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Abstract

Approximately  one  third  of  the  E.  coli and  human  proteomes  consist  of 

membrane proteins. Among these proteins are oxidoreductases, which fulfil  central 

roles  in  the  bioenergetic  processes  of  cells,  function  as  pathogenicity  factors  in 

microorganisms and their dysfunction is responsible for many inherited diseases in 

humans. They also find utility in industrial applications such as solar cells, biosensors 

and carbon sequestration. Unfortunately, many membrane-bound oxidoreductases, or 

the  organisms  in  which  they  are  found,  are  not  easy  to  work  with,  and  so  our 

understanding of them relies on the ability to extrapolate from more easily tractable 

systems – Nitrate reductase (NarGHI) is such a system. 

NarGHI is a Molybdenum-containing enzyme expressed in E. coli when nitrate 

is  available  for  anaerobic  cellular  respiration.  Molybdoenzymes  are  widely  found 

across the tree of life where they generally perform oxygen-transfer redox reactions. 

Bacterial respiratory diversity is largely due to the variety of molybdoenzymes they 

encode for, enabling a variety of terminal electron acceptors to be utilized for cellular 

respiration.  Molybdoenzymes  also  largely  facilitate  the  global  biogeochemical 

Nitrogen cycle. Importantly, humans have four types of molybdoenzymes, which are 

active  in  drug  metabolism,  the  catabolism  of  nucleotides,  the  processing  of  S-

containing amino acids, and sulfite detoxification. Deficiencies in molybdoenzymes 

has serious health effects. The study of molybdoenzymes is therefore a critical and 

active area of research, for which NarGHI represents an excellent model system.
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Since it was first discovered, NarGHI has been keenly studied. It is not only an 

important  enzyme in  bacterial  metabolism,  but  it  is  also  a pathogenicity  factor  of 

certain microbes, and the principles of its structure and function are applicable to 

many human enzymes. NarGHI is a menaquinol:nitrate oxidoreductase that faces the 

cytoplasm from the plasma membrane. NarI is the membrane subunit in which quinol 

oxidation occurs, and NarG binds the molybdenum cofactor where nitrate is reduced. 

Quinol  oxidation  occurs  at  the  periplasmic  aspect  of  NarI  and  the  electrons  are 

transferred across the membrane via two b-type hemes. Electrons are subsequently 

transferred  to  NarG  via  NarH,  which  binds  four  iron-sulfur  clusters.  Overall,  the 

electron transfer relay in NarGHI functions like a wire measuring ~100 Å long. This 

molecular wire feature is more the rule than the exception when it comes to integral  

membrane oxidoreductases. By understanding electron transfer in NarGHI, we can 

better understand transmembrane and long-distance electron transfer in numerous 

other enzymes. The process of quinol oxidation is also widely applicable to many 

enzymes in humans and bacteria, as quinone pool coupling is nearly universal and 

the  basic  principles  of  quinone chemistry  are  similar  between disparate  systems. 

However, while much has been learned about electron transfer and quinone  binding 

in NarGHI, much remains to be understood.

It  has  been  the  aim  of  this  thesis  to  further  probe  the  functioning  of  the 

membrane subunit,  NarI. Specifically I sought to examine two key aspects of NarI  

function: 1) to probe the spectroscopic and electrochemical properties of the hemes 

and how these properties relate to transmembrane electron transfer; and 2) to gain a 

greater  understanding  of  the  mechanism  by  which  NarI  catalyses  menaquinol 
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oxidation. 

The findings of this thesis can be summarized in the following points:

1) The  occupancy  of  the  quinol  oxidation  site  (Q-site)  of  NarI  by  quinones 

influences the EPR spectroscopic and electrochemical properties of the heme 

adjacent to the Q-site (heme bD). 

2) The  redox  characteristics  of  the  NarI  hemes  and  the  adjacent  iron-sulfur 

cluster  of  NarH  facilitate  transmembrane  electron  transfer  in  a  controlled 

manner.

3) Quinol oxidation proceeds via a protonated intermediate, where its binding to 

NarI requires the Q-site be deprotonated.

4) The  deprotonation  of  inbound  quinol  is  catalysed  by  a  partially  conserved 

lysine  (Lys86),  and that  the property  of  Lys86 that  is  most  important  is  its 

ionisability.

5) The Q-site of NarI  requires that Lys86 undergo a conformational change in 

order  to  facilitate  quinol  deprotonation.  This  is  hinted  at  by  an engineered 

second-site  rescuer  mutation  which  restores  quinol  oxidase  activity  in  a 

catalytically dead variant of Lys86 (Lys86Ala).
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1.1.  Basic Bioenergetics

1.1.1. Thermodynamic Fundamentals

In  his book,  What is  Life?  1,  Erwin Shrödinger  succinctly  stated that  “living 

matter  evades the  decay to  equilibrium.”  To assemble  and maintain  living  matter 

requires the input  and conversion of  usable energy – metabolism. Otherwise,  the 

organism will eventually succumb to the second law of thermodynamics and reach 

that final equilibrium. Metabolism is the sum of all chemical processes in a cell, and 

includes  catabolism  (processes  releasing  energy,  such  as  digestion  and 

macromolecular degradation) and anabolism (processes that require energy, such as 

building macromolecules). Rather than try to use an impossibly convoluted system of 

chemical bartering, where every catabolic reaction is directly coupled to every other 

anabolic reaction, primordial life settled on a form of energetic currency: adenosine 5'-

triphosphate (ATP). The hydrolysis of ATP to yield ADP (adenosine 5'-diphosphate) 

and inorganic phosphate releases substantial energy if the concentration of ATP is  

maintained at a sufficiently high level relative to ADP.  When the ATP:ADP ratio is 

maintained  at  1000:1  (10  orders  of  magnitude  from  equilibrium),  ATP  hydrolysis 

releases 57 kJ mol-1 of energy, as in the cytoplasm of human cells  2. Even in the 

cytoplasm of  E. coli and the mitochondrial  matrix,  where ATP:ADP ratios are only 

about 10:1, the hydrolysis of ATP releases 46 kJ mol -1 2,3. Thus, hydrolysis of ATP can 

be used to power endergonic chemical processes, where the energy available is a 

function of the mass action ratio (Γ) of reactants and products, given by equation 1.1:

ΔG  = ΔGo  +  2.3RT⋅log10 Γ                                                                                (1.1)

The problem then becomes maintaining the ATP:ADP ratio.

Chemiosmosis was a term first coined by Peter Mitchell in 1961 4. It was known 

that phosphate containing 'high energy' compounds are the energy source for many 

processes in the cell,  ATP. The only mechanism known at the time for generating 

such  compounds  was  substrate  level  phosphorylation,  a  direct  coupling  of  an 
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exergonic  chemical  reaction  to  the  endergonic  process  of  phosphorylation.  An 

interesting hint at the mechanisms involved in generating the vast majority of ATP was 

that this phosphorylation was associated with membrane proteins. It was also widely 

known that there is an electrical potential across almost all cell membranes, such as 

the  plasma  membrane  of  eukaryotes  and  prokaryotes,  as  well  as  the  inner 

membranes of mitochondria and the thylakoid membrane of chloroplasts. It was in his 

1961 paper that Peter Mitchell proposed the idea that redox reactions catalysed by 

membrane bound proteins were coupled to the net deposition of protons on one side 

of the membrane, which generates a proton gradient 4. Being positively charged, the 

proton gradient imbues the membrane with a charge and pH differential which can be 

dissipated  in  a  controlled  manner  by  other  enzymes to  drive  forward  endergonic 

chemical reactions. One such example he proposed was the reverse action of an ATP 

hydrolase, which could energetically afford to phosphorylate ADP by dissipating the 

proton gradient in a controlled fashion. It was for this work that Mitchell won the 1978 

Nobel Prize in chemistry 5.

Central  to  the  mechanism  of  chemiosmosis  is  an  energy  conserving 

membrane. The plasma membranes of bacteria, and inner membranes of chloroplast 

thylakoids and  mitochondria are largely sealed against leakage of ions 2. Embedded 

within these membranes are two kinds of proton pumps sharing the same orientation. 

The  periplasmic  side  of  the  bacterial  membrane,  the  inter  membrane  space  of 

mitochondria  and the  lumen (interior)  of  chloroplast  thylakoids  are imbued with  a 

positive charge due to the accumulation of protons and is therefore termed the P-

side. The opposite face of the membrane has a relatively negative charge and is 

called the N-side. Because there is a concentration difference of protons (∆pH) and a 

gradient of charge (∆Ψ) due to concentration differences of ions, the sum of the two is 

termed  the  transmembrane  electrochemical  gradient  or  proton  motive  force  (∆p), 

which Mitchell defined in terms of Volts. The equation for calculating ∆p from ∆pH and 

∆Ψ is therefore:

Δ p  = Δ Ψ−
2.3 RT
F

Δ pH                                                                                     (1.2)
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At a temperature  (T) of 37°C (310 K), and substituting in for Faraday's constant (F) 

and  the  universal  gas  constant  (R)  (96  485.3 C mol-1 and  8.3415 V C K-1 mol-1, 

respectively) 6, equation 1.2 simplifies to:

Δ p  = Δ Ψ  −  61Δ pH                                                                                         (1.3)

Where ∆Ψ, ∆pH and ∆p are measured as the P-side minus N-side and therefore ∆Ψ 

and ∆p are typically positive, whereas ∆pH is negative 2. The exact values of these 

parameters  depends  on  various  conditions  and  whether  one  is  observing  the 

membrane  potential  of  a  thylakoid  or  mitochondrial/bacterial  membrane.  The 

mitochondrial ∆p (~180 mV) is mostly made up of a ∆Ψ, typically 150 mV 7,8, and the 

measured  -∆pH is  ~0.5  8,  though  it  has  been  measured  as  high  as  0.9  9.  This 

electrochemical  gradient  (∆p)  imposes a force upon charged particles,  specifically 

protons, hence the term 'proton motive force' (PMF). Work can be done by tapping 

the  PMF  in  order  to  pump  substrates  across  the  membrane  against  their 

electrochemical  gradient,  powering the motion of flagella,  or for the action of ATP 

synthase 2,4. 

