig. 2.7b. The difference spectrum looks similar to that of {FeH1NO}7 – [FeH1
III (NO2

−)], except 

that it has relatively well defined maxima at 537 nm and 568 nm, whereas the {FeH1NO}7 – [FeH1
III 

(NO2
−)] difference spectrum displays a single broad band at 555 nm.2 

 When the experiment of Figs. 2.6 and 2.7 was repeated in the presence of varying TMPD 

concentrations, both k1app and k2app were found to vary linearly with [TMPD] (Fig. 2.8).  For k1app 

(Fig. 2.8a), the linear fit gave a slope of 400±10 M-1s-1 and an intercept of 0.63± 0.02 s-1, which 

indicates that k1app is governing a reaction towards an equilibrium.17 In that case, the linear 

dependence of k1app on TMPD concentration can be interpreted as shown in Eq. 2.4,  

 

k1app = k1[TMPD] + k-1app         Eq. 2.4 

 

where k1 is the second-order rate constant for the forward reaction of a process that is first order 

in [ccNiR] and first order in [TMPD], and k-1app is the [TMPD]-independent first-order rate 
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constant for the reverse reaction.  Presumably, k-1app would depend on the concentration of TMPD+ 

(see Discussion); however, this has not yet been verified.  From the values of k1 and k-1app one can 

calculate an apparent equilibrium constant at 10 M TMPD+ of K1 = 635±35 M-1. Perhaps more 

useful is the inverse equilibrium constant, K1
-1 = 1.57±0.09 mM, which predicts the TMPD 

concentration at which [FeH1
III (NO2

−)] and the putative 1-electron reduced ccNiR species [FeH1
II 

(NO2
−)] will be 1:1 at equilibrium (in the presence of 10 M TMPD+). 

 For k2app (Fig. 2.8b), the linear fit gave a slope k2 of 160±6 M-1s-1 and an intercept of 

effectively zero, meaning that the reverse reaction for this process is too small to measure from 

analysis of the k2app dependence on [TMPD].  However, the amplitude of the 2 component (Fig. 

2.7c) was also found to depend on TMPD concentration; as [FeH1
III (NO2

-)] reduction to 

{FeH1NO}7 is a major contributor to the 2 difference spectrum, the dependence of the 2 

amplitude on [TMPD] indicates that some measurable back-reaction from {FeH1NO}7 to [FeH1
III 

(NO2
-)] also takes place. Figure 2.9 shows how the accumulation of {FeH1NO}7, obtained by fitting 

the corresponding 2 components with the known extinction coefficient spectra, as shown in Fig. 

2.7c, varies with TMPD concentration. The data were fit with the rectangular hyperbola of Eq. 2.5. 

The fit gave (5.5±0.8)10-4 M as the value of K2
-1, and 1.34±0.06 M for the  

        Eq. 2.5 

 

total ccNiR concentration.  The latter was in agreement with the average ccNiR concentration used 

in the experiments, 1.24±0.15 M, as measured from the corresponding 0 components. 
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Figure 2.8. The dependence of k1app (a) and k2app (b) from Eq. 2.3 on TMPD concentration. Blue circles: experimental 
data; red lines: linear least-squares fit to the data.  For k1app, the linear fit gave a slope of 400±10 M−1s−1 and an intercept 
of 0.63± 0.02 s−1.  For k2app, the linear fit gave a slope of 160±6 M−1s−1 and an intercept of effectively zero (0.01±0.01 
s−1). For all experiments the total ccNiR concentration was 1.24±0.15 M, the initial TMPD+ concentration (generated 
by addition of ferricyanide) was 9±2 M, and the nitrite concentration was 4 mM. 
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Figure 2.9. Accumulation of {FeH1NO}7 following 2-electron reduction of nitrite loaded ccNiR by TMPD. Blue 
circles: experimental results; red curve: least-squares fit to the rectangular hyperbola of Eq. 2.5. The fit gave 
(5.5±0.8)10−4 M−1 as the value of K2

−1.  The {FeH1NO}7 concentrations were obtained by fitting the corresponding 
2 components with the known extinction coefficient spectra, as shown in Fig. 2.7c. 

 

 

 2.3.2.2. pH-dependence for the reaction between nitrite-loaded ccNiR and TMPD.  

Figure 2.10 shows how k1app and k2app vary with pH, in the range from 6.0 to 8.4, when the initial 

concentrations of ccNiR, nitrite, TMPD and TMPD+ are held constant at 1.2 M, 4 mM, 8 mM 

and 10 M, respectively.  Figure 2.10a shows that the value of k1app is essentially invariant at 3.31 

± 0.01 s-1 as the pH is varied; the value is as predicted from the Fig 2.8a results for 8 mM TMPD. 

On the other hand, Figure 2.10b shows that k2app varies appreciably with pH. The rate constant 

initially increases as pH increases from pH 6, reaches a maximum at approximately pH = 6.8, then 

decreases again, leveling out above pH 8.  The experimental data were well fit by Eq. 2.6, which 

is based on the model shown in Scheme 2.2. In the model, ccNiR goes from a fully 
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   Eq. 2.6 

 

protonated form EH3 to a form EH2 in a process governed by pKa1, and then loses two protons 

simultaneously in a process governed by pKa2.  The two pKa values are adjustable parameters in 

Eq. 2.6, as are kpH1 – kpH3, which are the k2app rate constants associated with ccNiR-catalyzed nitrite 

reduction by EH3, EH2 and E, respectively.  The fit is much better if the second deprotonation 

involves two protons rather than one. From the fit with Eq. 2.6, pKa1 and pKa2 were found to be 

7.25 and 6.93, respectively 

 

 

Scheme 2.2. Minimal model to explain the observed pH dependence of ccNiR-catalyzed nitrite reduction to NO by 
TMPD.  Low-pH enzymatic species EH3 loses a single proton (pKa1) to yield the maximally active species EH2, which 
then loses two protons (pKa2) in a concerted step to generate the minimally active high-pH species E.  The fit is much 
better if two protons are involved in step 2. 

 

2.4. Discussion 

The steady-state and stopped-flow results presented herein can be understood in terms of 

the species and steps shown in Scheme 2.3, which are consistent with earlier results from our 

laboratory,2 and for the most part, also consistent with the theoretical studies of Bykov and Neese 

(Section 1.6.2).18-21 At high concentrations of nitrite most of the ccNiR active site will initially be 

in the nitrite-loaded form FeH1
III(NO2

−). Upon addition of the reducing agent TMPD, FeH1
III(NO2

−) 

will be rapidly reduced to FeH1
II(NO2

−), and then more slowly to the 2-electron reduced species 
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{FeH1NO}7, in a pH-dependent step. These are the steps observed in the stopped-flow studies of 

Section 2.3.2. 

 

 

Figure 2.10. The dependence on pH of the rate constants (a) k1app and (b) k2app obtained by fitting the corresponding 
stopped-flow data to Eq. 2.3. For all experiments the initial concentrations of ccNiR, nitrite, TMPD and TMPD+ are 
held constant at 1.2 M, 4 mM, 8 mM and 10 M, respectively.  In Fig. 2.10a the red line represents the average value 
of k1app across the pH range.  The red curve in Fig. 2.10b is the least-squares best fit to Eq. 2.6. 
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Presumably, reduction of FeH1
III(NO2

−) to {FeH1NO}7 proceeds via the transient 

intermediate {FeH1NO}6,18-19 but both theoretical and experimental studies indicate that the species 

doesn’t accumulate to detectable levels. In spectropotentiometric studies, FeH1
III(NO2

−) reduced to 

{FeH1NO}7 in a concerted 2-electron step.2 In theoretical studies, dehydration of nitrite in 

FeH1
II(NO2

−) was identified as the rate-limiting step in reduction of FeH1
III(NO2

−) to {FeH1NO}6, 

after which {FeH1NO}6 reduction to {FeH1NO}7 was found to be highly exergonic, and the 

{FeH1NO}7 state was calculated to be a thermodynamic minimum.19 These results are consistent 

with FeH1
II(NO2

−) rather than {FeH1NO}6 being the intermediate observed by stopped-flow. In their 

2012 paper, Bykov and Neese also predicted that {FeH1NO}7 could be further reduced to 

{FeH1HNO}8 in a nearly thermoneutral CPET step with a 6.5 kcal/mol activation barrier (Step 2, 

Scheme 1.3).19 This step is not included in Scheme 2.3 because we have not yet seen convincing 

evidence for it in our studies; however, the possibility of the step occurring is discussed further in 

below. 

 The steady-state results of Section 2.3.1, and earlier results using ferrocyanide as a 

reductant,1 show that, under weakly reducing conditions, ccNiR is catalyzing very slow reduction 

of nitrite to NO. As a general rule, {FeNO}6 heme species tend to be much more labile than their 

{FeNO}7 counterparts, and we had initially assumed that NO was released exclusively from 

{FeH1NO}6. However, as discussed further in Section 2.4.1 below, the steady-state results indicate 

that {FeH1NO}7 also releases NO, albeit much more slowly than {FeH1NO}6. This pathway is 

therefore also included in Scheme 2.3. 
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2.4.1. Steady-state results 

2.4.1.1. {FeH1NO}7 releases NO·.  Figure 2.4 shows that at low TMPD concentrations the 

steady-state rate of ccNiR-catalyzed reduction of nitrite to NO has linear dependence on [TMPD+], 

but at higher concentrations it stays constant as TMPD+ concentration increases.  At all 

concentrations, plots of V0/[ccNiR] vs [TMPD+] have an intercept of ~10−3 s−1.  These results can 

be explained with the simple model shown in Scheme 2.4.  The model assumes that NO is released 

from both {FeH1NO}6 and {FeH1NO}7 as shown also in Scheme 2.3, and that at steady-state, NO 

release is governed by both the rates of dissociation and by the equilibrium between {FeH1NO}6 

and {FeH1NO}7, which lies far to the right.  Applying steady-state treatment to all species except 

{FeH1NO}7, and making the simplifying assumption that at equilibrium all ccNiR is in the 

{FeH1NO}7 form, gives Eq. 2.7 for the rate of NO (or TMPD+) formation.   

 

           Eq. 2.7 

Based on Eq. 2.7, the intercept in the Fig. 2.4 plots (~10−3 s−1) is k2NO, the constant for 

dissociation of NO from {FeH1NO}7.  The slopes in plots of V0/[ccNiR] vs [TMPD+] will be given 

by the expression in Eq. 2.8.  In Fig. 2.4a, obtained with [TMPD] = 600 M, [NO2
−] = 1 mM and 

varying [TMPD+], the slope was found to be 29 M−1s−1.  In principle, the parameter  

       

      

k1NO/kred could be deconvoluted from kox by doing experiments at varying TMPD concentrations.  

Initial attempts to do this by plotting V0/[ccNiR] vs [TMPD+] at varying [TMPD] concentrations 

Eq. 2.8 
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gave ambiguous results (Fig. 2.4). A better strategy in future may be to do experiments in which 

[TMPD+] is fixed and [TMPD] is varied over a wider range than was practical when varying both 

[TMPD] and [TMPD+]. 

 

 

Scheme 2.3. Proposed reaction mechanism of early-stage nitrite loaded S. oneidensis ccNiR reduction by TMPD. The 
initial enzyme-substrate complex, FeIII

H1(NO2
-), undergoes two-electron reduction to form putative intermediate, 

{FeH1NO}7. At early state when TMPD concentration is low, a quick equilibrium form following one-electron 
reduction from FeIII

H1(NO2
-) to FeII

H1(NO2
-) (red dot box), simultaneously the reduction reaction continue to form 

{FeH1NO}7 (purple dot box). At low TMPD concentration, the equilibrium redirects to initial complex FeIII
H1(NO2

-), 
and {FeH1NO}7 doesn’t accumulate. The second reduction step is proton dependent electron transfer reaction. Here, 
H1 symbolizes the active site (Heme#1), {FeH1NO}7 conveys the Enemark-Feltham notation (details in the main text). 

 

 

Scheme 2.4. Steps that are consistent with the steady-state experiments of Section 2.3.1.1. 
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 Scheme 2.4 assumes that at equilibrium all the ccNiR is in the {FeH1NO}7 form.  

This makes it easy to explain the steady-state results of Fig. 2.4 but is not consistent with the 

stopped-flow results of Fig. 2.9, which show that at steady-state the {FeH1NO}7 concentration 

varies hyperbolically with [TMPD] (Eq. 2.5).  Indeed, according to the Fig. 2.9 results, the 

{FeH1NO}7 concentration should only be ~50% of the total ccNiR at 600 M TMPD.  It’s easy 

enough to adjust Eq. 2.7 using the information obtained in the later stopped-flow experiments, but 

such an adjustment won’t change the general mechanistic interpretation presented above.  

However, accounting for the fraction of ccNiR reduced as a function of [TMPD] present will be 

critical if future investigators attempt to deconvolute k1NO/kred from kox in experiments where 

[TMPD] is varied at fixed [TMPD+], as suggested in the previous paragraph. 