Responsible  for  generating  and  maintaining  the  PMF are  oxidoreductases, 

which catalyse the exergonic ('downhill') electron transfer between two compounds – 

from the lower potential compound to the higher potential compound. The difference 

in reduction potentials of the redox couples (∆Eh) determines the amount of energy 

released:

ΔG  = nF Δ Eh                                                                                                      (1.4)

where ∆Eh =  EhA – EhB in the reaction Aox + Bred ↔ Ared + Box, and n is the electron 

stoichiometry of the redox reaction, typically n = 1. The Eh for a given redox couple 

(Aox/Ared or Box/Bred) is dependent on its standard reduction/midpoint potential (E°'/Em,7), 

the temperature, and the ratio of the concentrations of oxidized and reduced forms, 

as given by the Nernst equation 6,10: 

Eh  = Em  +  
RT
nF

ln( [Xox
]

[X red
] )                                                                                    (1.5)
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Which at 25°C simplifies to:

Eh  = Em  +  
59  mV
n

 log10( [Xox
]

[X red
] )                                                                         (1.6)

The release of redox energy can then be coupled to the transfer of protons up their  

concentration gradient to the P-side of the membrane. This is accomplished either by 

vectorial proton transport, where there is an actual pumping of protons across the 

membrane; or scalar proton transport, where there is a net consumption of protons on 

the N-side of the membrane and deposition of protons on the P-side. ATP synthase is 

an example of the former; in the absence of a membrane potential, ATP synthase 

catalyses the hydrolysis of ATP and pumps protons across the membrane 2. However, 

there are many other examples of proton pumps, and examples of both mechanisms 

of PMF generation will  be explored further in the following sections (see  Section 

1.1.1.2). 

 

1.1.2.  Eukaryotic Respiratory Pathways

1.1.2.1. Mitochondrial Physiology

Respiration in eukaryotes is catalysed in the mitochondria, the endosymbiotic 

bacterial  vestiges  that  specialize  in  the  chemiosmotic  production  of  ATP  from 

oxidation of pyruvate 11. Through co-evolution, the size of the mitochondrial genome 

has almost  completely been transferred to the nuclear genome. Of the 37 genes 

remaining in the mammalian mitochondrial genome, 13 encode for integral membrane 

subunits of complexes I, III, IV and V (Figure 1.1).  Since these 13 polypeptides only 

account for 1% of the mitochondrial proteome, significant and complex coordination 

between the two genomes  is required for mitochondrial biogenesis 2.

 Past the porin-filled outer membrane of mitochondria lies the convoluted inner 

membrane – a sealed dielectric slab with a voltage of about +150 mV. Within this 

membrane are embedded a series of five protein complexes, four of which constitute 
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the  electron  transfer  relay. These  four  oxidoreductases  catalyse  sequential  redox 

reactions, terminating with the reduction of oxygen, in order to build up and maintain 

the  PMF. The fifth  complex,  ATP synthase,  dissipates  the  gradient  to  make ATP. 

Housing its own transcription and translation machinery, the mitochondrial matrix is 

the spatial  location of the pyruvate dehydrogenase complex, citric acid cycle,  and 

fatty  acid  and amino acid  oxidation  11.  These catabolic  pathways release copious 

amounts  of  reducing  equivalents,  mostly  in  the  form  of  NADH,  which  in  turn  is 

oxidized by the electron transfer relay of the inner membrane.

- 6 -



1.1.2.2. Mechanisms for Generating PMF

As mentioned above, there are two principle mechanisms by which a protein 

complex can contribute to the proton gradient. Firstly, the protein complex can pump 

protons directly. The simplest case is bacteriorhodopsin, which pumps protons across 

the membrane of some archaea by undergoing a series of conformational changes 

upon absorbing light  12. Complex I of oxidative phosphorylation also pumps protons 

directly. It is an “L”-shaped complex comprised of two subdomains, as seen in Figure

1.1.  The peripheral domain contains all the redox cofactors (flavin mononucleotide, 

8-10 FeS clusters, and the Q-site), and makes contact with one end of the membrane 

domain,  protruding  into  the  matrix  to  form  the  iconic  “L”-shape.  The  membrane 

domain of  E. coli complex I consists of 7 subunits, three of which are homologs of 

Na+/H+ antiporter 

proteins.  By  a 

mechanism  not  yet 

completely  understood 

the  redox  chemistry  of 

the peripheral domain is 

coupled  to  concerted 

conformational changes 

of  the  membrane 

domain  to  pump 

4H+/2e– 13,14. 

The second major 

mode of contributing to 

a  proton  gradient  is 

exemplified by bacterial 

redox  loops.  Here, 

quinone  and  substrate 

chemistry  contribute  to 
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the proton gradient.  Topology of  the complexes and position of  their  Q-sites with 

respect to the membrane determines the capacity of redox loops to contribute to PMF 
15. The first atomically resolved redox loop is the formate-nitrate couple, depicted in 

Figure 1.2 16–19. Quinone reduction on the cytoplasmic face, as in the periplasmic-

facing formate dehydrogenase (FdnGHI),  involves uptake of  two protons from the 

cytoplasm; concurrent with deposition of a proton into the periplasm from formate 

oxidation.  The  quinol  protons  are  then  deposited  into  the  periplasm  by  quinol 

oxidation on the periplasmic face of the membrane by the cytoplasmic-facing nitrate 

reductase  (NarGHI),  which  also  consumes  two  cytoplasmic  protons  upon  nitrate 

reduction  20,21. A further contributing factor is electron flow, which in the case of the 

formate-nitrate redox loop is from the periplasm into the cytoplasm (P- to N- side), 

where  the  negative  charge of  formate  in  the  periplasm is  lost  upon its  oxidation. 

Consequently,  the  formate-nitrate  redox  loop  has  a  measured  stoichiometry  of 

4H+/2e– 15. 
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Figure 1.3: The Q-cycle of complex III (cytochrome bc1). The Q-cycle is depicted in two 

phases and for only a single monomeric unit of complex III, the first phase represents oxidation of the 

first quinol bound to the Qi-site and generation of the anionic semiquinone in the Qo-site. The second 

phase represents the oxidation of the second quinol at Q i and the formation of fully reduced quinol at 

Qo. White arrows denote electron transfer, black arrows proton translocation, and orange arrows show 

binding/unbinding of quinone. Note that each phase reduces one cytochrome c, and that movement of 

the Rieske subunit is not depicted.
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An additional example of this topology-dependent scalar proton-translocating 

system is the Q-cycle of complex III, as outlined in  Figure 1.3. The cytochrome bc1 

complex couples the oxidation of the quinone pool to the reduction of cytochrome c in 

mitochondria  and  many  bacteria  (but  not  E.  coli)  2,22.  The  problem  here  is  that 

cytochrome  c can only accept one electron, but quinol is a two electron carrier. In  

order to circumvent this issue, complex III has two Q-sites; Qo is on the P-side of the 

membrane and Qi is on the N-side. Transmembrane electron transfer between the 

two  occurs  via  two  b-type  hemes.  The  Qo site  is  therefore  involved  in  electron 

bifurcation, where the first electron travels through the Rieske [2Fe-2S] cluster and 

cytochrome c1 to cytochrome c, and the second electron is used to reduce Q i. Upon 

reduction, the Rieske protein very rapidly moves away from Qo by 20 Å, thus gating 

electron transfer. It therefore takes two rounds of quinol oxidation at Qo to fully reduce 

one quinone at Qi. The process of quinol oxidation by Qo releases two protons onto 

the P-side of the membrane, and quinone reduction at Q i consumes 2 protons from 

the N-side. Overall, the oxidation of two ubiquinols at Qo, and the reduction of one 

ubiquinone at Qi, yields a final stoichiometry of 4H+/2e– 2,11,22.

1.1.3.  Bacterial Respiratory Diversity

1.1.3.1. E. coli Respiratory Pathways

E.  coli is  a  facultative  anaerobe  with  the  ability  to  thrive  in  a  variety  of 

environments, switching between aerobic respiration, anaerobic respiration, or mixed-

acid  fermentation.  As  a  common  feature  of  bacteria  in  general,  this  biochemical 

flexibility  is attributable to the highly branched organization of  bacterial respiratory 

pathways, where multiple electron sources can be oxidized by a diverse selection of 

electron acceptors, as depicted in  Figure 1.4 2,23,24.  These enzyme complexes are 

associated  in  so-called  'redox  loops'  where  a  dehydrogenase  is  coupled  to  a 

reductase by  the  quinone pool,  exemplified  by  the  fumarate-nitrate  redox loop of 

Section 1.1.1.2.  E. coli lacks the cytochrome  c present in mitochondrial  oxidative 
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phosphorylation and so the oxidases are coupled directly to the Q-pool 2,4,23,24. While 

15  dehydrogenases/hydrogenases  and  13  reductases/oxidases  are  theoretically 

available  to  form  redox  loops,  the  set  of  these  active  at  any  one  time  is 

transcriptionally regulated by oxygen, nitrate and other effectors so that only certain 

combinations  of  electron  donors  and  acceptors  are  ever  utilized  21,25,26.  These 

respiratory redox loops are believed to exist largely as supramolecular complexes 

which can be further regulated spatio-temporally 27–30.  
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Figure 1.4: E. coli respiratory diversity. The central role of the quinone pool is highlighted 

and topology of the various enzyme complexes is depicted. Enzymes containing Moco at the active 

site are bolded. Figure adapted from reference 24.
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The  basis  for  which  electron  donors  and  acceptors  are  utilized  is  their 

availability and reduction potential. The more potent an electron donor (reductant) is,  

the more favourably it is utilized, since it can potentially contribute more significantly 

to  PMF generation.  This  is  clear  from the ∆p generated by  E.  coli  under various 

conditions. Fermentative conditions only support a ∆p of -100 mV, insufficient for ATP 

production by oxidative phosphorylation. Under aerobic conditions, however, a ∆p of 

-160 mV is  possible,  and anaerobic  conditions  with  nitrate  as  a terminal  electron 

acceptor support a ∆p of -140 mV 3. 