2.4.1.2. Nitrite is a substrate inhibitor of ccNiR-catalyzed reduction of nitrite to NO·.  

Figure 2.5 shows that V0/[ccNiR] decreases hyperbolically as nitrite concentration is increased 

from 50 M to 10 mM. This was a surprise because, in the standard assay where methyl viologen 

monocation radical serves as the electron donor,3 Vo/[ccNiR] increases hyperbolically with nitrite 

concentration with a Km value of 23 ± 4 M. A possible explanation for the discrepancy is that 

different products are released in each case. In the standard assay, where MVred is the electron 

donor, the product is NH4
+ which exits the active site via an exit tunnel different from the entrance 

tunnel used by the anionic nitrite when accessing the active site (Fig. 1.6b).22 By contrast, in the 

present case, the product is neutral NO, which could presumably exit via either the physiological 

exit channel, lined with anionic residues, or the entry channel lined by cationic ones. One or more 

nitrites interacting with the cationic residues lining the entry channel could prevent NO from 

exiting via that path, thus forcing it to use the NH4
+ exit channel exclusively.  The rate constant 

for NO release decreases 4 as nitrite increases, from (2.40.2)10−3 s−1 for kcat(i) to (62)10−4 
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s−1 for kcat(f) (Eq. 2.2). Assuming that the proposed mechanism is correct, this suggests that the 

nitrite entry channel is a significantly more efficient NO exit path than the NH4
+ exit channel. 

 A possible inconsistency with the mechanism proposed in the previous paragraph is that 

Vo/[ccNiR] was found to increase hyperbolically with nitrite concentration in ccNiR-catalyzed 

nitrite reduction to NO when ferrocyanide was used as the electron donor.1  This is in agreement 

with the results seen for ccNiR-catalyzed reduction of nitrite to ammonia by MVred, but opposite 

to those seen for ccNiR catalyzed reduction of nitrite to NO by TMPD. However, although the 

product is the same when ferrocyanide and TMPD are the electron donors, the enzyme species 

distribution is quite different in the two cases and can explain the kinetic differences.  

Ferrocyanide is a much weaker reducing agent than TMPD, so under initial steady-state 

conditions ccNiR is fully oxidized when the latter is the electron donor.  For fully oxidized S. 

oneidensis ccNiR the nitrite dissociation constant is roughly 300 M, which compares favorably 

with the Km value of (4.5  0.9)  10−4 M obtained from a hyperbolic fit of Vo/[ccNiR] vs [NO2
−] 

for ccNiR-catalyzed nitrite reduction by ferrocyanide.1 Therefore, when ferrocyanide is the 

electron donor, the fractional occupancy of the active site by nitrite appears to be a dominant factor 

in determining the catalytic turnover rate. Even if substrate inhibition does take place under these 

conditions, it will be masked by the dependence of Vo/[ccNiR] on active site fractional occupancy 

because the two phenomena evolve in comparable nitrite concentration ranges (~100 M – 500 

M). On the other hand, when the stronger reducing agent TMPD is the electron donor, it can 

promote reduction of the nitrite-loaded active site, which drives up its fractional occupancy 

because both nitrite and NO have much stronger affinity for ferrous heme compared to ferric.23  

This in turn would make fractional occupancy less of a factor in determining the catalytic turnover 

rate, and unmask the effects of substrate inhibition of NO release.   
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2.4.2. Stopped-flow results 

 2.4.2.1. Identification of a new intermediate, FeH1
II(NO2

-).  The stopped-flow results of 

Section 2.3.2.1 clearly show that FeH1
III(NO2

−) reduction by TMPD is biphasic and reveal a 

transient intermediate that had not previously been experimentally detected.  Scheme 2.5 shows a 

minimal mechanism that is consistent with the Section 2.3.2.1 results, with the pH-dependence 

studies of Section 2.3.2.2 (see below), and also with the theoretical calculations of Bykov and 

Neese.18-19  

Based on the Scheme 2.5 mechanism, the transient intermediate that rapidly accumulates 

and then disappears is ascribed to the 1-electron reduced nitrite-loaded active site species 

FeH1
II(NO2

−).  This is consistent with the observed linear dependence of the apparent rate constant 

k1app on [TMPD] (Fig. 2.8a and Eq. 2.4), where the slope is the true forward rate constant k1 

(400±10 M-1s-1) and the intercept is k−1[TMPD+] (0.63± 0.02 s-1 in the presence of 10 M TMPD+), 

in step 1 of Scheme 2.5.  The Scheme 2.5 interpretation is also consistent with the theoretical 

studies of Bykov and Neese, which predict that the rate limiting step in reduction of FeH1
III(NO2

−) 

to {FeH1NO}6 is addition of the second proton to bound nitrite prior to N – O bond cleavage 

(Section 1.6.2.2).18 Theory also predicts that the subsequent reduction of {FeH1NO}6 to {FeH1NO}7 

(Step 3, Scheme 2.5) is highly exergonic,19 so accumulation of this species is not expected.19 

 

Scheme 2.5. Steps that are consistent with the stopped-flow experiments of Section 2.3.2; NO formation is assumed 
to be negligible on this timescale.  The rate constants kred and kox are labeled to be consistent with Scheme 2.4, and 
kpH is labeled to identify the step that is expected to be pH-dependent. 
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Assuming that the intercept of Eq. 2.4 is indeed linearly dependent on [TMPD+], which 

has not yet been confirmed, the value of the true reverse rate constant k−1 is (7±2)104 M−1s−1.  

This yields an equilibrium constant K1 of (6±2)10−3, which translates to an unfavorable standard 

cell potential of −130 mV for the first equilibrium of Scheme 2.5.  From this, and the known 

midpoint potential of TMPD (260 mV vs SHE),7 one can estimate the midpoint potential for 1-

electron reduction of FeH1
III(NO2

−) to FeH1
II(NO2

−) to be ~130 mV vs SHE. 

2.4.2.2. Reduction of FeH1
II(NO2

-) to {FeH1NO}7. Applying the steady-state 

approximation to {FeH1NO}6, and treating the second reduction step from FeH1
II(NO2

−) to 

{FeH1NO}7 (Scheme 2.5, steps 2, 3) independently from the initial reduction of FeH1
III(NO2

−) to 

FeH1
II(NO2

−) (Scheme 2.5, step1), yields Eq. 2.9 as a theoretical interpretation of k2app, the rate 

constant for the second stopped-flow reduction phase. The experiments of Section 2.3.2 show that 

k2app is dependent on both pH and [TMPD] (Figs. 2.8b and 2.10), so rate constants for steps 2 and 

3 from Scheme 2.5 must both appear in the rate law. Furthermore, step 2 must be set as reversible 

to prevent {FeH1NO}6 from accumulating at low [TMPD].  Because k2app depends linearly on 

[TMPD] and not hyperbolically, the relationship (k-pH/kred) >> [TMPD] must hold for all TMPD 

concentrations tested.  This leads to the simplified relationship for k2app in Eq. 2.9 and defines k2, 

the slope of the Fig. 2.8b line, as k2 = (kpH/k-pH)kred. Experimentally, this was measured at 160±6 

M-1s-1 at pH 7 (Section 2.3.2.1). 

 

 

 The least-squares fit of the Fig. 2.10b pH-dependence data to Eq. 2.6 yielded a pKa2 value 

of 6.93 for a deprotonation step that lowers the enzymatic activity at high pH by about 50% from 

Eq. 2.9 
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its high point at pH 6.8.  These results are in agreement with an earlier pH dependence study done 

in our lab, in which ccNiR-catalyzed nitrite reduction to NO by ferrocyanide was monitored by 

capturing the NO product with catalase.1 However, the Fig. 2.10b results showed substantially 

less scatter than the earlier ones, and allowed the data to be confidently fit with two pKa parameters 

and three enzymatic species, each with different catalytic activity (Section 2.3.2.2). Furthermore, 

the deprotonation governed by pKa2 in the current data fit much better to a model involving a 

concerted two-proton loss; the earlier data were too noisy to reach such a conclusion with any 

confidence. 

 In the earlier pH-dependence experiment, the deprotonation with pKa  = 6.9 was attributed 

to His257.1 The apparent involvement of two protons in the pKa2 deprotonation of Fig. 2.10b 

makes assignment to a single amino acid less certain in the current study. A more conservative 

interpretation is that His257 modulates the pKa values of one or more of the waters that form a 

complex hydrogen bonding network in the active site,2, 22-24 and that pKa2 is associated with these 

waters and His253. This interpretation treats pKa2 as an empirical parameter more reflective of the 

broad active site environment than of a single amino acid.  

 As a final note, in the earlier study, the high-pH species was modeled as being catalytically 

inactive,1 whereas the Fig. 2.10 fit shows the high pH species to have about 20% of the most active 

species’ activity (kpH2 = 2.4 s−1, kpH3 = 0.54 s−1 in Eq. 2.6).  This may be due to the fact that the 

weaker reductant ferrocyanide was used in the earlier study, or it may be that the earlier study’s 

large scatter made it difficult to determine the high pH species’ activity with any precision. 

 The linear least-squares fit of the Fig. 2.8b data (k2app vs [TMPD]) yields a zero intercept, 

indicating that the rate constant for any reverse reaction is too small to be detected from the fit.  
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However, an equilibrium constant for the second stopped-flow reduction phase can be extracted 

from the hyperbolic dependence of final {FeH1NO}7 concentration on [TMPD] (Fig. 2.9). The 

hyperbolic least-squares fit yielded a value of K2
−1 = (5.5±0.8)10−4 M (Eq. 2.5, Section 2.3.2.1). 

From this value, one can extract an estimate of the reverse rate constant. Derivation of a theoretical 

rate law for the reverse reaction in the second stopped-flow reduction phase yields Eq. 2.10 for the 

putative observed rate constant k−2app. The equation simplifies to linear form for  

          

            

the same reason that Eq. 2.9 does; if (k-pH/kred) >> [TMPD] in Eq. 2.9, the relationship must also 

hold in Eq. 2.10.  Combining Eq. 2.10 and the definition of k2 obtained from Eq. 2.9 yields Eq. 

2.11 as the theoretical definition of K2
−1.  Equation 2.11 can then be used to obtain a value of 

                Eq. 2.11 

(9±2)10−2 s−1 for kox[TMPD+] from the experimental values of k2 and K2
−1 obtained from the fits 

of the Fig. 2.8b and 2.9 data, respectively. Note that this value is also the theoretically predicted 

intercept for the Fig. 2.8b linear fit. Though the kox[TMPD+] value calculated from Eq. 2.11 has a 

large uncertainty, it is clearly non-zero, in contrast to the intercept seen in the Fig. 2.8b linear fit. 

 There are several possible reasons for the discrepancy between the k−2app value obtained 

from the linear fit of Fig. 2.8b, zero, and that obtained from the hyperbolic fit of Fig. 2.9, 

(9±2)10−2 s−1. Most probably, the discrepancy arises from a breakdown of the approximation 

made in the analysis of Figs. 2.8 and 2.9 that the first and second stopped-flow reduction steps are 

uncoupled from each other. This is convenient for preliminary analysis of the equilibria involved, 

Eq. 2.10 

 



   

 

96 
 

but the approximation is very rough. Indeed, the raw data were fit to Eq. 2.3, which does couple 

the first and second steps; the uncoupling strategy was used only in the replot analyses of the 

parameters obtained from the Eq. 2.3 fits. A future analysis that doesn’t uncouple the first and 

second reduction steps may resolve the observed discrepancy. Such an analysis will be much easier 

to do now that the kinetic parameter values are at least approximately known. 

 The rate laws used to analyze the Fig. 2.8 and 2.9 data also neglected NO dissociation, and 

this too could contribute to the observed discrepancy in k−2app values obtained by the different 

methods, though the contributions are likely to be minor. At the highest TMPD+ and lowest TMPD 

concentrations studied, the apparent rate constants for NO dissociation were in the range of 210−3 

s−1 (Fig. 2.4a), which is an order of magnitude below the smallest k2app values obtained by stopped-

flow (0.03 s−1 when [TMPD] = 40 M, [TMPD+] = 10 M, Fig. 2.8b). As TMPD concentrations 

are lowered while maintaining [TMPD+] fixed, the apparent rate constant for NO dissociation 

should increase (Eq. 2.8). Future studies of this type will help clarify the effect of NO dissociation 

on the stopped-flow kinetics. 

2.4.3. Summary 

 The stopped-flow results presented in this chapter revealed for the first time that reduction 

of nitrite-loaded ccNiR by the weak reductant TMPD generates a transient intermediate, assigned 

as the 1-electron reduced species FeH1
II(NO2

−). Generation of this species is pH-independent (Fig. 