NADH (Eº' = -320 mV) is 

the primary electron donor for 

respiration  but  glycerol-3-

phosphate  (Eº'  =  -190 mV), 

succinate  (Eº'  =  +30 mV), 

lactate  (Eº'  =  -190 mV)  and 

fatty acids are also sources of 

electrons  for  aerobic 

respiration  21,26.  Under 

anaerobic  conditions,  formate 

(Eº'  =  -420 mV)  becomes  a 

significant source of electrons 

due  to  the  increased 

expression  of  pyruvate-

formate  lyase  (PFL),  and 

diminished  flux  through  the 

citric  acid  cycle,  see  Figure

1.5 31. Excess formate is either 

exported out of the cell (FocA) 

or,  in  the  absence  of  any 

electron  acceptor 

(fermentative  growth),  its 
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Figure  1.5:  Metabolic  context  of  the  formate 

nitrate  redox  loop. Formate  is  significantly  produced 

under anaerobic conditions as pyruvate dehydrogenase (PDH) 

activity diminishes and pyruvate-formate lyase (PFL) activity 

increases. In the presence of nitrate, formate-hydrogen lyase 

complex (FdhF/Hyd-3) is down-regulated so most formate is 

pumped out  of  the cell  via FocA. Nitrite/Nitrate exchange is 

possible through activity of NarK. Under anaerobic/high-nitrate 

conditions,  the  citric  acid  cycle  is  down-regulated  and  ATP 

synthesis is possible through acetate kinase (AK).
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oxidation is coupled to the generation of hydrogen (FdhF-Hyd3) 32. In the presence of 

nitrate, however, the nitrate-linked formate dehydrogenase (FdnGHI) is up-regulated 

and FdhF is down-regulated 33,34. At the same time there is an increased expression of 

the nitrate/nitrite antiporter (NarK) and nitrate reductase (NarGHI)  31.  The formate-

nitrate  redox  loop  therefore  represents  a  significant  generator  of  PMF  in  the 

anaerobic respiration of E. coli 17,31,33. 

Electron  acceptors  are  also  utilized  according  to  a  hierarchy  based  on 

oxidizing strength  21.  Oxygen (Eº'  =  +820 mV),  for  instance,  is  the most  oxidizing 

terminal  electron  acceptor  available  and  therefore  represses  the  expression  of 

enzymes  involved  in  anaerobic  respiration  and  fermentation  21,35.  Nitrate  (Eº'  = 

+420 mV),  the  optimal  anaerobic  electron  acceptor,  inhibits  the  expression  of 

anaerobic respiratory enzymes of less oxidizing substrates: TMAO (Eº' = +130 mV), 

DMSO (Eº' = +160 mV), fumarate (Eº' = +30 mV) 21,26. 

In the case where multiple isoenzymes exist for a substrate, the H+/e– ratio for 

a given enzyme is selected for at the transcriptional level in order to maximize not the 

efficiency  but  the  rate  of  PMF  generation  (growth  rate)  21,36.  For  instance  most 

dehydrogenases  acting  under  aerobic  conditions  –  such  as  NADH:quinone 

oxidoreductase (Ndh) – do not contribute to PMF generation by proton pumping, but 

the coupled cytochrome  bo quinol oxidase (CyoABCD) does. This system ensures 

maximal  flux  through  the  respiratory  pathway  rather  than  maximal  efficiency  in 

redox:PMF energy conversion  21,35,36. In oxygen limited or anaerobic conditions, the 

proton-pumping  NADH:quinone  oxidoreductase  (NuoA-N)  is  coupled  to  the  non-

protonmotive cytochrome bd quinol oxidase (CydAB), which has a higher affinity for 

O2 but slower turnover compared to cytochrome bo 21,35,37.

1.1.3.2. Quinones in E. coli Respiratory Diversity

E. coli  synthesizes three respiratory quinone species: ubiquinone (UQ,  Eº' = 

+110 mV),  demethylmenaquinone  (DMQ,  Eº'  =  +40  or  -9 mV)  and  menaquinone 
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(MQ,  Eº' = –80 mV) (Figure 1.8)  2,38,39. Due to their respective reduction potentials, 

ubiquinone  is  ideally  suited  for  mediating  electron  transfer  when  oxygen  is  the 

terminal electron acceptor. Under anaerobic conditions, however, only lower potential 

oxidants are available and so the two low potential  quinones, MQ and DMQ, are 

utilized 21,40. 

The  composition  of  the  Q-pool  is  a  reflection  of  the  ambient  oxidizing 

conditions of the cell;  where the Q-pool is largely comprised of UQ under aerobic  

conditions (65%) and MQ/DMQ comprise 2-4% and 32%, respectively 40,40–42. Upon 

shifting to anaerobiosis, MQ concentrations rise 20 fold as UQ concentration falls 8 

fold. DMQ concentration, on the other hand, only changes by 1.5 – 2 fold, indicating a 

role  for  DMQ in  facilitating  a  smooth  aerobic-anaerobic  transition  41.  Even  in  the 

presence of all quinones, partitioning is possible by the intrinsic affinity for the various 

enzyme  complexes  with  particular  quinones.  The  NADH:quinone  oxidoreductases 

and quinol oxidases mostly utilize ubiquinone, whereas TMAO, DMSO and fumarate 

reductases utilize DMQ and MQ  21,42–44. NarGHI has been shown to utilize all three 

quinones,  though  some  experiments  indicate  that  NarGHI  does  not  utilize  DMQ 
40,43,45. 

1.1.3.3. Regulation of E. coli Respiration

As already indicated, the choice of electron donor, and particularly electron 

acceptor, is predicated by a hierarchy of use based on availability and redox potency. 

Two  regulatory  pathways  exist  in  E.  coli for  the  oxygen-dependent  control  of 

respiratory gene expression. The anoxic respiration control (ArcAB) pathway is most 

active under micro-aerobic conditions (10-20% O2),  while the fumarate and nitrate 

reductase regulator (FNR) is active in the absence of oxygen (0-10% O2)  46. These 

two  pathways  control  the  flow  of  carbon,  and  thus  electrons,  across  the  central 

metabolic pathways of the cell 21. 

ArcAB is a two-component regulatory system where ArcB is membrane bound 
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and  senses  the  oxidation  state  of  the  Q-pool  47.  ArcB  stimulation  occurs  with  a 

constant rate, but deactivation occurs as a function of the concentration of oxidized 

UQ 47. Upon activation by decreasing levels of oxidized UQ, ArcB autophosphorylates 

via an N-terminal histidine kinase domain and subsequently transfers the phosphate 

onto  the  effector  protein,  ArcA  26.  In  the  phosphorylated  state,  ArcA binds  to  its 

respective DNA operator sequences with higher affinity, repressing cyoABCD, nuoA-

N and succinate dehydrogenase (sdhABC), but activating cydAB, cyxAB, focA-pfl and 

hydrogenase I (hya) 26,31,46. 

FNR is an activator of genes associated with anaerobiosis: narGHI, dmsABC, 

nirB, frdABCD, fdnGHI, pfl, glpA. It also acts to repress genes associated with aerobic 

metabolism, such as cyoABCDE, cydAB, ndh, sdhABC 26. FNR is a direct sensor of 

cytoplasmic  oxygen  and  shows  significant  similarity  to  the  cyclic-AMP  receptor 

protein, a regulatory component of catabolite repression in E. coli 48. It consists of an 

N-terminal sensory domain and a C-terminal helix-turn-helix DNA-binding domain 49. 

In its activated form, two monomers come together and coordinate an inserted [4Fe-

4S] cluster, which is oxygen labile 50–52. In the presence of oxygen the [4Fe-4S] cluster 

is degraded to a [2Fe-2S] cluster, resulting in homo-dimer monomerization. In low or 

rapidly changing oxygen conditions, the monomers are able to reform the [4Fe-4S] 

cluster by rapidly re-associating, made possible by lingering Cys-persulfides from the 

preceding breakdown. However, under greater oxygen tensions the [2Fe-2S] clusters 

are entirely lost and rapid re-dimerization is not possible 51,53. Apo-FNR re-acquires its 

[4Fe-4S] cluster by the ISC FeS cluster biogenesis machinery (Section 1.1.4.1). 