2.10a), whereas its decay to the previously characterized2 2-electron reduced intermediate 

{FeH1NO}7 is fastest at pH 6.8, and significantly slower at higher pH (Fig. 2.10b). This is good 

evidence that the transient intermediate is indeed FeH1
II(NO2

−) and not {FeH1NO}6; cleavage of the 

nitrite N – O bond is presumably the pH-dependent rate limiting step in the 1-electron reduction 
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of FeH1
II(NO2

−) to {FeH1NO}7 (Scheme 2.5), as predicted by computational analysis.18-19 Future 

experiment are planned by the Pacheco group that will further characterize the FeH1
II(NO2

−) and 

{FeH1NO}7 species, putative catalytic intermediates in the ccNiR-catalyzed reduction of nitrite to 

ammonia, using spectroscopic techniques such as EPR and Mossbauer, and also time-resolved X-

ray crystallography. The latter technique promises to shed light on the active site residues and 

waters that give rise to the pH-dependence seen in Fig. 2.10b. 

 Steady-state analysis of the ccNiR-catalyzed reduction of nitrite to NO by TMPD showed 

that the rate is directly proportional to the concentration of TMPD+ at low TMPD concentrations 

(Fig. 2.4a). This provides good evidence that the primary mechanism of NO release is via the 

more labile {FeH1NO}6 moiety (Scheme 2.4). However, a small amount of NO release is observed 

even in the absence of TMPD+, and at high concentrations of TMPD, where oxidation of 

{FeH1NO}7 to {FeH1NO}6 can’t occur. This shows that {FeH1NO}7 must release NO as well, albeit 

very slowly. The steady-state studies also showed that nitrite is a substrate inhibitor of NO release 

when TMPD is the electron source (Fig. 2.5), probably because it blocks facile egress of the NO 

via the nitrite entry channel (Section 2.4.1.2). On the whole, ccNiR appears to be optimized to 

capture nitrite and minimize release of free NO.  Capture is achieved by reducing bound nitrite 

with even weak electron donors such as ferrocyanide and TMPD, and NO release is minimized 

by stabilizing the comparatively substitutionally inert {FeH1NO}7 over the more labile {FeH1NO}7.  

Future experiments are planned that will quantify the dependence of NO release on [TMPD] at 

fixed [TMPD+] concentrations.  Such experiments could deconvolute the parameters k1NO/kred and 

kox (Eq. 2.8 and Scheme 2.4), which in turn could aid in a more rigorous analysis of the Section 

2.3.2 stopped-flow results. 
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Chapter 3 

 Expression, purification, and electrochemical characterization of 

the H257Q ccNiR variant  

3.1. Overview 

Shewanella oneidensis cytochrome c nitrite reductase (ccNiR), like other bacterial ccNiRs, 

contains three conserved active site amino acids, R103, Y206, and H257. These active site 

residues, along with a nearby Ca2+ ion, form a finely-tuned acidic environment for the negatively 

charged nitrite substrate. CcNiR crystal structures that contain nitrite or hydroxylamine bound at 

the active site clearly showed that the three conserved residues play crucial roles in correctly 

orienting the substrate for reduction events.1 Furthermore, as summarized in Section 1.6.2 of the 

introduction, a series of computational studies suggest that the residues, particularly H257, are 

important in coupled proton-electron transfer steps during catalysis.2-5 This chapter describes the 

expression, purification, and spectropotentiometric characterization of the H257Q variant of S. 

oneidensis ccNiR. The expression and purification of four S. oneidensis ccNiR variants, H257Q, 

R103Q, R103K, and Y206F, were carried out in collaboration with fellow Pacheco graduate 

student Steven Reinhardt.  Chapter 4 describes kinetic experiments with H257Q and compares the 

variant’s kinetic behavior to that of R103Q and Y206F, which are currently being investigated by 

Mr. Reinhardt and another Pacheco group graduate student, Shahama Alam. 
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3.2. Materials and Methods 

3.2.1. General instrumentation and reagents 

All reagents were of high bio-grade purity and purchased from Thermo-Fisher, Dot 

Scientific, or MP Biomedicals unless mentioned specifically. Routine UV−vis spectroscopy was 

performed using a CARY Bio 50 UV/Vis spectrophotometer.  

3.2.2. Overexpression of the S. oneidensis H257Q ccNiR variant  

3.2.2.1. Constructing active site variants of the ccNiR gene. The active site variants 

H257Q, Y206F, R103K, and R103Q were prepared in collaboration with Steven Reinhardt from 

our laboratory.  All four variants were prepared from the same His-tagged variant with wild type 

active site, kindly provided by Mr. Reinhardt.  As with previous ccNiR genes used in our 

laboratories, the ccNiR N-terminal signal sequence for periplasmic translocation in the parent 

variant was replaced by the signal sequence for S. oneidensis small tetraheme c,6-7 which leads to 

improved ccNiR expression.8 In addition, the modified parent gene also contained a TEV protease 

cleavage site (Glu-Asn-Leu-Tyr-Phe-Gln-Ser) and 10 histidine codons at the C-terminal.  

 The H257Q active site variant was prepared from the His-tagged parent variant as follows. 

The polymerase chain reaction (PCR) was performed using NEB Phusion High Fidelity DNA 

polymerase and the two sets of primers, forward: CTTAAAGCACAGCAACCTGAATACGAG, 

reverse: CATTGGGGTCTTACTAAGGGCATGG. These primers contained a 5´-phosphate to 

allow blunt-end ligation. The size of the PCR product was tested by running ethidium bromide 

(EtBr) containing 1% agarose gel electrophoresis (120 V, 60 min) and comparing it to a 

commercially available NEB Quick Load Purple 1 kb DNA ladder under UV light. A 4.2 kb band 

on the gel confirmed that the ccNiR-containing plasmid amplified correctly by PCR (Fig. A2.1). 
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The band containing the right sized plasmid was cut out with a sharp knife and cleaned using a gel 

cleaning kit (Qiagen) to obtain linear plasmid (30 μL according to the manufacturer’s protocol). 

The instant sticky-end ligase master mix (5 μL, New England Biolabs) was used to ligate the linear 

plasmids (5 μL) and make them circular. The circular plasmid was then transformed into 

chemically competent NEB5-α cells (New England Biolabs) following the manufacturer’s 

protocol. The transformation was confirmed by inoculating the bacterial culture overnight on LB 

and kanamycin (50 μg/mL) containing petri dishes at 37 °C. The bacterial colonies grown on the 

plate confirmed the positive transformation of plasmid DNA into the NEB 5-α cells. A few single 

colonies were picked and grown separately in mini culture (5 mL LB with 50 μg/mL kanamycin) 

to isolate the plasmid. This plasmid was used as a template for PCR using sequencing primers. 

The PCR products of the right size were again confirmed by gel electrophoresis, and after cleaning 

with the PCR clean-up kit (Qiagen), a sample of the PCR product was sent to the University of 

Chicago Comprehensive Cancer Center for sequencing. The newly sequenced plasmid was 

compared to the one containing wild type ccNiR by using ApE software (a free software suite for 

plasmid editing) to confirm the presence of the H257Q mutation.  

3.2.2.2. Transformation of the mutant plasmid into S. oneidensis TSP-C cells. The 

plasmid containing the H257Q ccNiR gene was transferred to the TSP-C strain of S. oneidensis by 

electroporation. The TSP-C strain has a rifampicin resistance gene. TSP-C cells were grown 

overnight (~16 hours) at 30 °C with 30 μg/mL rifampicin. Approximately 2 mL of overnight 

culture were spun at 4300 × g to obtain a cell pellet, washed with 500 μL 1 M sorbitol, decanted, 

and then resuspended in 80 μL 1M sorbitol. A 20 μL aliquot of mutant ccNiR plasmid was added 

to the resuspended cells, which were then electroporated at 1500 V, mixed with 800 μL of SOC 

growth medium, and incubated at 30 °C for 1-2 hours at 200 rpm in an incubator shaker. The newly 



   

 

105 
 

transformed cells were incubated overnight at 30 °C on a plate containing LB, kanamycin (50 

μg/mL), and rifampicin (30 μg/mL).  Only positively transformed bacteria grew on this plate, and 

they appeared as pink colonies. To doubly confirm the result, colony PCR was also performed, 

and the PCR products were loaded onto an EtBr-containing agarose gel. The presence of a new 

1.5 kb band on the gel confirmed the presence of the bacterial plasmid that contained the variant 

(Fig. A2.2). After this confirmation, the bacterial colony from the petri dish was further cultured 

and then stored at –80 °C in 10% glycerol for future experiments. 

3.2.3. Large scale purification of ccNiR active site variants from  S. oneidensis TSP-C cells 

3.2.3.1. Culture preparation and harvesting. A petri dish containing autoclaved LB 

agarose, and the antibiotics kanamycin (Kan, 50 μg/mL), and rifampicin (Rif, 30 μg/mL) was 

inoculated with S. oneidensis TSP-C cells containing the H257QccNiR gene and incubated 

overnight at 30°C. A single bacterial colony from the petri dish was suspended into 5mL LB (20 

mg/mL), Kan (50 μg/mL), Rif (30 μg/mL) solution and was incubated for 10-11 hours in an 

incubator shaker at 200 rpm and 30 °C. After that period, 1 mL of bacterial culture was transferred 

into 1 L of the same medium, which was then incubated for 16 hours under the same conditions as 

in the first step. In a final step, 1 L of bacterial cell culture was transferred into a 50L carboy that 

already contained 45 L LB, Kan (50 μg/mL), Rif (30 μg/mL) thermostatted at 30 °C in a constant 

temperature water bath.  The culture was incubated for 16 - 18 hours at 30 °C while being 

continually sparged with compressed air, which served to agitate the culture suspension and to 

keep it aerated until late in the growth process when high bacterial density consumed oxygen faster 

than it could be replenished.  The cells were harvested from the 45 L cell culture by centrifuging 

aliquots in 1 L bottles for 10 minutes at 5,800 × g. The pooled cell pellets were resuspended using 

20 mM tris buffer, pH = 8.1 (final volume ~500 mL), and either PMSF (0.1 - 1 mM) or AEBSF 
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(0.1 - 1.0 mM) was immediately added as a protease inhibitor.  The resuspended pooled cell pellet 

was frozen and stored at −80 °C in a stainless steel beaker until needed. 

3.2.3.2. Purification of H257Q ccNiR from S. oneidensis TSP-C cells. Concentrated 

suspensions of cells containing the H257Q ccNiR variant were lysed by sonication in an ice-cooled 

stainless steel beaker, using cycles of 30 s ultrasonic bursts at 70% amplitude followed by 45 s 

pauses, repeated for 10 minutes. The suspension was then centrifuged at 41,500 × g for 60 minutes 

to remove cell debris, and the clarified supernatant was separated and loaded into an affinity 

column (GE Healthcare HisTrap FF, 20 mL).  This column was pre-equilibrated with a buffer 

(Buffer A) that contained 40 mM Imidazole, 20 mM tris base, and 500 mM NaCl, adjusted to pH 

= 8.1. Determination of the optimal imidazole concentration in this buffer is described in A2.2, 

Fig. A2.3. The column was deemed to be equilibrated when the UV reading at 280 nm of the 

column flow-through was constant.  After the clarified cell extract had been loaded, the column 

was washed with 5-10 column volumes of Buffer A until the UV reading at 280 nm of the column 

flow-through was once again constant.  The his-tagged H257Q variant was eluted by mixing Buffer 

A with 80% of a pH 7.0 buffer containing 500 mM Imidazole, 20 mM HEPES, and 500 mM NaCl 

(Buffer B). All fractions for which the A280 deviated significantly from the baseline were pooled 

and immediately transferred to Snake-Skin dialysis tubes (9 mL /1 cm, ThermoFisher) for roughly 

4 hours of dialysis at 4 °C in a low salt buffer reservoir (20 mM HEPES, 500 mM NaCl, pH = 7.0; 

Buffer C). The His-tag was removed by incubating the protein with tobacco etch virus (TEV) 

protease (purification protocol: A.2.1). TEV protease was added to the dialysis tube containing the 

H257Q variant according to the rule of thumb protocol of adding 1.0 O.D TEV protease to 10 O.D 

mutant ccNiR (TEV protease purification discussed in A2.3 and Fig A2.4). The dialysis tube was 

then transferred into another buffer reservoir (50 mM Tris, 100 mM NaCl, 1 mM DTT, 250 μM 



   

 

107 
 

EDTA, pH = 8.0; Buffer D) which was an optimum buffer for TEV protease activity. The digestion 

of His-tag by TEV protease was continued overnight at 4 °C. The digested protein solution was 

centrifuged at 41,500 × g for 10 min and the supernatant was collected. A small HisTrap FF column 

(5 mL, GE Healthcare) was equilibrated with a buffer containing 25 mM tris, 300 mM NaCl, pH 

= 8.0 (Buffer E), after which the clarified protein solution was loaded onto it. This column captured 

undigested H257Q ccNiR and the TEV protease, which is also His-tagged, but allowed the H257Q 

ccNiR from which the His-tag had been successfully cleaved to pass through. The buffer from the 

flow-through was exchanged for a buffer containing 50 mM HEPES, 150 mM NaCl, pH = 7.0 

(Buffer F), and then concentrated using centrifugal concentrators (Amicon) spun at 4,000 g for 10 

min intervals. Size exclusion chromatography (SEC, Sephacryl-S200, GE Healthcare) was used as 

the final step of purification. The SEC column (320 mL) was equilibrated with Buffer F and then 

loaded with a concentrated H257QccNiR sample (not more than 2.5 mL). Two distinct UV280 

peaks were observed in the chromatograph. The second of these displayed a UV/Vis ratio A409/A280  

>  3.8, and was confirmed to be the pure H257Q ccNiR by SDS-PAGE (Fig. A2.5). The pure 

protein’s buffer was exchanged for 50 mM HEPES at pH = 7.0, after which the solution was 

concentrated using centrifugal concentrators and stored at –80 °C. 

 

3.2.4. UV/Visible spectropotentiometric titrations of H257Q ccNiR  

The H257QccNiR extinction coefficient spectrum was obtained in the wavelength range 

from 250 nm – 800 nm (Fig. 3.1) from the UV/Vis spectrum of a solution whose concentration 

had been established using the pyridine hemochromagen assay.9 UV/Vis spectropotentiometry 

experiments were performed using a BASi Epsilon EC potentiostat to set the potential, and a 

CARY Bio 50 UV/Vis spectrophotometer to record the spectrum at each applied potential.  
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The apparatus was housed in an anaerobic glove box. An Ag/AgCl electrode (BASi, model 

RE-5B) was used as a reference. The electrode was checked prior to collection of the 

spectropotentiometric data sets by using it to obtain cyclic voltammograms of methyl viologen, 

whose midpoint potential is known to be − 0.449 V vs SHE.10 An optically transparent thin-layer 

electrode (OTTLE) cell, of design previously used in our laboratory,8 was used to do controlled 

potentiometric electrolysis on the H257Q variant. For the experiment, a solution containing 

H257Q ccNiR (70-90 μM protomer), the redox mediators listed in Table 3.1, 300 mM NaCl, and 

5 mM nitrite, in a 50 mM HEPES buffer, pH 7.0, was loaded into the OTTLE cell. UV/visible 

 

Figure 3.1. The extinction coefficient comparison of H257QccNiR (blue line) and wtccNiR (red line). Arrow 
(green) shows the location of the LMCT band that is present in the variant, but not the wild type spectrum, 
enlarged in inset (see main text for details).  
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spectra in the range 360 nm − 620 nm were collected at 10 mV intervals between −40 mV and 

+200 mV vs SHE. The data sets were analyzed using programs written within the commercially 

available software package Mathcad 15 (PTC Software). Data analysis broadly followed the 

methodology used previously by this group,8 with specifics described more fully in the Results 

section below. 

 

Table 3.1. Mediators used for spectropotentiometric experiments 

 

 

 

3.3. Results 

3.3.1. UV/Vis spectrum of the H257Q ccNiR 

Figure 3.1 shows the UV/Vis extinction coefficient spectrum of the H257Q ccNiR variant 

in comparison to the wild type spectrum. There are significant differences between the two spectra. 

Most notably, the Soret (409 nm) and 530 nm absorbance maxima are substantially weaker in the 

variant than in the wild type.  On the other hand, just as in the E. coli homologs, the H257Q variant 

displays a band at 660 nm that the wild type does not (green arrow, Fig. 3.1).11 Weak bands above 

620 nm in c-hemes are assigned as ligand-to-metal charge transfer (LMCT) bands, which are seen 

in high-spin, but not low-spin hemes.12  The position of these bands is sensitive to the heme 

coordination environment.  In the case of E. coli ccNiR, the LMCT band was found at 630 nm in 

the wild type, and 660 nm in the His variant. This was ascribed to the fact that the wild type resting 

enzyme has water in the distal site, whereas the His variant is 5-coordinate.11 The presence of the 

660 nm band in the H257Q S. oneidensis variant suggests that it too has a vacant distal site in the 

Mediator ε0.5 (V vs SHE) Concentration (μM) 
1,2-naphthoquinone-4-sulfonic acid + 0.168 100 
Phenazine methosulfate + 0.08 25 
Hexaammineruthenium (III) chloride - 0.02 100 
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absence of substrate.  The result demonstrates how strongly disrupted the active site’s delicate 

hydrogen bonding network is in the variant. 

3.3.2. Effect of nitrite on the electrochemical properties of S. oneidensis H257Q ccNiR 

Figure 3.2a shows the UV/Vis spectral changes observed in the range from 360 nm to 620 

nm, upon decreasing the applied potential from 200 mV to -40 mV (vs SHE), in a solution initially 

containing 89 μM H257QccNiR, 5 mM nitrite, the mediators listed in Table 3.1, and 300 mM 

NaCl, in a 50 mM pH 7.0 HEPES buffer. The difference spectra show maximal absorbance 

increases at 375 nm and decreases at 409 nm.  These spectral changes are unlike those seen for 

wild type ccNiR reduction in either the presence or absence of nitrite.13-14 In the presence of nitrite, 

wtccNiR displays maximal absorbance increases at 424 nm and 555 nm, and a maximal decrease 

at 402 nm.  

 

 

 

 

Scheme 3.1. Nernst equation used to fit the Fig. 3.1 data. Cox and Cred refer to fully oxidized ccNiR and reduced ccNiR 
by n number electron, respectively.  

 

The Fig. 3.2a spectra were fit with a single Nernstian equation (Scheme 3.1). In the 

equation, ΔAλ,εapp is the absorbance change observed at wavelength λ upon application of potential 

εapp, εm
o is the midpoint potential associated with the reduction event, ΔAmax(λ) is the limiting 

absorbance change at wavelength λ observed at sufficiently low applied potentials, and n is the 
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number of electrons transferred in the Nernstian step. Functionally, εapp and ΔAλ,εapp are the 

independent and dependent variables, respectively, while εm
o and ΔA(max)λ are parameters obtained 

by nonlinear least-squares fitting of the Fig. 3.1 data set. The fitting process was performed twice, 

once with n fixed at 1 and the second time with n fixed at 2.  In both cases, the midpoint potential 

was calculated as +87 mV from the least-squares fit.  

Figure 3.2b shows an absorbance vs applied potential slice taken at 409 nm from the Fig. 

3.2a spectra. The blue circles show the experimental data taken at 10 mV intervals, the solid red 

line is the least squares fit to the Scheme 3.1 equation obtained with n set to 1, while the dotted 

green line shows the fit with n set to 2.  Though the data show a fair bit of scattering, the fit obtained 

with n set to 1 is clearly better than the one obtained with n set to 2. 

3.4. Discussion 

The spectroscopic and electrochemical behavior of the H257Q ccNiR variant upon 

reduction in the presence of nitrite differs substantially from that of the wild type enzyme. The 

Fig. 3.2a difference spectra show maximal absorbance increases at 375 nm and decreases at 409 

nm.  By contrast, reduction of wild type ccNiR results in maximal absorbance increases at 424 nm 

and decreases at 402 nm,13,14 which is a more typical change upon low-spin c-heme reduction.15-16 

Notably, the characteristically sharp , bands at ~525 nm and ~550 nm that typically accompany 

low-spin c-heme reduction are absent in both Fig. 3.2a and in the difference spectra that 

accompany reduction of the nitrite-loaded wild type ccNiR. Figure 3.2a. instead displays a broad 

band with a maximum at ~570 nm, while a broad band grows in at 555 nm in the case of the wild 

type.13  

The electrochemical behavior of H257Q ccNiR is also notably different from that of the 

wild type.  While nitrite-loaded wild type ccNiR was reduced in a concerted 2-electron step to give 
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a {FeH1NO}7 moiety,13, 17 the UV/Vis spectropotentiometric results for the variant were clearly 

more consistent with a 1-electron reduction of the nitrite-loaded heme#1 center (Fig. 3.2b).  The 

midpoint potential for nitrite-loaded H257Q ccNiR reduction was lower than that of the wild type, 

+87 mV compared to +240 mV vs SHE, but still significantly higher than the midpoint potential 

for wild type heme#1 reduction in the absence of nitrite. Without nitrite, wild type S. oneidensis 

ccNiR heme#1 has midpoint potentials of +20 mV vs SHE in the presence of the strong-field ligand 

cyanide, and −50 mV vs SHE when no strong-field ligand is present.14  

Scheme 3.2 summarizes the species that could potentially be generated as the nitrite-loaded 

ccNiR active site is reduced under mild conditions.  For the wild type, UV/Vis 

spectropotentiometric studies18 showed that nitrite-loaded ferric ccNiR, [FeH1
III(NO2

−)], was 

reduced directly to {FeH1NO}7, without accumulation of any 1-electron reduced intermediates.  

However, the stopped-flow studies of Chapter 2 showed that [FeH1
II(NO2

−)] does accumulate 

transiently in experiments with high concentrations of the reductant TMPD, then after a rate-

limiting pH-dependent dehydration of the bound nitrite, is further reduced to the {FeH1NO}7.  The 

putative intermediate {FeH1NO}6 is not detected.  Fig. 3.2 shows that the H257Q variant is reduced 

by one, not two electrons, in UV/Vis spectropotentiometric experiments. However, the spectrum 

of the 1-electron reduced species does not match that of the [FeH1
II(NO2

−)] transient seen for the 

wild type in the stopped-flow experiments (Fig. 2.6, 2.7). 
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Figure 3.2.(a) UV/Vis spectral changes obtained upon exposing a solution initially containing 89 M of fully oxidized 

H257QccNiR, 100 M 1,2-naphthoquinone-4-sulfonic acid, 5 mM nitrite to progressively lower potentials.  Solid 
blue lines show the experimentally obtained data, whereas the dashed red lines were calculated from least-squares 
fitting with a Nernstian 1-electron reduction and one spectral component (Scheme 3.1).  The fit yields a midpoint 
potential of m

o = +0.087 V vs SHE (b) Blue circles: an absorbance difference vs. applied potential slice taken at 409 
nm from the spectra of part (a); solid red line: least-squares best fit obtained from a global analysis of the data with n 
fixed at 1 electron transferred in the Nernstian equation (Eq 3.1); dotted green line: same as the red line, but with n 

fixed at 2 electrons transferred in the Nernstian equation. 
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An alternative possibility is that the 1-electron reduced species in Fig. 3.2 is an {FeH1NO}6 

moiety. However, such species tend to be labile, readily losing NO· and leaving behind a vacant 

FeIII site that would subsequently re-bind nitrite.  If that were the case, the H257Q ccNiR variant 

should be more effective than the wild type at catalyzing the 1-electron reduction of nitrite to NO., 

yet the variant showed no such activity (Chapter 4).  Another possibility is that, in the variant, 

nitrite binds the ferric site as a nitrito species (Chapter 1, Fig. 1.12), as has been proposed by 

Lockwood et al.11 Distinguishing between these and other possibilities will require further 

experiments, such as EPR, Mossbauer or X-ray crystallography.  However, the experiments 

described herein make some things clear.  First, loss of H257 does not prevent the nitrite-loaded 

active site from reducing at a potential that is still substantially higher than the midpoint potential 

of the nitrite-free active site.  It does, however, change the reduction product from a 2-electron to 

a 1-electron reduced moiety, which unlike typical {FeNO}6 species,19-20 does not appear to release 

 

Scheme 3.2. The combined proposed mechanism is based on the 1 electron and two electrons reduction of H257QccNiR 
and wtccNiR, respectively. Previously reported by our group that under weak reducing agent nitrite reduction by 
wtccNiR release NO. Here, FeH1 denotes the active site heme center in various states of oxidation and ligation.  
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NO·. Judging from the UV/Vis differences seen between the wild type and H257Q variant (Fig. 

3.1, Section 3.3.1), the change in redox behavior is almost certainly due to the disruption in the 

active site’s hydrogen bonding network.  
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Chapter 4 

A Mechanistic Study of CcNiR Catalyzed Reduction of Nitrite and 

Hydroxylamine: Determine the Primary Roles of Active Site Amino 

Acids by Steady-state Kinetics Experiments 

 

4.1. Overview 

Nitrite is considered to be the physiological substrate for ccNiR (Fig. 4.1), and in the 

standard assay with methyl viologen monocation radical (MVred) as electron donor, it is reduced 

to ammonium in a six electron, eight proton process that releases no intermediates (Scheme 4.1.a). 

To complete the reaction, two nitrogen-oxygen bonds need to be cleaved and two oxygens need to 

be replaced by four protons. Though no intermediates have ever been detected in the standard 

assay, hydroxylamine is believed to be transiently generated because it is an alternative substrate 

for ccNiR in the assay (Scheme 4.1b).1 Furthermore, for the W. succinogenes enzyme, a crystal 

structure of ccNiR with hydroxylamine bound to the active site was reported.2 

As mentioned in Chapter 3, four S. oneidensis ccNiR variants, H257Q, R103Q, R103K, 

and Y206F have been prepared in collaboration with fellow Pacheco graduate student Steven 

Reinhardt to assess the roles that these active site amino acids play in proton delivery.  In this 

chapter, the primary roles of R103 and H257 are examined by subjecting the variants R103Q and 

H257Q to the standard assay in which MVred is the electron donor. The values of kcat and Km were 

determined for both the nitrite and hydroxylamine substrates and compared to those of the wild 

type enzyme.  
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Figure 4.1. Inner membrane electron transport Cytoplasmic membrane protein A (CymA) acts as a physiological 
electron donating partner to various proteins (ccNiR, FccA, and MtrA) in S. oneidensis (γ-proteobacterium). CymA 
acts as electron branching point and supplies electrons to ccNiR which reduces nitrite to ammonium, FccA which 
reduces fumarate to succinate and MtrA which ultimately reduces extracellular metal oxides. IM: Inner membrane, 
OM: Outer membrane. 