Nitrate, being the preferred oxidant of anaerobically growing E. coli, is a major 

gene  regulator  in  bacteria  through  the  homologous  two-component  regulatory 

systems NarXL and NarQP, which both function much like ArcAB. NarX and NarQ are 

membrane-bound  sensor  histidine  kinases,  which  upon  stimulation  auto-

phosphorylate and activate the response regulator proteins NarL and NarP through 

phospho  transfer  reactions  54,55.  The  two  systems  have  appreciable  cross-talk, 

resulting in a convoluted regulatory mechanism 54,56. In the presence of high nitrate 
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levels,  NarX  acts  as  a  NarL  kinase;  whereas  in  the  presence  of  nitrite,  NarX 

dephosphorylates phospho-NarL 57,58. NarQ, on the other hand, acts as a kinase in the 

presence of nitrite and low nitrate levels 54,57. Phospho-NarL up-regulates expression 

of narGHJI, narK, narXL, fdnGHI, nuoA-N, meanwhile down-regulating the expression 

of  fumarate  and  DMSO  reductases,  the  periplasmic  nitrate  reductase 

(napFDAGHBC),  and the nitrite  reductases (nrfA-G, nirBDC)  31,55.  Accumulation of 

phospho-NarP only activates the nitrite reductases  54,55.  All  known NarL and NarP 

regulon  targets  are  also  controlled  by  FNR,  and  thus  this  convoluted  system  of 

regulation  functions  to  finely  tune  respiratory  enzyme  expression  according  to 

fluctuating nitrate and nitrite levels 55,59.

Molybdenum-containing enzymes have been deemed “the Swiss army knife” of 

the  cell,  since  they  are  particularly  important  for  conferring  anaerobic  respiratory 

diversity and flexibility in prokaryotes, as depicted in  Figure 1.4 and discussed in 

Section 1.1.4.3. Molybdenum-containing enzymes bind an organo-metallic cofactor 

known generally as molybdenum cofactor (Moco). Biosynthesis of Moco is a multi-

step  pathway  that  is regulated  by  the  ModE and  FNR transcription  factors  upon 

sensing molybdate and anoxia, respectively  48,60–62. Both Mo-bound ModE and FNR 

activation increase expression of the  moaABCDE (Moco biosynthesis) operon and 

molybdoenzyme structural genes, ensuring the appropriate conditions (anoxia) and 

prerequisites  (Mo)  are  present  for  Moco  production  48,60.  Mo-ModE  also  down-

regulates  expression  of  molybdate  transporters  (modABCD)  62,63.  An  interesting 

additional form of control are highly conserved Moco-responsive riboswitches; mRNA 

aptamer elements found upstream of the encoding gene which bind Moco directly as 

it  accumulates in the cell  64.  These riboswitches down-regulate Moco biosynthesis 

genes (moaABCDE) and molybdate transporters, but are also found in the mRNA 

encoding  DMSO  reductase,  formate  dehydrogenase,  TMAO  reductase,  nitrate 

reductase and aldehyde oxidase, where Moco binding increases their expression 65. 
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1.1.4.  Intraprotein Electron Transfer

The redox cofactors within proteins are rarely directly adjacent to each other 

and can be up to 14 Å apart, normally having protein and/or solvent between them 66. 

The  mechanism  by  which  electrons  can  jump  across  such  gaps  is  via  the 

phenomenon of  tunnelling  6,67,68.  According to  quantum theory, an electron's  wave 

function on a donor cofactor has a non-zero probability of existing on the adjacent 

acceptor  cofactor.  The  energetic  barrier  of  having  the  electron  move  between 

cofactors is overcome by its quantum mechanical nature, where it can spontaneously 

appear on the acceptor 2,6,68. The lack of temperature dependence, even down to 5 K, 

is evidence that tunnelling is the process by which electrons are transferred 67,69. The 

protein  medium  composition  and  density  between  redox  centers  has  significant 

impact on electron transfer rates. Over a fixed distance, electron transfer rates can 

differ by 3 orders of magnitude 70. The three main factors that determine the rate of 

electron transfer are:

1) The  inter-center  distance.  There  is  an  exponential  decay  of  the  electron's 

wavefunction with distance, which translates into a exponential decay in rates 

of  electron  transfer  with  distance.  The  decay  constant  for  this  behaviour 

represents the coupling efficiency between redox centers and is determined by 

the packing density of the intermediary protein medium; the value of β = 1.4 Å-1 

has been found to be a good first approximation for this constant, but due to 

the inhomogeneity of proteins the precise value can vary significantly 66,71. The 

inter-center  distance  is  taken  as  the  edge-to-edge  separation  between 

cofactors and is almost always <14 Å, greater than this and electron transfer 

can become rate limiting 66,72. 

2) The reduction potential difference of cofactors expressed in free energy terms  

(∆Gº) 2,73.  As  mentioned  in  Section  1.1.1,  electrons  are  spontaneously 

transferred  from  low  potential   to  high  potential  (low  Em to  high  Em): 

ΔGo  =  −nF Δ Em . The ways in which cofactor potentials can be modulated 
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is  detailed  in  later  sections.  The  presence  of  adjacent  cofactors  and  their 

oxidation  state  can  have  a  significant  effect  on  the  energetics  of  electron 

transfer, i.e. redox cooperativity 74.

3) The reorganization  energy  of  the  system.  The  reorientation  of  dipoles  and 

movement of charged groups within the protein and solvent, changes in metal-

coordination  bond  lengths  and  concomitant  proton  transfers  all  require 

movement of nuclei,  which requires energy – the reorganization energy (λ). 

Proteins serve to provide a low reorganization energy environment, due to low 

polarizability, where  λ < 1.6 eV, but typically λ = 0.9 ± 0.2 eV  75,76.

For his work on how electron transfer rates depend on reorganization energy and the 

free energy change, R.A. Marcus was awarded the 1992 Nobel prize in chemistry 
68,77,78. The Marcus relation is given by equation 1.7:

ΔG‡  =  
(ΔGo  +  λo)

2

4 λo
                                                                                           (1.7)

Where  the  activation  energy  barrier  (∆G‡)  depends  on  the  standard  free  energy 

change  (∆G○) and standard reorganization energy (λ○). In turn, the electron transfer 

rate (ket)  is  a function of the activation energy, temperature and a pre-exponential 

factor (A):

ket  = A⋅exp (−ΔG ‡

RT )                                                                                             (1.8)

An interesting consequence of this relation is that the fastest rates of electron transfer  

are when -∆G○ = λ○. Any higher or lower driving force, and electron transfer occurs 

more slowly – in proteins, individual electron transfer steps are in the range of 0 to 

100 mV (0 to -10 kJ mol-1)  2.  Also, the larger a reorganization energy, i.e. a larger 

required  nuclear  deviation  between pre-  and post-  electron  transfer  states,  slows 

electron  transfer  as  well.  Fortunately,  FeS  clusters  and  hemes  have  very  low 

reorganization energies, only varying by a factor of 2-3 2. 

Electron transfer rates can be predicted empirically (for exergonic redox steps) 
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by  equation 1.9 66,79:

log10 ket  =  13.0  −  (1.2  −  0.8ρ)(r  −  3.6)  −  3.1(ΔG  +  λ)
2
/λ                           (1.9)

The fraction of volume between redox cofactors that is in van der Waals contact is  

given by the weighting factor  ρ, where a value of 1 represents fully packed protein 

medium (β = 0.9 Å-1) and 0 represents no packing and thus vacuum (β = 2.8 Å-1). r is 

the inter-center distance, where optimal electron transfer occurs at van der Waals 

contact (3.6 Å, ket = 1013 s-1).

1.1.5.  Redox Cofactors

Cofactors are relatively small compounds required for proteins, RNA and even 

DNA molecules to perform their function  80–82. In the case of enzymes, an inactive 

apo-enzyme  is  converted  into  the  active  holo-enzyme  by  incorporation  of  the 

necessary cofactor. These cofactors play roles as catalytic centers, for conducting 

electrons  through  proteins,  for  redox  sensing,  and  as  structural  components.  For 

redox chemistry, nature  exploits  several  organic  cofactors  (flavins  and  quinones), 

metallic cofactors containing Fe, Ni, Mg, Mn and Cu, and organo-metallic cofactors 

(hemes, Mo/W-pterin cofactors, FeMoco of nitrogenase). By far the most prevalent of 

the  metal-containing  cofactors  are  heme and heme-like  compounds (chlorins  and 

chlorophylls) and iron-sulfur clusters  81. For the purposes of this thesis we will discuss 

only the cofactors relevant to nitrate reductase: hemes, FeS clusters, molybdenum 

cofactors and quinones.

1.1.5.1.  Iron-Sulfur Clusters

Iron-sulfur (FeS) clusters are among the most ancient protein-bound cofactors. 

Their  ubiquitous  use  across  all  domains  of  life  and  likely  presence  as  inorganic 

components  of  Earth's  environment  4.2  billion  years  ago suggests  they played a 

crucial role in the origin of life 83. FeS proteins are extremely widespread, with roles in 
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cellular metabolism 84–89, gene regulation and expression 53,90–94, and DNA repair and 

synthesis  95,96.  As  protein  bound  prosthetic  groups,  FeS clusters  exist  as  various 

stoichiometries of iron and inorganic sulfur, where the most common are [1Fe], [2Fe-

2S],  [3Fe-4S],  and [4Fe-4S].  FeS clusters are also found as components of  more 

complex cofactors, such as the FeMo cofactor at the active site of nitrogenase 81,97. 

Regardless  of  the  number  of  iron  ions,  FeS  clusters  act  as  1 e– carriers,  where 

individual  iron  ions  can  be  in  the  +2,  +2.5  and  +3  oxidation  states  81,97.   As  an 

example, a [3Fe-4S] cluster, as in NarH of nitrate reductase, goes from a reduced 

state configuration of 2Fe2.5+/1Fe3+, to 3Fe3+ in the oxidized state 19,97. Most frequently, 

proteins  bind  FeS  clusters  by  coordination  of  the  iron  ions  by  cysteines,  but 

coordination by serine, arginine and histidine is also possible – as in the 2His/2Cys 

coordinated   [2Fe-2S]  cluster  of  the  Rieske  protein  in  cytochrome  bc1 and  the 

1His/3Cys  [4Fe-4S]  cluster  of  NarG  in  nitrate  reductase  19,97,98.  The  reduction 

potentials  of  FeS  clusters  vary  considerably,  from  that  of  Azotobacter  vinelandii 

ferredoxin  I  (-650 mV)  99 to  the   high-potential  iron-sulfur  protein  of  Rhodoferax 

fermentens (+350 mV) 100. Proteins evolve to tune the potential of an FeS cofactor by 

the type of cluster coordinated, the geometry and nature of coordinating ligands, and 

the surrounding electrostatic environment 73,81,97,101.

Since FeS clusters are prone to oxidative damage, and can catalyse the 

formation of reactive oxygen species (namely hydroxyl radicals), it is prudent that the 

cell sequester FeS clusters within protein interiors. It is for these reasons that specific 

biosynthetic  machinery  has  evolved  for  FeS  protein  biosynthesis  102,103.  The 

biogenesis  of  FeS  clusters,  regardless  of  the  organism,  occurs  in  two  phases: 

assembly and transfer 104,105. Bacteria encode for three such systems, each usually in 

their  own operons.  The NIF (nitrogen fixation)  system is  unique to  nitrogen-fixing 

bacteria  for  the  maturation  of  nitrogenase,  which  converts  N2(g) into  bioavailable 

NH3(aq)  
104,106,107.  The  ISC  (iron-sulfur  cluster)  system  is  a  general  'housekeeping' 

system used  under  normal  conditions  for  the  biogenesis  of  FeS clusters,  and  is 

related to  the mitochondrial  system used by eukaryotes  104,105,108.  Finally, the SUF 

(sulfur mobilization) system is used in conditions of low iron availability or oxidative 
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stress, and is found in bacteria, archaea and plastids 104,109,110. Bacteria may have one, 

two or all three systems, and NUF has been demonstrated to replace both the ISC 

and  SUF  systems  of  E.  coli under  anaerobic  conditions,  demonstrating  their 

interchangeability 104,111. Non-photosynthetic eukaryotic FeS cluster biogenesis occurs 

in  the  mitochondria,  where  a  system very  similar  to  the  bacterial  ISC machinery 

generates all cellular FeS clusters 112,113. Highly conserved among eukaryotes are the 

'ISC-export  machinery',  which exports FeS clusters from the mitochondria into the 

cytoplasm, and the 'cytosolic FeS protein assembly machinery', which is responsible 

for generating all cytosolic and nuclear FeS proteins 105,112,113. 

FeS cluster biogenesis is a complex process requiring three ingredients: sulfur, 

iron, and electrons 104,105,113. Sulfur is derived from free L-cysteine, which is converted 

to alanine by the cysteine desulfurase (IscS – bacterial, NFS1 – mitochondrial)1. Iron, 

being a highly reactive metal,  is  obtained as Fe3+ bound to iron donors or carrier 

proteins  (IscX,  CyaY, IscA,  frataxin).  Electrons  are  required  for  FeS  clusters  to 

chemically form, and are supplied by ferredoxin/ferredoxin reductase, which reduces 

both the Fe3+ and the extracted sulfur (S0). A scaffold protein (IscU, ISCU) acts as a 

conformationally flexible platform onto which all three ingredients come together to 

produce  transiently-bound  [2Fe-2S]  or  [4Fe-4S]  clusters.  The  FeS cluster  is  then 

transferred and inserted into target apo-proteins in an ATP-dependent fashion utilizing 

a  chaperone/co-chaperone  pair  (HscA/HscB,  HSPA9/HSC20)  and  sometimes 

requiring a carrier  protein (IscA) or further  sets of  proteins in  eukaryotes  104,105,113. 

While the general mechanism for FeS cluster biogenesis has been elucidated, many 

questions remain.

1.1.5.2.  Heme

Hemes are organo-metallic cofactors which, similar to FeS clusters,  function 

as 1 e– carriers;  cycling through the ferric (+3) and ferrous (+2) states. The basic 

1 Proteins from the bacterial ISC and mitochondrial machinery are indicated in brackets, where the 

mitochondrial protein is indicated by an underscore.
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structure of heme includes a porphyrin ring which coordinates a central iron ion via 

the  pyrolle  nitrogens.  The  porphyrin  ring  can  be  adorned  with  various  functional 

groups and chemical modifications – such as farnesylation, formylation, hydroxylation 

and acetylation – to give rise to the diverse set of  hemes; those most commonly 

encountered in respiration are hemes  a,  b,  c  ,  d and  o (Figure 1.6)  97,114.  Hemes 

exhibit oxidation state dependent UV-vis absorbance spectra, and it is thanks to this 

property that led to their discovery as “cellular pigments” around the turn of the 20 th 

century 2,115–117. It is by their reduced-minus-oxidized peak position in the 550-630 nm 

range (the  α-peak) which allows their differentiation. In the case of  b-hemes, as in 

NarGHI, this is around 560 nm  2,97,118. 

Proteins containing at least one heme are known as hemoproteins and those 

associated  with  respiration  are  known  as  cytochromes.  Hemoproteins  function  in 

oxygen transport  119,120, electron transfer  114,121, sensing NO, O2 and CO  122, enzyme 
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regulation  123,124, and oxidative reactions 125. Hemoproteins can bind their hemes via 

four  main  interactions:  1)  mono- or  bis-  coordination  of  the central  heme iron  by 

histidine or methionine (see Figure 1.6); 2) polar contacts of protein side chains with 

the  heme  propionates;  3)  van  der  Waals  and   hydrophobic  interactions  with  the 

porphyrin; and, 4) in the case of  c-cytochromes, the cysteines of conserved CxxCH 

motifs form one or two thioether linkages between the thiols of c-type hemes 81,97,126,127. 

The identities and numbers of ligands, the coordination geometry, heme 'ruffling' and 

distortion, solvent exposure, redox-Bohr effects, and the various other interactions of 

the protein and adjacent cofactors with the heme determine its spectroscopic and 

electrochemical properties  8,73,127–135.  Through manipulation of these various factors, 

hemoproteins can tune their heme potentials over a 1 V range (-550 mV to +450 mV) 
97,133,134,136. 

Due  to  the  mixing  of  Fe2+ d-orbitals  with  the  π-orbitals  of  the  conjugated 

porphyrin ring, the electron added upon heme reduction is spread out over the entire 

heme system, including the propionates and axial  ligands  137–139.  Functionally, this 

spreading  of  electron  density  over  the  entire  cofactor  effectively  decreases  the 

distance  between  hemes,  which  facilitates  rapid  electron  transfer  72,137.  The 

delocalization  of  charge  also  makes  hemes  particularly  useful  for  transferring 

electrons across membranes; b-cytochromes in particular are central components in 

the  aerobic  respiration of  mitochondria  (cytochrome  bc1  
22), photorespiration  in 

chloroplasts (cytochrome  b6f 140) and bacterial anaerobic respiration (NarGHI  19 and 

FdnGHI  18).  The  ability  for  hemes  to  delocalize  charge  also  makes  them  ideal 

cofactors for storing electrons, as in mitochondrial cytochrome c and the multi-heme 

cytochromes of many bacteria and archaea 134,137,141. 

Depending on the organism there is one of two ways for heme biosynthesis to 

proceed. The starting materials used are succinyl-CoA and glycine in animals, fungi 

and α-proteobacteria, or glutamate in most bacteria, archaea and plants 142. The two 

pathways converge at the first  committed step of heme biosynthesis,  which is the 

creation of δ-aminolevulinic acid 143. In a series of condensation, decarboxylation and 
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oxidation reactions, the final Fe2+ insertion by ferrochelatase yields Fe-protoporphyrin 

IX  (heme  b)  81,142,143.  Heme  b is  then  either  directly  incorporated  into  b-type 

cytochromes or used as a template for synthesis of hemes a, c, d and o 81,114. 

1.1.5.3.  Mono-Nuclear Molybdenum Cofactor

Molybdenum  (Mo)  is  an  essential  trace  element  for  plants,  animals  and 

prokaryotes and the only 2nd row transition metal utilized in biochemistry  62. It  is a 

component of the active site cofactors of well over 50 enzymes, which themselves 

play diverse roles in metabolism and the biogeochemical cycles of sulfur, nitrogen 

(Section 1.2.1) and carbon 62,144. In 

humans,  four  molybdoenzymes 

are known, having roles in  sulfite 

and  N-hydroxy-cytosine 

detoxification,  purine  metabolism, 

and  pro-drug  activation  62,145. 

Deficiency  of  Mo  and  Mo-

containing  cofactor  (Moco)  in 

humans  is  characterized  by 

progressive  neurological  damage, 

which in most cases leads to early 

childhood death.  The fatal  effects 

of Moco deficiency are mainly the 

result of the toxic accumulation of 

sulfite 146.