 

 

 

Scheme 4.1. Methyl viologen accepts an electron to produce MVred (MV+•), a powerful reductant. The re-oxidation of 
MVred provides electrons to the ccNiR to reduce to reduce substrates, (a) nitrite, and (b) hydroxylamine. The nitrite 
reduction requires six electrons and eight protons, the hydroxylamine one two electrons and three protons. 
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4.2. Materials and Methods 

4.2.1. General materials  

Sodium nitrite, hydroxylamine hydrochloride, potassium ferrocyanide (II) trihydrate, Tris-

HCl (99% extra pure), and BisTris (ultra-pure) were purchased from Acros Organics; Ammonium 

sulfate (AS), EDTA and HEPES free acid and sodium salt were obtained from fisher scientific, 

Argon (high purity grade) from Airgas. Wild type S. oneidensis ccNiR and mutant ccNiRs were 

purified as described in Chapter 2.2 and Chapter 3.2 respectively.  

4.2.2. General instrumentation  

Cary 50 (Varian) spectrophotometers were used to record the UV/vis spectral data. Two of 

these spectrophotometers are housed in gloveboxes. Two gloveboxes (MBraun and Innovative 

Technology) were used to maintain anaerobic conditions while recording UV/vis spectra or doing 

controlled potential electrolysis. The gloveboxes are filled with high purity nitrogen (Airgas, 99.99 

% pure), which is continually circulated through an oxygen scrubber to maintain an oxygen level 

of less than 2 ppm. The glovebox scrubbers were regenerated with 5% or 7% Hydrogen (Airgas) 

at least once a month, or whenever the oxygen level rose above 2 ppm. BASi Epsilon EC 

potentiostats were used to measure spectropotentiometric data and to reduce required reagents at 

the appropriate potentials. An Ag/AgCl electrode (BASi model RE-5B) was used as the reference, 

and routinely calibrated against the methyl viologen midpoint potential as described in Section 

3.2.4. The pyridine hemochromagen assay3 was used to obtain extinction coefficient spectra for 

all ccNiR variants, as described in Section 2.2.4. 
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4.2.3. Steady-state kinetics of ccNiR-catalyzed nitrite and hydroxylamine reduction by 

methyl viologen monocation radical 

Kinetic experiments were carried out in one of the two gloveboxes; buffers were degassed 

by purging them with argon on a Schlenk line prior to being brought into the gloveboxes. The 

ability of wild type ccNiR and its variants to catalyze nitrite and hydroxylamine reduction by MVred 

was measured at varying substrate concentrations to obtain the standard kinetic parameters, kcat, 

Km (Eqs. 4.2, 4.3).4-5 The MVred (εm° = − 0.449 V vs SHE) was generated by applying a −700 mV 

vs SHE potential to the oxidized moiety. A large set of steady-state reactions was observed after 

mixing 100 M MVred, and varying substrate concentration (nitrite ≈ 2 M – 3 mM or 

hydroxylamine ≈ 0.5 – 250 mM) at pH = 7.0. All the reactions were performed in two sets, one in 

the presence of enzyme (wtccNiR ≈ 100 pM, H257QccNiR ≈ 100 nM, R103QccNiR ≈ 100 nM) 

and one without enzyme (blank reaction). MVred reacts with nitrite and hydroxylamine even in the 

the absence of ccNiR; the uncatalyzed contribution was measured in the blank experiments, and 

subtracted. MVred oxidation was monitored by UV/Vis spectroscopy in the range from 500 nm-

700 nm; spectra were collected at 15 s intervals for 3 – 5  minutes. MVred exists as a mixture of 

monomer and dimer in proportions that vary with total MVred concentration, and monitoring the 

500 nm-700 nm visible range allowed the contributions from each species to be distinguished. In 

the kinetic experiments, the rate of change in total MVred is reported, where (MVred)tot = 

MVred+2(MVred)2.  

Nitrite-dependence studies were carried out in 50 mM HEPES for the pH 7 experiments, 

and in 50 mM Tris for the pH 8 experiments. The Km value for ccNiR-catalyzed reduction of 

hydroxylamine by MVred is in the mM range, and at such high concentrations the hydroxylamine 

(pKa 6.03) becomes part of the buffer system. Therefore, for hydroxylamine reduction 
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experiments, solutions were prepared by a method first developed by Youngblut et al,5 and 

illustrated in Fig. 4.2. Aliquots of hydroxylamine hydrochloride and NaHEPES stock solutions 

were mixed in 1:1.2 mole ratios to give final solutions containing the desired hydroxylamine 

concentration. Varying amounts of sodium chloride were also added to the solutions to maintain 

the ionic strength constant at 0.3 M. As seen in Fig. 4.2, the pHs of solutions prepared in this way 

were close to 7.0 for a wide range of hydroxylamine concentrations.  

 

 

Figure 4.2. Determining the ratio of hydroxylamine hydrochloride (blue) and Na-HEPES (green) needed to maintain 
the pH constant at 7.0 in the reaction media. The left-hand y-axis scale shows the concentrations of hydroxylamine 
hydrochloride and Na-HEPES, and the right-hand y-axis shows the corresponding pH (red).  

 



   

 

123 
 

4.4. Results 

4.4.1. WtccNiR-catalyzed nitrite reduction by methyl viologen monocation radical at varying 

pH 

 Figures 4.3 and 4.4 show how the initial rates of wtccNiR-catalyzed nitrite reduction by 

MVred varied with nitrite concentration at pH 7 and pH 8, respectively.  In both cases the 

experimental data were fit with the Michaelis-Menten equation (Eqs. 4.2 and 4.3).  The value of 

Km was found to be essentially invariant with pH, (2.6 ± 0.3)  10-5 M at pH 7 and (2.0 ± 0.4)  

10-5 M at pH 8, while the value of kcat decreased modestly from 4700 ± 90 s-1 at pH 7 to 3250 ± 

100 s-1 at pH 8. 

 

 

Figure 4.3. WtccNiR-catalyzed reduction of nitrite by MVred at varying nitrite concentrations. Blue circles are the 
experimentally obtained values at each nitrite concentration, while the red curve is the least-squares fit of the data to 
the rectangular hyperbola Eq 4.2, 4.3, 4.4.  This set of experiments was performed at pH 7.0 in the presence of 54 pM 
wtccNiR and 100 M MVred. The least-squares fit yielded the parameter values Km = (2.6 ± 0.3)  10−5 M and kcat = 
4700 ± 90 s−1. 
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Figure 4.4. WtccNiR-catalyzed reduction of nitrite by MVred at varying nitrite concentrations. Blue circles are the 
experimentally obtained values at each nitrite concentration, while the red curve is the least-squares fit of the data to 
the rectangular hyperbola Eq 4.2, 4.3, 4.4. This set of experiments was performed at pH 8.0 in the presence of 
approximately 100 pM wtccNiR and 100 M MVred.  The least-squares fit yielded the parameter values Km = (2.0 ± 
0.4) x 10−5 M and kcat = 3250 ± 100 s−1. 
 
 
 
 

 

Figure 4.5. H257QccNiR-catalyzed reduction of nitrite by MVred at varying nitrite concentrations.  Blue circles are 
the experimentally obtained values at each nitrite concentration, while the red curve is the least-squares fit of the data 
to the rectangular hyperbola Eq 4.2, 4.3, 4.4. This set of experiments was performed at pH 7.0 in the presence of 
approximately 7.7 nM H257QccNiR and 100 M MVred. The least-squares fit yielded the parameter values Km = 
(1.50 ± 0.34) 10−4 M and kcat = 11.3 ± 0.6 s−1. 
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Figure 4.6. H257QccNiR-catalyzed reduction of nitrite by MVred at varying nitrite concentrations. Blue circles are 
the experimentally obtained values at each nitrite concentration, while the red curve is the least-squares fit of the data 
to the rectangular hyperbola Eq 4.2, 4.3, 4.4. This set of experiments was performed at pH 8.0 in the presence of 
approximately 100 nM H257QccNiR and 100 M MVred. The least-squares fit yielded the parameter values Km = (6.8 
± 1.2)10−5 M and kcat = 2.4 ± 0.1 s−1. 
 

Table 4.1. Summary of kcat values for WT and H257Q ccNiR-catalyzed reduction of nitrite by MVred at pH 7.0 and 8 

*This is approximate value, negative (-) sign indicates activity decrease 

4.4.2. H257QccNiR-catalyzed nitrite reduction by methyl viologen monocation radical at 

varying pH 

 The H257Q variant was found to be much less active than wtccNiR. However, plots of 

initial MVred oxidation rate vs H257QccNiR concentration at fixed MVred and nitrite 

concentrations were linear, confirming that the variant was still capable of catalyzing nitrite 

reduction by MVred. Experiments analogous to those of Section 4.4.1 were conducted with 

H257QccNiR at pH 7.0 and pH 8.0. The results, shown in Figs. 4.5 and 4.6, were once again fit 

with the Michaelis Menten equation. The value of Km was almost six-fold higher in H257QccNiR 

Enzyme kcat (s-1) at pH=7.0 kcat (s-1) at pH=8.0 kcat change  (pH 7.0 to 8.0)* 

wtccNiR 4666 ± 90 3250 ± 100 - 30% 
H257QccNiR 11.27 ± 0.6 2.42 ± 0.09 - 80% 



   

 

126 
 

than in the wild type, (1.50 ± 0.34)10-4 M compared to (2.6 ± 0.3)10-5 M at pH 7 (Fig. 4.5), 

though somewhat surprisingly, it was lower at pH 8, (6.8 ± 1.2)10-5 M (Fig. 4.6).  The biggest 

change from the wild type was seen in kcat. At pH 7 this parameter decreased from 4700 ± 90 s−1 

for the wild type to 11.3 ± 0.6 s-1 (Fig. 4.5), while at pH 8 it decreased from 3250 ± 100 s−1 to 2.4 

± 0.1 s−1 (Fig. 4.6). As the reaction rate was so slow when using H257QccNiR, much higher 

enzyme concentrations were required for experiments (10 nM – 100 nM compared to 50 pM – 100 

pM of wild type). 

4.4.3. WtccNiR- and H257QccNiR-catalyzed hydroxylamine reduction by methyl viologen 

monocation radical 

Figures 4.7 and 4.8 show how the initial rates of wtccNiR- and H257Q-catalyzed 

hydroxylamine reduction by MVred varied with hydroxylamine concentration at pH 7. Figure 4.9 

shows similar results obtained with the R103QccNiR variant, in collaboration with coworker 

Shahama Alam. Interestingly, the kcat values for the wild type and H257Q variants were 

comparable when the substrate was hydroxylamine: 3110 ± 325 s−1 (Fig. 4.7) and 2050 ± 140 s−1 

(Fig. 4.9), respectively. This is in contrast to the 1000 decrease observed in the variant kcat when 

nitrite was the substrate (Sections 4.4.1 and  4.4.2 above).  The R103QccNiR did display a 

significantly lower kcat value, 570 ± 65 s−1,  when hydroxylamine was the substrate. 

The Km values obtained when hydroxylamine was the substrate were all in the millimolar 

range, which is much higher than the values obtained when nitrite was the substrate. However, the 

values were not significantly different in the three variants investigated: (20±7)10−3 M for 

wtccNiR (Fig. 4.7), (20±5)10−3 M for H257QccNiR (Fig 4.8), and (27 ± 6)10−3 M for R103Q 

(Fig. 4.9), respectively. 
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Figure 4.7. The reaction rate of wtccNiR dependence on hydroxylamine concentration.  Blue circles are the 
experimentally obtained values at each nitrite concentration, while the red curve is the least-squares fit of the data to 
the rectangular hyperbola Eq 4.2, 4.3, 4.4. This set of experiments was performed at pH 7.0 in the presence of 
approximately 100 nM ccNiR, 100 uM methyl viologen and varying nitrite concentration. The least-squares fit yielded 
the parameter values Km = (21.3 ± 0.6)10−3 M and kcat = 3100 ± 300 s−1. 
 