Apart from the Fe-Mo cofactor 

of  nitrogenase  147 and the Cu-Mo 

cofactor  of  Desulfovibrio  gigas 

orange  protein  148,  Mo  is  found 

coordinated  in  Moco  as  a  single 

ion  by  tricyclic  organic  cofactors 
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Figure  1.7:  Molybdenum-containing 

cofactors. Molybdopterin is the most basic pterin and 

is comprised of the (a) pyrimidine, (b) pyrazine and (c) 

pyran  rings.  The  two  pterins  of  NarGHI  Mo-

bis(pyranopterin  guanine  dinucleotide)  are  identified  by 

their proximity to FS0, of which the distal pterin has an 

open pyran ring. Atoms colored by CPK convention.
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called pterins (pyranopterin). The basic pyranopterin structure is shown in Figure 1.7 

where the pyrimidine, pyrazine and pyran rings are indicated  81. The two dithiolene 

sulfurs act  as  ligands to  the  Mo, and the coordination  sphere  is  completed by a 

combination  of  oxo,  hydroxo,  sulfido  or  amino  acid  (Ser,  Cys,  Se-Cys  and  Asp) 

ligands.  The Mo itself  cycles between the +IV/+V/+VI oxidation states in  order  to 

catalyse oxo-transfer or hydroxylation reactions, for which these enzymes have broad 

reactivity (xanthine, DMSO, formate, ethylbenzene, nitrate, selenate, chlorate, sulfur, 

arsenic, and others)  62,149. Mononuclear molybdoenzymes (those binding Moco) are 

classified  into  four  families  based  on  their  pterin  structure  and  active  site  Mo 

coordination  sphere:  the  xanthine  oxidase,  DMSO  reductase,  sulfite  oxidase  and 

aldehyde  oxidase  families  62,150.  The  pyranopterin  phosphate  is  left  unmodified  in 

eukaryotic  molybdoenzymes  and  bacterial  sulfite  oxidases,  but  bacterial  DMSO 

reductases  and  xanthine  oxidases  are  modified  by  the  addition  of  guanosine 

monophosphate and cytosine monophosphate, respectively 149. 

The DMSO reductase family, of which E. coli nitrate reductase is a member, is 

found only in prokaryotes and represents the most diverse family in terms of function 
62,151. This family is characterized by binding Mo with two pyranopterins, each modified 

by addition of guanosine monophosphate at the pyranopterin phosphate – named 

Mo-bis(pyranopterin guanine dinucleotide) or Mo-bisPGD (Figure 1.7)  62.  The MoVI 

coordination sphere is completed by an oxygen or sulfur ligand and either a hydroxo 

or amino acid (Ser, Cys, Se-Cys, Asp) ligand 149. In E. coli nitrate reductase (NarGHI), 

the MoVI coordination sphere is completed by an oxygen/Asp or bidentate Asp ligand 
19,152,153. A further modification of the NarG Moco is the open state of the pyran ring of 

the distal pterin, similar to the Moco of ethylbenzene dehydrogenase of Aromatoleum 

aromaticum, also a DMSO reductase family enzyme 19,154.

E. coli has five known operons involved in Moco metabolism (moa, mob, mod, 

moe,  and  mog)  encoding  a  total  of  15  proteins  155.  Biosynthesis  of  the  basic 

pyranopterin  cofactor  involves a highly  conserved and complex pathway involving 

three main steps  62,149:  1)  the  cyclization of  a  guanosine 5'-triphosphate  (GTP)  to 
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produce  cyclic  pyranopterin  monophosphate  (MoaA,  MoaC);  2)  production  of  the 

dithiolenes by  sulfuration  (MoaD/MoaE, MoeB),  a  process that  shares a common 

enzyme with FeS cluster production (IscS); and 3) incorporation of molybdate (MogA, 

MoeA). The dimerization of pyranopterin and addition of two additional  guanosine 

nucleotides (MobA) is required for the biosynthesis of NarG-bound Moco, which in 

total  requires 9 proteins and 5 ATP equivalents.  Due to the high lability of  Moco, 

system specific chaperones are required to transfer and insert Moco into the correct 

apo-enzyme 62,149,156.

While  much  has  been  learned  with  regards  to  ligand  control  of  Mo 

electrochemistry, less is known about what role the pterin plays in determining the 

functionality  of  Moco  as  a  whole.  This  includes  the  significance  of  pyranopterin 

conformation/oxidation state and the function and consequences of an open pyran 

ring.

1.1.5.4.  Quinones 

Quinones  are  essential  mobile  electron  carriers  of  energy  conserving 

membranes, where they serve as 2H+/2e– mediators in respiratory and photosynthetic 

pathways 2. Their presence as respiratory components is nearly universal across the 

tree of life, being absent only in most obligate fermentative bacteria (Lactobacillus, 

Streptococcus) and methanogenic archaea of the order Methanosarcinales 157,158. E. 

coli produces  three  different  quinone  species,  where  the  concentrations  of  each 

varies  with  culture  aeration  (see  Section  1.1.3.2).  Ubiquinone  (Em,7 =  +100 mV) 

(Figure 1.8) is found in mitochondria and is the major respiratory quinone of E. coli 

under aerobic conditions 40,41,157. 

The core of a quinone is the aromatic head group which consists of either one 

ring (benzoquinones) or two rings (naphthoquinones). While there are many forms of 

quinones in nature, those involved in respiration are 1,4-hydroxyquinones (Figure

1.8),  which are rendered highly lipophilic  by addition of poly-isoprenoid (or phytyl)  
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tails. The length of these tails, in terms of the number of isoprene units, depends on 

the organism and varies most commonly between 6 and 10, where human ubiquinone 

contains 10 isoprenoid units and quinones of E. coli have 8 157,158. In the membrane, 

quinone tails localize to the mid-plane region whereas the head groups localize close 

to  the  polar  head  group  region  of  the  bilayer,  where  interactions  with  water  are 

possible 159,160. 

Quinones  can  cycle  through  three  oxidation  states,  fully  reduced  quinols 

(having 1,4-hydroxyls), one electron reduced semiquinone radicals (mono-protonated 

or anionic), or the fully oxidized quinones (1,4-ketones) (Figure 1.8). In turn, each 

oxidation  state  can  have  three  protonation  states  where  each  protonation  and 

reduction  can  be  characterized  by  a  pKa and  reduction  potential:  E1 for  the 
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Figure  1.8:  The  quinones  of  E.  coli and  quinone  chemistry  overview. E.  coli 

synthesizes three quinones: ubiquinone (UQ),  menaquinone (MQ) and its biosynthetic intermediate 

demethylmenaquinone (DMQ). Quinol is a 2e–/2H+ carrier, as such quinone reduction is characterized 

by two reduction potentials (E1,  E2) and proceeds through a semiquinone radical intermediate. Atoms 

colored according to CPK convention.
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quinone/semiquinone  couple  and  E2 for  the  semiquinone/quinol  couple,  where  a 

quinone's Em = (E1 + E2)/2. In a biological context, the most stable forms for the three 

oxidation states are QH2 (reduced and fully protonated), Q●–  (anionic semiquinone) 

and  Q  (oxidized  and  deprotonated)  2,158.  Two  main  factors  influence  the  intrinsic 

electrochemical  properties  of  quinones:  the  number  of  rings  and  the  addition  of 

electron  withdrawing  or  donating  groups  to  the  quinone  ring(s).  Case  in  point, 

naphthoquinones  generally  have  lower  potentials  than  benzoquinones  due  to  the 

greater  resonance  stabilization  afforded  by  the  second  aromatic  ring.  In  a  rough 

sense, the addition of electron-donating groups (–OCH3, –CH3, –OH, –NH3) raises the 

QH2 pKa and lowers the Em (Q/QH2), while addition of electron-withdrawing groups (–

NO2, –COOH) have the opposite effect 161–163. Quinone properties are further tuned by 

the surrounding medium (protein), where the electrostatic environment and hydrogen 

bonding (geometry and partner identity) not only modifies the electron density over 

the  quinone ring,  but  also  influences the  orientation  of  quinone functional  groups 

(methoxyls, for instance) with respect to the quinone ring 161,162,164,165. 

Since the semiquinone intermediate is a radical, various aspects of quinone 

electrochemistry and the nature of its surrounding environment can be determined by 

EPR. In a redox titration of the semiquinone radical, where the concentration (EPR 

signal  intensity)  of  semiquinone is  plotted  as  a  function  of  the  ambient  reduction 

potential, a bell-shaped curve results. The center of the titration peak is determined by 

the  Em value,  and  the  width  of  the  titration  curve  is  a  function  of  the  difference 

between  E1 and  E2.  The  titration  curve  width  reports  on  the  stability  (Ks)  of  a 

semiquinone, where K s  =  10 ^((E1−E2)/59) 166,167. Using pulsed EPR and electron-

nuclear double resonance techniques the immediate environment of protein-bound 

semiquinones can be probed 168–172.

While  >1000  structures  exist  for  many  of  the  >50  quinone-binding 

proteins, there appears to be no universally identifiable protein sequence or motif for 

Q-sites  173.  Attempts  to  find  such  motifs  have  been  made,  however,  with  partial 

success. The QA and QB sites of bacterial reaction centers and photosystem II, as well 
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as cytochrome bc1/b6f Qi sites, are roughly predictable by the motif: aliphatic-(X)3-H-

(X)2-3-(L/T/S) 173. The Qo site of cytochrome bc1 complexes, on the other hand, exhibits 

a  conserved  PEWY  motif  that  provides  structure  features  of  the  Qo site  174.  In 

agreement with these motifs, quinone binding often involves an acidic residue and a 

basic residue (His or Lys), which facilitate proton transfer  173,175,176. Some examples 

include  E. coli nitrate reductase (His66) and fumarate reductase (C-Glu29 and B-

Lys228)  170,177,178,  yeast  cytochrome  bc1 Qo (Glu272  and  His161)  174,179,  and 

Desulfovibrio vulgaris membrane-bound cytochrome-c quinol dehydrogenase (Asp89 

and  Lys82)  175.  Interactions  between  the  quinone,  including  ubiquinone  methoxy 

groups, and the protein can be via any amino acid capable of making hydrogen bonds 

or  backbone  amides  (Ser264  of  photosystem  II  QB,  and  Tyr130  of  polysulfide 

reductase) 180,181, and these interactions can include intermediary waters 182. In order 

to facilitate efficient electron transfer, Q-sites are found in close proximity (<14 Å) to 

redox-active  prosthetic  groups,  such  as  hemes  and  FeS  clusters  173,175.  Quinone 

binding is often through a residue ligand of these adjacent metal centers, such as 

His66-heme bD of nitrate reductase or His161-Rieske [2Fe-2S] cluster of cytochrome 

bc1 
170,183–185. In the case of hemes, a propionate group often interacts directly with the 

quinone, as in  E. coli nitrate reductase and formate dehydrogenase  18,183,186. These 

hemes  often  contribute  to  a  second  feature  common  of  Q-sites:  proton  transfer 

pathways.  Since  quinone  reduction  and  quinol  oxidation  involve  the  uptake  and 

release of protons, respectively, quinone binding sites are located near the interfacial 

regions  of  the  bilayer  175.  Furthermore,  since  Q-sites  are  still  within  hydrophobic 

portions of protein interiors, as well as being within the membrane, there needs to be 

a way for the protein to channel these protons to the aqueous milieu, where they are 

often used to contribute to PMF. As such, Q-site associated proton transfer pathways 

have been identified in many proteins: nitrate reductase 19, cytochrome b6f 187, formate 

dehydrogenase  18,  respiratory complex I  13,14,  cytochrome  bc1  
188,  and the bacterial 

reaction center QB-site 189. 

The biosynthesis of the quinone head group and isoprenoid tail occurs along 

separate  pathways  before  being  linked  together  by  a  prenyltransferase.  The  tail  
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derives  from sequential  condensations of  isopentenyl  diphosphate  to  dimethylallyl  

diphosphate,  and  the  head  group  of  menaquinone  and  ubiquinone  is  ultimately 

derived from chorismate via the shikimate pathway, involving the  men/mqn and  ubi 

operons 158,190. Following condensation of the head and tail, further modifications are 

required, such as decarboxylation, methylation and hydroxylation 39,158. Methylation of 

UQ  and  MQ  is  catalysed  by  UbiE,  where  upon  knocking  it  out  results  in  only 

demethylmenaquinone, the precursor to menaquinone 42,191. MQ biosynthesis occurs 

mainly by a soluble complex of enzymes, whereas UQ biosynthesis occurs within a 

membrane-bound enzyme complex 158. Regulation of quinone biosynthesis is not yet 

known, but it has been shown that the machinery to make MQ is present in  E. coli 

under aerobic conditions and is activated post-translationally by changes in substrate 

concentration and increased flux through the quinone biosynthesis pathway 41,192.

1.2.  E. coli Nitrate Reductase A (NarGHI)

1.2.1.  The Nitrogen Cycle

Nitrogen  is  an  essential  component  of  proteins,  nucleic  acids  and  even 

carbohydrates and lipids. It is the fourth most common element in the human body, at  

3.3%(w/w),  and constitutes ~75% (w/w) of  our  atmosphere  193.  Despite  this, N2 is 

unavailable to most organisms due to its inertness and is often a limiting nutrient in 

the  primary  photosynthetic  production  of  Earth's  ecosystems.  NH4
+ and  NO3

– 

constitute  the  major  bioavailable  forms  of  nitrogen,  made  naturally  available  by 

prokaryotes via the nitrogen cycle (see Figure 1.9). Humans, however, are currently 

the largest source of bioavailable nitrogen by means of the Haber-Bosch process for 

production of ammonia fertilizers 194,195. Certain species of bacteria and archaea are 

capable of fixing N2 and, by means of symbiosis, so are some eukaryotes (legumes 

and  termites).  Nitrogenase  is  a  highly  conserved  [Mo-Fe7-S9] cofactor-containing 

enzyme which, with the energy of ~16 ATP, is capable of ripping the triple N2 bond 

apart to produce ammonia – a process known as nitrogen fixation 196. Ammonia can 
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Figure  1.9:  The  global  biogeochemical  nitrogen  cycle. Bacteria  catalyse  the 

interconversions  of  nitrogenous  compounds  via  the  action  of  several  enzymes:  assimilatory 

cytoplasmic nitrate reductase (nasA), Eukaryotic (plant) nitrate reductase (Euk-nr), respiratory nitrate 

reductase (narGHI), dissimilatory periplasmic nitrate reductase (napAB), nitrite reductases (nir), nitric 

oxide reductase (nor), nitrous oxide reductase (nos), cytochrome c nitrite reductase (nrf), hydrazine 

hydrolase (hh), hydrazine oxidoreductase (hao), nitrogenase (nif), ammonia mono-oxygenase (amo), 

nitrite oxidoreductase (nxr). Note that certain conversions occur only aerobically or anaerobically, as 

indicated by the center dotted line. Figure adapted from reference 194.
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then  be  assimilated  into  complex  biological  matter,  or  be  produced  through 

decomposition.  In  the  presence  of  oxygen,  specific  prokaryotes  are  capable  of 

converting  NH4
+ into  NO3

– via  the  process  of  nitrification,  whereby  the  electrons 

released from this oxidative process are used for chemoautotrophic growth in the 

absence  of  light  194.  Nitrate  dissimilation  occurs  through  nitrate  respiration, 

ammonification or denitrification. In the process of denitrification, bacterial and plant 

nitrate  reductases can convert  NO3
– to  N2,  along the  way producing  a  significant 

amount of the greenhouse gas N2O   197,198. Alternatively, NO3
– can be converted to 

NH4
+ by over 60 genera of  prokaryotes and some eukaryotes (fungi and protozoa) 

197,199. This process of ammonification begins with nitrate reductases (NarGHI, NapAB) 

and goes through NO2
– and NO before yielding NH4

+  194.  The pathway by which a 

bacterial community utilizes NO3
–/NO2

– (ammonification vs denitrification) depends on 

the initial concentrations of NO3
– and NO2

–: higher initial concentrations of NO3
– favour 

ammonification, whereas higher NO2
– concentrations result in greater flux through the 

denitrification  pathway  200.  An  additional  pathway  that  can  be  used  by  anaerobic 

bacteria  to  generate energy is  called anaerobic ammonium oxidation  (anammox). 

This process is catalysed by a group of bacteria known as planctomycetes, which 

oxidize NH4
+ with NO to produce N2 201.

1.2.2.  The Physiology of Bacterial Nitrate Reductases

Nitrate reductases have essential  biological  functions in  facilitating nitrogen 

utilization for growth (assimilation), generating proton motive force (respiration), and 

maintaining  redox  balance  in  the  cell  by  eliminating  excess  reducing  equivalents 

(denitrification). The reaction catalysed by all nitrate reductases is: NO3
– + 2H+ + 2e– 

↔ NO2
– + H2O (Eº'  = +420 mV)  202. Bacteria can encode for three types of nitrate 

reductases, while a eukaryotic nitrate reductase is encoded by fungi and plants 203,204. 

Despite all nitrate reductases being molybdoenzymes, the bacterial nitrate reductases 

are  members  of  the  DMSO reductase  family  and  bind  Mo-bisPGD;  whereas  the 

eukaryotic assimilatory nitrate reductases are members of the sulfite oxidase family, 
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binding molybdopterin instead (see Figure 1.7 and Section 1.1.5.3) 202.

The  three  bacterial  nitrate  reductase  systems  include  the  cytoplasmic 

assimilatory nitrate reductases (NasCA, NarB), the periplasmic dissimilatory nitrate 

reductase (Nap) and the respiratory membrane-bound nitrate reductases (NarGHI, 

NarZYV).  Assimilatory  nitrate  reductases   are  cytoplasmic  enzymes  whose 

composition and electron donors differ between species, though the system can be 

broadly divided into two types: NasCA and NarB 202,204,205. NasCA uses NAD(P)H as 

an  electron  donor  and  NarB  is  reduced  by  either  ferredoxin  or  flavodoxin.  The 

regulation of Nas is complex and species specific, though generally NH4
+ acts as a 

negative regulator, and NO3
– and NO2

– are positive regulators of Nas. E. coli does not 

encode for either Nas system 202,204.

The  Nap  system is  widespread  among  Gram negative  bacteria,  where  11 

genes   are  encoded  in  four  types  of  operon,  genomically  and  on  plasmids  202. 

Depending on the organism, regulation of Nap may or may not be dependent on 

oxygen or nitrogen. In  E. coli Nap is encoded by the  napFDAGHBC operon, where 

expression is induced by low O2 and low nitrate conditions (<1 mM) 206. In almost all 

cases,  Nap  functions  as  a  soluble  heterodimer,  NapAB,  and  therefore  does  not 

directly  contribute  to  the  proton  motive  force  207–209.  However,  several  nap genes 

encode for membrane-anchored proteins (NapC,G,H) which allows Q-pool coupling of 

NapAB  to  respiratory  dehydrogenases  205,210.  It  is  through  these  electrogenic 

dehydrogenases by which Nap can contribute to respiration. Due to its high nitrate 

affinity, Nap serves a particularly important role in respiration under nitrate- and/or 

carbon-limiting  conditions  208.  It  is  for  this  reason  that  Nap  can  be  viewed  as  a 

pathogenicity  factor  211.  Nap  also  serves  to  maintain  cellular  redox  balance  by 

removing excess reducing equivalents (NADPH/NADH) by reducing nitrate.  