 

4.5. Discussion 

4.5.1. Role of H257 in cleavage of the first nitrite N-O bond  

Tables 4.1 and 4.2 summarize the kinetic parameters obtained for wild type and variant 

ccNiR-catalyzed nitrite and hydroxylamine reduction by MVred.  By far the biggest loss of activity 

is seen in the H257Q variant’s ability to catalyze nitrite reduction.  Importantly, H257Q’s ability 

to catalyze hydroxylamine reduction was not similarly affected, which demonstrates that H257 

plays an essential role in cleaving the first nitrite N-O bond, but isn’t as critical for cleaving the 

second.  As summarized in Section 1.6.2, two N-O bonds need to be cleaved to form ammonia 

from nitrite, and these N-O bond cleavages rely on carefully choreographed transfers of six 

electrons and eight protons to the nitrogen moiety.  
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Figure 4.8. The reaction rate of R103QccNiR dependence on hydroxylamine concentration.  Blue circles are 
the experimentally obtained values at each nitrite concentration, while the red curve is the least-squares fit of the data 
to the rectangular hyperbola Eq 4.2, 4.3, 4.4. This set of experiments was performed at pH 7.0 in the presence of 
approximately 118 pM R103QccNiR, 100 uM methyl viologen and varying nitrite concentration. The least-squares 
fit yielded the parameter values Km = (27.7 ± 6) x 10-3 M and kcat = 602 ± 28 s-1.  

 
 

 
 

Figure 4.9. The reaction rate of H257QccNiR dependence on hydroxylamine concentration.  Blue circles are the 
experimentally obtained values at each nitrite concentration, while the red curve is the least-squares fit of the data to 
the rectangular hyperbola Eq 4.2, 4.3, 4.4. This set of experiments was performed at pH 7.0 in the presence of 
approximately 33 pM H257QccNiR, 100 uM methyl viologen and varying nitrite concentration.  The least-squares fit 
yielded the parameter values Km = (21 ± 5) x 10-3 M and kcat = 2050 ± 140 s-1 
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Table 4.2. Nitrite and hydroxylamine titration by wtccNiR, R103QccNiR and H257QccNiR at pH=7.0 

 
 

 

Figure 4.10. (a) Nitrite, and (b) hydroxylamine titration by wtccNiR, R103QccNiR, and H257QccNiR at pH=7.0 
 

 

Figure 4.11. The pi back-bonding interaction between the nitrite molecule with the metal iron of heme.  

Enzyme kcat (s-1)  
Nitrite as 
substrate 

Km (M) 

Nitrite as 
substrate 

kcat  relative 
to wtccNiR  

kcat (s-1) 
Hydroxylamine 
as substrate 

Km(M) 

Hydroxylamine 
as substrate 

kcat  relative 
to wtccNiR 

wtccNiR 4666±90 (2.62±0.34)x10-5 3100±300 (21.3±7)x10-3 

R103QccNiR 1107±24 (1.83±0.64)x10-4 23% 602±28 (27.3 ± 6)x10-3 19.4 % 

H257QccNiR 11.27±0.6 (1.5±0.34)x10-4 0.24% 2048±142 (21.1±5.4)x10-3 66.06% 
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The theoretical calculations of Bykov and Neese predict that the lowest energy path to the 

first N – O bond cleavage proceeds through successive direct protonations of a nitrite oxygen by 

H257 (Scheme 4.2).6 The nearly complete suppression of nitrite reductase activity that we observe 

in the H257Q variant confirms H257’s essential role in the first N – O bond cleavage step. 

However, the fact that wtccNiR is still active at pH 8 (Table 4.2), where H257 is likely to be mostly 

deprotonated, is less consistent with a direct protonating role for this amino acid. A direct 

protonating role is also inconsistent with the Chapter 2 results, which studied the effects of pH on 

the reduction of nitrite-loaded wtccNiR by TMPD (Section 2.3.2.2), for two reasons. First, loss of 

maximal activity as pH increases is not well modeled by deprotonation of a single amino acid 

residue such as H257 (Fig. 2.10, Section 2.4.2.2), and instead appears to involve two coupled 

proton losses. Second, similarly to its behavior in the standard assay, wtccNiR retains 20% of its 

activity even at pH 8.5, where the putative donor group(s) would be fully deprotonated. This 

contrasts with the near total loss of activity when H257 is absent entirely. As suggested in Chapter 

2, a more conservative interpretation is that His273 modulates the pKa values of one or more of 

the waters that form a complex hydrogen bonding network in the active site.2, 7-9 In this view, it is 

the active site hydrogen bonding network that is disrupted by the H273 mutation, and that is 

essential for catalysis. 

The 6 higher Km value of the H257Q variant compared to wtccNiR also points to the 

importance of H257 for substrate binding. Nitrite binding to the active site iron likely involves 

substantial -back bonding (Figure 4.11), and this bonding form is stabilized when two oxygen 

atoms from nitrite form hydrogen bonds with the H257 and R103 side chains.6, 10 Mutation of 

H257 would therefore greatly affect nitrite binding, possibly altering the N – O bond orientation, 

which would also affect kcat. Loss of H257 could even lead to a change in the preferred nitrite 
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linkage isomer from the N-bound nitro to the O-bound nitrito (Fig. 1.12, Section 1.6.2.1), as has 

been suggested for the E. coli ccNiR homologue.11 A crystallographic study with H268NccNiR of 

the E. coli enzyme soaked with nitrite appeared to show the nitrito form in one protomer and the 

nitro form in that other, though the structure resolution was not high enough to be definitive.12 

 

4.5.2. Tentative roles of conserved active site amino acids in cleavage of the second N-O bond 

As mentioned earlier, a total of two N – O bonds need to be cleaved by ccNiR to form 

ammonium from nitrite. The hydroxylamine complex (FeH1-NH2OH) is widely considered to be a 

reaction intermediate during nitrite ammonification by ccNiR. This conjecture is based on the fact 

that a hydroxylamine-bound ccNiR species has been crystallographically characterized,2 and also 

on theoretical calculations.13 The theoretical calculations suggested possible direct protonation 

roles for either H257 or Y206 (Section 1.6.2.3).  

The results reported herein show that H257 is not absolutely required for the second bond 

cleavage, though kcat is somewat smaller for H257Q than for the wild type (Fig. 4.10 and Table 

4.2). More important for cleavage of the second N – O bond appears to be R103.  Both the nitrite 

and hydroxylamine reductase activities of the R103Q variant are 20% - 25% those of the wild type 

in the standard assay (Table 4.2) indicating that, in this case, the mutation has affected the second 

N – O bond breaking step. Studies of the Y206F variant are currently under way in the Pacheco 

group to probe the role of Y206 in the catalytic process. 
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Scheme 4.2. Mechanism of nitrite ammonification by S. oneidensis ccNiR focusing the proton donation roles of active 
site amino acids. H1 indicates the heme#1 or active site heme. +H257, +R103 and +Tyr206 indicate the protonation 
states.  With strong reductants, H1 reduction likely precedes nitrite binding as shown here; TMPD (Chapter 2) is too 
weak a reductant to reduce the resting H1active site, so nitrite loading must precede reduction in that case. The 
theoretical model suggests a direct role for H257 in nitrite dehydration,6 but our results are more consistent with a less 
direct role (see main text for details). The role of Y206 as a proton donor is based exclusively on the theoretical model 
of Bykov et al;13 See section 1.6.2 for more details.  
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Chapter: 5. The Search for Low-Potential Intermediates in CcNiR-

Catalyzed Reduction of Nitrite to Ammonia 

 

5.1. Overview 

As proposed in Fig. 1.14, the FeH1
II(NO2

−) and {FeH1NO}7 moieties (Chapter 2)  may not 

be the only catalytic intermediates that can be trapped by controlling the applied potential during 

nitrite reduction by S. oneidensis ccNiR. Based on the theoretical and experimental evidence 

reviewed in Section 1.6, Fig. 1.14 suggests that the rate-limiting step for ccNiR-catalyzed 

reduction of nitrite to ammonia is the final 2-electron reduction of a heme#1-bound hydroxylamine 

equivalent. A strong reducing agent such as MVred can overcome this activation barrier, but weaker 

reducing agents will generate partially reduced nitrosylated ccNiR moieties. The results from 

Chapter 2 showed how the 1- and 2-electron reduced species FeH1
II(NO2

−) and {FeH1NO}7 were 

trapped when TMPD was used to reduce nitrite-loaded ccNiR. If the Fig. 1.14 reaction path is 

acurate though, it might also be possible to trap 3- or 4-electron reduced intermediates by using 

more powerful reducing agents than TMPD that are nevertheless too weak to overcome the final 

activation barrier for reduction of ccNiR-bound hydroxylamine. Preliminary UV/Vis 

spectropotentiometric studies with nitrite-loaded ccNiR revealed evidence for a 4-electron reduced 

intermediate,1 and a stopped-flow/freeze-quench investigation of the reaction between fully 

oxidized ccNiR and hydroxylamine generated further evidence for putative catalytic intermediates 

of the ccNiR-catalyzed reduction of nitrite to ammonium. This chapter summarizes preliminary 

studies of ccNiR-catalyzed nitrite reduction by reduced indigo trisulfonate (I3Sred), which is a 

stronger reductant (εm = −0.085 V) than TMPD, but a weaker one than MVred. The goal of this 
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study was to trap one or more nitrosylated ccNiR intermediates that are more reduced than 

{FeH1NO}7. 

5.2. Materials and Methods 

5.2.1. General instrumentation and reagents 

UV/Vis spectropotentiometry experiments were performed using a BASi Epsilon EC 

potentiostat to set the potential, and a CARY Bio 50 UV/Vis spectrophotometer to record the 

spectra at each applied potential. The complete apparatus was housed in an anaerobic glove box. 

All reagents were purchased from Thermo-fisher, Dot Scientific, MP Biomedicals unless 

mentioned specifically, are were of high bio-grade purity.  

5.2.2. Determination the indigo trisulfonate extinction coefficient 

A nominally 2 mM solution of potassium indigotrisulfonate (I3S, ACROS Organics™) in 

50 mM HEPES pH =7 , also containing 0.5 M NaCl, was prepared in a glovebox using previously 

degassed buffer. The fully oxidized sample was then transferred into a special 0.022 cm pathlength 

optically transparent thin-layer electrode (OTTLE) UV/Vis cuvette and connected to all the 

electrodes as shown Fig. 5.1. An Ag/AgCl electrode was the reference, and was standardized prior 

to each use by collecting a cyclic voltammogram of methyl viologen and comparing the measured 

midpoint potential to the literature value (εm = −449 mV vs SHE).2 All potentials measured vs the 

Ag/AgCl electrode were subsequently converted to the SHE scale. An EC Epsilon (BASi) 

potentiometer was used to perform a “Controlled Potential Electrolysis (CPE)’’ experiment by 

applying potentials from + 30 mV to – 200 mV vs SHE at 10 mV intervals. After a 10 minute 

interval at each applied potential, a UV/Vis spectrum was collected in the 200 nm - 800 nm range 

using the CARY Bio 50 UV/Vis spectrophotometer.   



   

 

137 
 

 

Figure 5.1. Determing the extinction coefficient and mid-point potential of the indigo tri-sulfonate (I3S) salt in a 
UV/Vis spectropotentiometric experiment. The special optically transparent thin-layer electrode (OTTLE) cell was 
used as the reaction compartment and an Ag/AgCl electrode was used as the reference. Potentials were applied from 
+30 mV to -200 mV (vs SHE) in 10 mV intervals. 

 

5.2.3. Preparation of low-potential reducing agents by bulk controlled potential electrolysis 

 Solutions containing varying ratios of oxidized and reduced electroactive species were used 

to poise ccNiR at a desired state of reduction. As an example, to prepare a solution containing 

reduced and oxidized I3S (εm = −81 mV vs SHE)3 in slightly over 1:1 ratio, a stock solution of 

100 mM oxidized I3S salt in 50 mM HEPES buffer at pH = 7.0, also containing 0.5 M NaCl, was 

prepared in a glovebox and transferred to a bulk electrolysis cell (Fig. 5.2). A magnetic stir bar 

that had previously been degassed for at least three days under vacuum in the glovebox 

antechamber was used to mix the sample during the CPE process. A fixed potential of −90 mV vs 

SHE was applied for 5 minutes, after which the solution in the cell’s sidearm (Fig. 5.2) was mixed 

carefully with the solution in the main compartment using a 1 mL pipette. The sequence of 5-

minute applied potential followed by mixing was repeated until the currents measured at the 
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beginning and end of the 5-minute intervals were within 50 A of each other.  The solution of 

oxidized I3S was deep blue (Fig. 5.2a), and went to greenish-yellow when roughy 50% reduced 

(Fig. 5.2b). 

 

 

 

Figure 5.2. Bulk electrolysis of indigo trisulfonate (I3S) at a fixed applied potential. (a) Oxidized I3S salt is blue, and 
after reducing at -90 mV vs SHE, the solution color changes to greenish-yellow (b).  

 

5.2.4. Steady-state nitrite reduction by I3Sred catalyzed by S. oneidensis wtccNiR 

Solutions containing I3S in concentrations ranging from 10 M - 50 M were partially 

reduced at −90 mV vs SHE applied potential, as described in the previous section, then mixed with 

solutions containing micromolar concentrations of fully oxidized wtccNiR and mM concentrations 
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of nitrite. A UV/Vis spectrophotometer was used to monitor the reoxidation of I3Sred. Initially, the 

reoxidation was monitored for 1 hour in the range from 300 nm - 800 nm at 15 s intervals (240 

cycles total).  Later experiments were monitored for 3 minutes only (12 cycles at 15s intervals).  

To quantify how much, if any, hydroxylamine was generated as I3S re-oxidized, Six 

samples were prepared as just described, but using 150 M I3S.  After 3 minutes the reaction 

mixture was subjected to a hydroxylamine assay, as described in more detail in the results section.  

The hydroxylamine assay was performed by fellow graduate student Victoria Mandella. 

5.3.Results  

5.3.1. In-house extinction coefficient and midpoint potential determination for I3S 

The blue traces in Fig. 5.3a show the spectral changes seen in the experiment described in 

section 5.2.2, where a solution of I3S was reduced stepwise in a UV/Vis spectropotentiometry 

experiment.  The data were fit with the Nernst equation (Scheme 3.1), with the number of electrons 

transferred fixed at n = 2 (dotted red traces, Fig. 5.3a). An absorbance vs applied potential slice of 

the Fig. 5.3 spectra at 600 nm is shown in Fig. 5.4.  The exact concentration of the I3S solution 

was obtained from its absorbance at 600 nm and the known extinction coefficient at that 

wavelength (14,600 M−1cm−1),3 after which extinction coefficient spectra for both the oxidized and 

reduced forms of I3S (I3Sox and I3Sred) could be obtained from the fits of the Fig 5.3a data (Fig. 

5.3b). The Nernstian fit also yielded a midpoint potential of εm = −74 mV vs SHE for I3S, which 

is slightly higher but close to the literature value (εm = −81 mV vs SHE).3  
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Figure 5.3. UV/Vis spectropotentiometric analysis of indigo tri-sulfonate (I3S) using the Nernst equation. (a) Aexper 
refers to the theoretical spectra (blue solid line) at each potential and Acalc refers to the calculated value at each 
applied potential (dotted red lines). (b) Fully oxidized (blue) and reduced (green) I3S extinction coefficient spectra 
calculated from the experiment.  
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Figure 5.4. The applied potential vs absorbance slice at 600nm, obtained from the Fig. 5.3 spectra. Dotted blue line: 
experimental values; red line: values calculated by least-squares fit to the Nernst equation, using n = 2 as the number 
of electrons. The applied potential range was from  +30mV to -200mV vs SHE.  

 

5.3.2. Evidence for ccNiR heme#4 reduction by I3Sred 

Figure 5.5 shows the spectral changes observed in a solution initially containing 2 μM 

wtccNiR, 0.5 mM nitrite and 30 μ mM I3S pre-reduced at a −90 mV applied potential. The major 

spectral changes can be ascribed to re-oxidation of I3Sred, as can be seen qualitatively by 

comparing the Fig. 5.5 spectra to the Fig. 5.3b I3S extinction coefficient spectra. However, the 

Fig. 5.5 spectra also show clear contributions from the ccNiR hemes. The most prominent c-heme 

feature is the Soret band centered around 409 nm that becomes distinct once I3Sred re-oxidizes 

completely (the reduced indigo absorbs strongly in the 400 nm region, whereas I3Sox does not; 

Fig. 5.3b). The most intriguing c-heme feature though, is not the Soret band, but rather it’s the 

small but distinct shoulder that is visible at 553 nm in the Fig 5.5 spectra (enlarged in the Fig. 5.5b 
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inset). Signals in the 550 nm – 555 nm range are characteristic of most low-spin ferrous c hemes, 

but are not detected for the ferrous nitrite-loaded active site heme#1.4 Therefore, the presence of 

such a signal indicates that, at the −90 mV applied potential, one of the 6-coordinate ccNiR hemes 

is being reduced in addition to the active site. An earlier spectropotentiometric analysis showed 

that, after the active site heme#1, the next heme to reduce in S. oneidensis wtccNiR is heme#4 

(Fig. 5.6), which has a midpoint potential of −89 mV.5 Therefore, the 553 nm signal seen in Fig. 

5.3b is tentatively assigned to reduced heme#4. 

 

 

 

 
Figure 5.5. Spectral changes observed in a solution initially containing 2 M wtccNiR, 0.5 mM nitrite and 30 M I3S 
pre-reduced at a −90 mV applied potential (see main text for details). The main graph shows 12 spectra taken at 15 s 
intervals. The inset (a) shows the spectral changes in the range from 500 nm to 700 nm to focus more intensively on 
the shoulder at 553 nm, and inset (b) shows the absorbance change vs time at 553 nm, where the shoulder is seen 
(arrows in the spectra).  
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Figure 5.6. The heme arrangement in one of the ccNiR enzyme protomers (PDB 6P73). The stick structure refers to 
the porphyrin ring and spheres in the center represent the iron atoms. All the distances are shown in Å. The Fe-Fe 
distance (red dotted line) between heme#1 (purple) to heme#3 (blue) is 9.6 Å whereas the distance between heme#1 
and heme#3 (cyan) is 16.7 Å. The S. oneidensis heme midpoint potentials (vs SHE) obtained in the preence of the 
strong-field (SF) ligand cyanide are shown in the inset.4-5     

 

5.3.3. Test for the presence of  hydroxylamine as a reaction intermediate during nitrite 

ammonification by wtccNiR  

The spectral changes seen in Fig. 5.5 show that ccNiR catalyzes the oxidation of I3Sred by 

nitrite, and that the rate of I3Sred oxidation is significantly faster than that of NO formation seen 

in experiments with TMPD and other weak reductants.  This suggests that the nitrogenous product 

of nitrite reduction is something other than NO, since NO formation does not become faster under 

more reducing conditions (Section 2.3.1). Three likely possibilities are nitrous oxide, 

hydroxylamine or ammonium. This section describes preliminary experiments designed to test for 

hydroxylamine production. The hydroxylamine assay was one described by Johnson in 1968, and 

it was performed by Victoria Mandella of the Pacheco group. The basic procedure was as follows.  
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The six samples for this experiment were similar to the one used in the Section 5.3.2 

experiment, but they contained 150 M of ~50% reduced I3S instead of 130 M.  Furthermore, 

each sample contained a fixed amount of hydroxylamine, ranging from 0 M to 1.5 M. The 

reaction mixtures were allowed to incubate for 3 minutes in the glovebox, after which they were 

filtered using a centrifugal concentrator to separate the protein from the low molecular weight 

compounds. The low molecular weight filtrate was incubated with p-nitrobenzaldehyde, a 

procedure that generates the oxime with whatever hydroxylamine is present,6 after which the UV 

spectrum of the assay mixture was taken. As a control, six samples containing only 0.3 M – 1.5 

M hydroxylamine hydrochloride were also incubated with p-nitrobenzaldehyde to generate the 

oxime. 

Figure 5.7 shows the UV/Vis spectra of the oxime samples made from blank solutions that 

contained only hydroxylamine; the band with maximum at 370 nm arises from the oxime.  Fig. 5.8 

shows the A370 vs added hydroxylamine for the blank solution and the solution that also contained 

the products from nitrite reduction, for two experiments performed at different I3Sred 

concentrations.  In both cases, the plots of the blank and of the reaction mixtures overlap within 

the uncertainty of the method, indicating that no additional hydroxylamine was generated by I3Sred 

reduction of nitrite.  If hydroxylamine had been generated, the A370 vs added hydroxylamine line 

for the reaction mixture would still have been parallel to the line for the blank, but with a non-zero 

A370 nm intercept.  
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Figure.5.7. UV/Vis spectra of the oxime generated when the protein-free products of ccNiR-ctalyzed nitrite 
reduction by I3Sred were subjected to the hydroxylamine assay (see main text for details).6 The six different spectra 
were collected for solutions to which six different hydroxylamine concentrations had been added. The sample spectra 
were compared to spectra obtained under the same assay conditions which contained known amounts of 
hydroxylamine, but no nitrite, I3Sred or ccNiR. 

 
 
 

 
  

   Figure 5.8. Hydroxylamine detection after S. oneidensis-catalyzed wtccNiR reduction of nitrite by I3Sred. (a) 30 μM, 
(b) 150 μM I3S salt was used as an electron donor after reduction at -90mV vs SHE applied potential. Hydroxylamine 
detection was with the Johnson assay, in which hydroxylamine reacts with p-nitrobenzaldehyde to generate the oxime 
(Fig. 5.7).6 Blue traces: generated from blank solutions containing only added hydroxylamine.  Red traces: generated 
from reaction mixtures to which hydroxylamine was later added as an internal standard. The blank and reaction 
mixture traces overlap, showing that no additional detactable hydroxylamine was generated when nitrite was reduced 
by I3Sred  
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5.4. Discussion 

 The experiments presented in this chapter lead to two important conclusions.  First, when 

ccNiR catalyzes the reduction of nitrite by I3Sred in solutions poised at roughly −90 mV, a long-

lived reduced ccNiR species is generated in which heme#4 is at least partially in the ferrous state. 

Second, catalytic reduction of nitrite by I3S does not generate free hydroxylamine. Scheme 5.1 

proposes a guess as to the character of the putative metastable intermediates that might be 

generated when {FeH1NO}7 is reduced by reductants such as I3S that have potency between that 

of TMPD and MVred. The scheme takes into account the results from this chapter, the theoretical 

calculations of Bykov and Neese (Section 1.6.2),7-10 results from earlier experiments by Youngblut 

et al.11 and the fact that hemes#1 and #4 (Fig. 5.6) are the first to reduce as the potential applied to 

S. oneidensis ccNiR is lowered.5 

 In Scheme 5.1, the 3- and 4-electron reduced nitrite-loaded ccNiR species are labeled as 

ccNiR3− and ccNiR4−, respectively, to allow for a flexible interpretation of what such species might 

be. The 4-electron reduced moiety ccNiR4− is of special interest because preliminary UV/Vis 

spectropotentiometry experiments suggested that {FeH1NO}7 reduces in a concerted 2-electron 

step.1 Focussing on ccNiR4− in Scheme 5.1, one can see that the 4-electron reduced moiety could 

comprise of a {FeH1(HNO)}8 active site and reduced heme#4, [{FeH1(HNO)}8, FeH4
II], a 

hydroxylamine radical at a ferrous active site (FeH1
IIH2NO·) and a ferric heme#4, [FeH1

IIH2NO·, 

FeH4
III], or a hydroxylamine at a ferric active site and a ferric heme#4, [FeH1

IIIH2NOH, FeH4
III]. The 

presence of a ferrous heme#4 signal in the UV/Vis spectra of nitrite-loaded ccNiR reduced by 

I3Sred (Fig. 5.5) suggests that at least some [{FeH1(HNO)}8, FeH4
II] is being generated in the 

reduction.   
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Scheme 5.1. Species that may be generated at applied potentials between -80 mV and -120 mV vs SHE. Here, H1 and 
H4 denote the heme#1 (active site heme) and heme#4, respectively. The light blue color and pink color indicate the 
oxidized and reduced states of iron in the heme center, respectively. ccNiR2- refers the {FeH1NO}7 formation in the 

active site, wherease ccNiR3- refers {FeH1(HNO)}8. The Enemark-Feltham notation of {FeH1NO}7 and {FeH1(HNO)}8 

is described in the main text. 
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The UV/Vis stopped-flow and rapid freeze-quench EPR experiments of Youngblut et al,11 

summarized in Section 1.6.3.2, provided evidence that a FeH1
IIH2NO· moiety built up within 100 

ms of mixing hydroxylamine with oxidized ccNiR, and then decayed, but not to zero concentration, 

in a process that transferred electrons from the nitrogenous moiety to the c-heme pool. A final 

equilibrium was reached within 10s of mixing. Taken together with the results reported in this 

chapter, the earlier rapid freeze-quench studies may indicate that the 4-electron reduced moiety is 

not a single species but rather is an equilibrium mixture of [{FeH1(HNO)}8, FeH4
II] and 

[FeH1
IIH2NO·, FeH4

III]. Such a conjecture would explain how the design of ccNiR minimizes 

release of toxic free hydroxylamine. The high Km value seen in the ccNiR catalyzed reduction of 

hydroxylamine by MVred (~0.02 M, Table 4.2) suggests that hydroxylamine binds weakly to the 

active site. Therefore, optimizing the structure to stabilize [{FeH1(HNO)}8, FeH4
II] and 

[FeH1
IIH2NO·, FeH4

III] would minimize the concentration of the labile [FeH1
IIIH2NOH, FeH4

III] 

moiety. According to the Scheme 5.1 mechanism, ccNiR-bound hydroxylamine could become a 

dominant species after the final two electrons for hydroxylamine reduction to ammonia become 

available, but presumably at that point reduction would be faster than hydroxylamine dissociation. 

Studies are now under way to test the conjectures presented in Scheme 5.1, and also to identify the 

nitrogenous product(s) of ccNiR-catalyzed nitrite reduction by I3Sred. 
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Chapter 6 

Conclusions And Suggestions For Further Study 

 

6.1. Concluding Remarks 

 The results presented in this thesis show how transient intermediates in the S. oneidensis 

ccNiR-catalyzed reduction of nitrite to ammonium can be trapped and studied by judicious choice 

of reducing agent. With strong reducing agents such as MVred, used in the standard assay, nitrite 

is reduced to ammonia in a process that generates no detectable intermediates. On the other hand, 

reduction of nitrite-loaded ccNiR by the weak reductant TMPD generates a transient intermediate, 

assigned as the 1-electron reduced species FeH1
II(NO2

−), and the long-lived species {FeH1NO}7 

(Chapter 2). Using the more powerful reducing agent I3Sred, which is nevertheless still weaker than 

MVred, allows one or more long-lived species, tentatively assigned as 4-electron reduced ccNiR 

moieties collectively referred to as ccNiR4−, to accumulate (Chapter 5, Scheme 5.1). 

Under steady-state conditions, ccNiR was found to catalyze the slow 1-electron reduction 

of nitrite to NO by TMPD (Chapter 2). The rate of TMPD+ formation was found to be directly 

proportional to the concentration of TMPD+ at low TMPD concentrations, providing good 

evidence that the primary mechanism of NO release is via the more labile {FeH1NO}6 moiety 

(Scheme 2.4). However, a small amount of NO release was observed even in the absence of 

TMPD+, and at high concentrations of TMPD, where oxidation of {FeH1NO}7 to {FeH1NO}6 can’t 

occur. This demonstrated that {FeH1NO}7 must release NO as well, albeit very slowly. The steady-

state studies also showed that nitrite is a substrate inhibitor of NO release when TMPD is the 

electron source, probably because it blocks exit by NO through the nitrite entry channel. 
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Altogether, the Chapter 2 results show that ccNiR appears to be optimized to capture nitrite and 

minimize release of free NO. Capture is achieved by reducing bound nitrite with even weak 

electron donors such TMPD, and NO release is minimized by stabilizing the comparatively 

substitutionally inert {FeH1NO}7 over the more labile {FeH1NO}7. 

The optimization of ccNiR for avoiding loss of partially reduced nitrogenous intermediates 

appears to extend to the 4-electron reduced ccNiR4− moieties generated when nitrite-loaded ccNiR 

is reduced by I3Sred. The preliminary studies of Chapter 5 showed that no detectable amounts of 

toxic hydroxylamine were released under these conditions. Scheme 5.1 suggests as a possible 

explanation for this that ccNiR4− is primarily a mixture of the species [{FeH1(HNO)}8, FeH4
II] and 

[FeH1
IIH2NO·, FeH4

III], while the presumedly labile moiety [FeH1
IIIH2NOH, FeH4

III] is minimized. 

The Scheme 5.1 conjecture is based on the fact that a signal characteristic of FeH4
II is seen in the 

UV/Vis spectra of nitrite-loaded ccNiR after its reduction by I3Sred (Fig. 5.5), and also on earlier 

results from experiments that investigated the reaction between hydroxylamine and ccNiR, and 

provided evidence for an intermediate that contained the H2NO· radical.1 

 The H257Q variant of ccNiR was found to have 1/400th of the wild type enzyme’s nitrite 

reductase activity in the standard assay in which methyl viologen monocation radical (MVred) is 

the electron source, but nearly normal hydroxylamine reductase activity (Chapter 4). This 

demonstrated that H257 is essential for nitrite reduction but not for reduction of hydroxylamine, a 

putative intermediate in the catalytic process. UV/Vis spectropotentiometry showed that the 

nitrite-loaded active site of H257Q still reduced at fairly high applied potential (m
o = +87 mV vs 

SHE compared to 240 mV for the wild type), but the reduction was by one electron, whereas the 

wild type is reduced in a concerted 2-electron step. The experiments with the variant, coupled with 
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the pH-dependent stopped flow experiments with wtccNiR presented in Chapter 2, confirm H257’s 

importance in facilitating nitrite reduction, but suggest that its role is to modulate the pKa values 

of one or more of the waters that form a complex hydrogen bonding network in the active site. 

This is view is more conservative than theoretical predictions of direct histidine involvement in 

nitrite diprotonation leading to N – O bond cleavage that have been suggested on the basis of 

structural and computational studies.2-4 

 The results presented herein focused primarily on the detection and kinetic characterization 

of putative intermediates generated during the ccNiR-catalyzed reduction of nitrite to ammonium. 

These results pave the way for future investigations that will aim to characterize the transient 

intermediates spectroscopically and structurally; such investigations are already under way in the 

Pacheco group. Some EPR characterization of the species {FeH1NO}7, and the proposed species 

[{FeH1(HNO)}8, FeH4
II] and [FeH1

IIH2NO·, FeH4
III] has already been done,5-6 and has shown that 

these species have some intriguing electronic properties. In future studies samples will be prepared 

by rapid freeze-quench, which will allow the transient FeH1
II(NO2

−) to be trapped in addition to the 

more long-lived {FeH1NO}7, and the proposed species [{FeH1(HNO)}8, FeH4
II] and [FeH1

IIH2NO·, 

FeH4
III]. Rapid freeze-quench may also reveal a 3-electron reduced species (ccNiR3−, Scheme 5.1), 

which has been proposed as a transient intermediate in theoretical studies,3, 7 but has not been 

observed in our kinetic studies thus far. In addition to CW-EPR spectroscopy, samples prepared 

by rapid freeze-quench will be investigated using more advanced EPR techniques, and also 

Mossbauer spectroscopy, in collaboration with Professor Wilcoxen of the UWM chemistry 

department. Finally, in collaboration with Professor Schmidt from the UWM physics department, 

preparations are under way to study the reaction of nitrite-loaded ccNiR with TMPD (and later 

I3Sred) using time-resolved serial femtosecond X-ray crystallography (TR-SFX). This technique 
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uses X-ray free electron lasers (XFELS) to capture diffraction patterns of enzymes that are in the 

middle of reactions. The results presented herein have shown that FeH1
II(NO2

−) and {FeH1NO}7 at 

least, and possibly also some of the proposed ccNiR4− species, should be readily amenable to 

investigation by TR-SFX techniques recently developed by Prof. Schmidt and his colleagues. 

Time-resolved crystallographic analyses could answer questions about the ccNiR reaction 

mechanism that no other experiment could, such as the precise way in which H257 and other 

conserved active site amino acids contribute to the nitrite protonation steps necessary for the first 

N – O bond cleavage.   
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Appendix 1 

Supporting Material 

For Chapter 2 
 

 

A1.1. Pyridine hemochromagen assay for determining the concentration of heme in 

purified ccNiR protein 

 

 

 

 

Fig. A1.1 Least-squares fit of a ccNiR pyridine hemochrome difference spectrum with a c-heme literature standard. 
The black trace is calculated from the literature extinction coefficient c-heme difference spectrum provided by Berry 
et al1 and the red trace is for the pyridine hemochrome difference spectrum generated for a wtccNiR sample using 
the procedure of Barr et al.2   
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A1.2. Effect of TMPDox on the ccNiR-catalyzed reduction of nitrite by TMPD  

Below are two figures equivalent to Fig. 2.4 equivalent, but obtained with [TMPD] =  

400 M and 800 M instead of 600 M. 

 

  

 

 

Fig. A1.2 Dependence of V0/[ccNiR] (where V0 is the initial rate of TMPD oxidation in M/s, obtained from fits of the 
corresponding 1 components) on initial TMPD+ concentrations in the presence of (a) 400 M TMPD, and (b) 800 

μM TMPD. The nitrite concentration was 1 mM in all experiments, and the ccNiR concentration was roughly 2 M, 
with the exact concentration being obtained from the 0 fits in each experiment.  All experiments were in 50 mM 
HEPES buffer, pH 7.0 

A1.3. Derivation of Equation 2.7 for analysis of the steady-state experiments 

(a) 

(b) 
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 The Eq. 2.7 rate law is based on the Scheme 2.4 mechanism. It assumes that, under steady-

state conditions, the only ccNiR species present in significant concentrations is {FeH1NO}7, and 

that the rate-limiting steps in catalytic NO formation are breaking of the FeH1 – NO bonds in 

{FeH1NO}7 and {FeH1NO}6.  In Eq. A1.1 we apply the steady-state treatment to  

d{FeH1NO}6

dt
= 0 = kox[TMPD+]{FeH1NO}7 - kred[TMPD]+ k1NO( ){FeH1NO}6   A1.1 

{FeH1NO}6. Solving Eq. A1.1 for {FeH1NO}6 gives Eq. A1.2. Equation A1.3 is the rate equation 

for the appearance of NO. Since the electron that reduces NO comes from TMPD, the rate of  

{FeH1NO}6 = kox[TMPD+ ]{FeH1NO}7

kred[TMPD]+ k1NO

        A1.2 

d[NO×]
dt

= d[TMPD+ ]
dt

= k1NO{FeH1NO}6 + k2NO{FeH1NO}7       A1.3 

TMPD+ formation is the same as that of NO formation, as is also shown in Eq. A1.3. Substituting 

Eq. A1.2 into Eq. A1.3 gives Eq. A1.4, which is the same as Eq. 2.7 if {FeH1NO}7 = [ccNiR]total. 

d[NO×]
dt

= d[TMPD+ ]
dt

= {FeH1NO}7 k1NO kred( ) ×kox
[TMPD]+ k1NO kred( )[TMPD+ ]+ k2NO

ì
í
ï

îï

ü
ý
ï

þï
  A1.4 
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Appendix 2 

Supporting Material 

For Chapter 3 

 

 
A2.1 Constructing active site variants of the ccNiR gene and transforming into into S. 

oneidensis TSP-C cells 

  

Figure A2.1. Agarose gel electrophoresis of the PCR products obtained after attempted H257Q mutation of wtccNiR. 
The 4.2 kb band shows the ccNiR gene-containing plasmid, correctly amplified by PCR. 

 

 

Figure A2.2. Agarose gel electrophoresis of the PCR product obtained using the sequencing primers. The 1.2 kb band 
shows the presence of mutant ccNiR, correctly amplified by PCR.  
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A2.2. Determination of the optimum imidazole concentration in loading buffer 

Figure A2.3 shows how the A410/A280 ratio of the eluant band from the HisTrap FF column 

chromatography step of H257Q purification varied as the imidazole concentration in the loading 

buffer was increased from 0 – 60 mM.  The A410/A280 ratio of pure ccNiR is greater than 3.8, so 

this ratio provides a quick and convenient estimate of the eluant’s purity. The A410/A280 ratio in 

Fig. A2.3 increases steadily until the imidazole concentration reaches 30 mM and then levels off, 

showing that 30 - 50 mM imidazole is needed to avoid unwanted non-specific protein binding 

during the column loading process. 

 

  

 

Figure A2.3. Determination of the optimum imidazole concentration needed in the binding (loading) buffer during 
HisTrap FF column chromatography (See main section 3.2.3.2 for details).  
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A2.3. TEV protease expression and purification protocol 

The pET-28-TEVpM2 plasmid was transferred into BL21 E. coli cells. A single colony of 

bacteria was inoculated into 4 x 20 mL of LB Broth with 50 μg/ml Kanamycin into each tube as a 

starter culture. The starter culture was grown at 37 °C and continued for approximately 2.5 hours 

(optical density value 0.6 - 0.9 at 600 nm). The inducer IPTG (400 μL of 1 M ) was added and 

continued to grow overnight at 22 °C. The overnight culture was spun down at 5,800 × g for 20 

min and the cell pellets collected. The bacterial cell pellets were resuspended with 25 mM tris, 300 

mM NaCl, 10 mM Imidazole at pH 8.0, namely buffer A (1 g pellet ≈ 5 mL buffer  A). To lyse the 

cell pellet, sonication was applied with the following parameters: 60 % power for 10 min 30 sec 

on 45 sec off. After spinning down the lysed sample, the supernatant was loaded onto the nickel 

column pre-equilibrated with buffer A. After loading all the samples, the column was again washed 

with buffer  A. The sample was eluted using buffer  B (25 mM Tris pH 8.0, 300 mM NaCl, 250 

mM Imidazole) with a 4-step gradient of buffer B (0 % to 15 %, 50 %, 100% ). The 50 % buffer 

B eluant contained pure TEV protein, as confirmed by SDS-electrophoresis (Fig A2.4). The buffer 

of the pure TEV protein was exchanged for 25 mM Tris, pH 8.0, after which the sample was 

concentrated to100 μM and stored at -80 °C. 
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Figure. A2.4. SDS-gel electrophoresis the fractions obtained during TEV protease purification. The leftmost lane of 
the gel was loaded with a commercial ladder. 50 % Buffer B eluent shows a band at 27 kDa1-2 which confirms the 
pure TEV protease. The two lanes of 50 % eluent show the same sample, the left 50 % buffer B eluent lane shows a 
more concentrated sample than the right 50 % buffer eluent (details discussed in the A2.3 main text). 
 

 

 

Figure A2.5. SDS-gel electrophoresis of the H257Q variant at various stages of purification. The leftmost lane of gel 
was loaded with a commercial ladder. The rightmost lane shows the pure mutant ccNiR from the last step of 
purification (eluent from the size exclusion column). The molecular weight of Shewanella oneidensis ccNiR is 
approximately 55 kDa.3-4 

55 kDa 

ccNiR 
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