E. coli encodes two Nar systems which are highly conserved in sequence and 

even similar in terms of the properties of their cofactors, Nar A (NarGHI) and Nar Z 

(NarZYV) 212,213. NarGHI (encoded by the narKGHJI operon) is the primary respiratory 

nitrate reductase of  E. coli and is most highly expressed under anaerobic and high 
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nitrate conditions (≥10 mM) 206. NarZYV (encoded by the narUZYWV operon), on the 

other hand, is only expressed at low levels during stationary phase and is unaffected 

by oxygen or nitrate concentration. Its function is believed to facilitate respiration on 

nitrate  during  aerobic,  stress-associated  conditions  214–216.  NarGHI  is  particularly 

important for  bacterial  survival,  as nitrate is the preferred electron acceptor in the 

absence of oxygen (see Section 1.1.3.1). During an inflammatory response, immune 

cells release NO and O2
–.  These two compounds react to produce peroxynitrite, a 

potent bacteriocide, which can then decompose to NO3
–  217. In the case of patients 

with irritable-bowl disease, the inflammatory response results in elevated production 

of NO3
–. Enterobacteriaceae, such as E. coli, can utilize this source of NO3

– to support 

elevated  levels  of  growth,  with  serious  implications  for  host-associated  gut  flora 

communities  in  the  colon  218,219.  NarGHI  also  plays  a  role  in  the  pathogenicity  of 

tuberculosis.  The  ability  for  Mycobacterium  tuberculosis to  survive  in  human 

macrophages is largely attributed to NarGHI, whereby macrophage produced NO3
– 

can be utilized to promote growth  206,220,221. The resulting accumulated NO2
– in turn 

stimulates  M.  tuberculosis dormancy  by 

inhibiting  growth,  enhancing  ATP  synthesis 

and regulating the expression of  120 genes 

needed for adaptation to  acid,  hypoxia,  iron 

limitation  and  oxidative/nitrosative  stress 
206,222,223. Nitrate reductases therefore not only 

have important roles in bacterial metabolism, 

but also human health.

1.2.3.  NarGHI  Structure  and 

Function

Nitrate  Reductase  A  (NarGHI),  as 

depicted in  Figure 1.10,  has been identified 
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and  isolated  in  many 

organisms, but most of what 

we know about it comes from 

the E. coli enzyme which has 

been the subject of study for 

over  40  years  205,224. 

Functionally,  NarGHI  is  a 

dimer  of  heterotrimers  and 

can  be  isolated  as  such  by 

treatment  of  isolated  inner 

membrane vesicles with mild 

detergents;  the  interaction 

surface  between  NarGHI 

heterotrimers  is 

approximately 11,450 Å2,  17,19. 

The soluble dimer, NarGH, is 

cytoplasmic  facing  and  can 

be  extracted  from  the 

membrane  anchor  subunit, 

NarI, by heat treatment 225–228. 

The  entire  dimeric  NarGHI 

complex is about 0.5 MDa in size and incorporates into its structure a variety of redox 

cofactors as well as structural lipids  17,19,229.  The full electron transfer pathway and 

complement  of  cofactors  was  finally  determined  by  the  solving  of  the  crystal 

structures of NarGHI and NarGH at 1.9 Å and 2.0 Å, respectively, by two independent 

groups  19,152.  In  total  there  are  ten  crystal  structures  of  wild-type  and  variants  of 

NarGHI, including two with a bound Q-site inhibitor (pentachlorophenol). It is clear 

from these structures that electrons from quinol oxidation, which occurs adjacent to 

the distal heme of NarI, are transferred to the nitrate reductase site (Moco) of NarG 

via  its  nearly  100 Å-long  electron  transfer  relay: 
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bD→bP→FS4→FS3→FS2→FS1→FS0→Mo-bisPGD  (Figure  1.11).  NarI,  the 

membrane anchor subunit, binds the two hemes; NarH binds FS1-4; and NarG, the 

catalytic subunit, coordinates the FS0 and Mo-bisPGD cofactors. The next sections 

explore the structure and function of these subunits in greater detail.

1.2.3.1.  NarG

NarG (140 kDa) is  the catalytic  subunit  and as such binds the Mo-bisPGD 

cofactor (Em,8
VI/V = +184 mV,  Em,8

V/IV = +99 mV) as well as a [4Fe-4S] cluster (FS0) 

(Em,8 = -55 mV) 230–232. NarG  is organized into four conserved domains which surround 

Moco, and shares similar structure and cofactor content to the E. coli NapA enzyme 
151,152,233–235.  Due  to  its  sensitivity  to  hydrolysis,  Moco is  buried  deep  within  NarG, 

whereby  NO3
– gains  access  to  the  Mo  atom  via  a  narrow,  deep  binding  funnel 

supplied by a fifth conserved domain 151,236. NarG is inhibited at Moco by the binding 

of azide and thiocyanate, and is capable of reducing chlorate to toxic chlorite 237–239. 

The two pterins of Moco are identified as P and Q, where the FS0-proximal Q-

pterin mediates electron transfer from FS0 to Mo, as depicted in  Figure 1.12.  As 

opposed to the Q-pterin, which is tricyclic, the P-pterin is bicyclic (an open pyran ring) 

as in the ethylbenzene dehydrogenase from  Aromatoleum aromaticum (see  Figure

1.7) 19,152,154. Functionally, the role of this bicyclic pterin is unknown, but it may play a  

role  in  proton  transfer  and  Moco 
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pterin indeed tunes the redox properties of Mo, and the reduction potential correlates 

with NarGHI activity both in vivo and in vitro 240. 

The Mo ion itself is directly coordinated by six ligands in a distorted trigonal 

prismatic geometry, where the dithiolene sulfurs of the two pyranopterins provide four 

ligands  19,152.  Asp222,  which  contributes  to  the  Mo  coordination  sphere,  is  highly 

conserved across  all  NarG proteins from bacteria  and archaea  152.  In  the NarGH 

structure, Asp222 provides a single carboxylate oxygen to the coordination sphere of 

Mo, which is also coordinated by an  oxo (=O) ligand  152.  On the other hand, the 

NarGHI structures show Asp222 coordinates Mo in a bi-dentate fashion, with no oxo 

ligand  present,  as  in  Figure  1.12 19,183,244.  It  has  been  proposed  that  these  two 

structures represent two different oxidation states of the Mo, where NarGHI has been 

radiolytically reduced, whereas NarGH remains oxidized  62,245. NarGHI also exhibits 

two forms of MoV EPR spectrum, a low-pH form with splittings indicating a strongly 

associated proton, and a high-pH form with only a weakly coupled proton. The two 

forms interconvert with a complicated pH dependence 153,237,246. It has been proposed 

that  the  low-pH/reduced  form  is  due  to  Mo  coordination  by  an  oxo  ligand  and 

monodentate Asp222, whose other carboxyllic oxygen is hydrogen bonded with the 

conserved  His546  152.  This low-pH coordination of Mo grants it high reactivity with 

NO3
– and  the  ability  to  bind  anions  237.  The  high-pH  form  may  represent  the 

deprotonation of His546, releasing Asp222 to swing into a bi-dentate coordination of 

Mo, blocking NO3
– from binding 152. 

Protein film voltammetry studies of the  E. coli and  Paracoccus pantotrophus 

NarGH dimer have given yet further insight into the mechanism of NarGHI 239,247. Both 

enzymes exhibit two kinetic activities: a high potential activity (-25 mV) which is pH 

dependent with a pKa of 7.8, and a low potential activity (-400 mV) which does not 

vary with pH in the 5-9 range 239,247. Inhibition studies with azide determined that NO3
– 

binds more tightly to the MoV state of NarGHI than to the MoIV state 239. However, NO3
– 

reduction proceeds more quickly through the MoIV-bound state, where NO3
– binding 

and H2O release are nearly simultaneous. This suggests that NarGHI exhibits two 
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routes for nitrate reduction, one for low concentrations of nitrate (slower turnover but 

high affinity for NO3
–) and one for high concentrations of nitrate (lower NO3

– affinity but 

faster  turnover)  239.  Electrochemical  and  structural  studies  of  periplasmic  nitrate 

reductase and formate dehydrogenase suggests that such active site heterogeneity 

and flexibility is a common feature for DMSO reductase family enzymes, like nitrate 

reductase 235,239,247–250.

The  FS0  cluster  (Em,7 =  -55 mV)  of  NarG  is  coordinated  by  the 

H49xxxC53xxC57(x)nC92PR94 motif,  which  differs  from  the  more  prototypical  motif  of 

other [4Fe-4S]-coordinating prokaryotic nitrate reductases: CxxCxxC(x)nCxK 235. It is 

because of the coordination by a His,  instead of a fourth Cys, that it  was initially  

believed that NarG did not bind an FeS cluster, which was supported by the failure of 

initial attempts to detect FS0 by EPR. Upon solving the structure and subsequent 

EPR studies it was apparent that NarG does coordinate a [4Fe-4S] cluster, but with a 

high-spin state, different from typical [4Fe-4S] clusters, being visible at 9-12 K around 

g = 5.02  and 5.55  19,152,231,244,251,252.   FS0 has two primary  functions in  NarG:  1)  it 

constitutes part of the electron transfer pathway through NarGHI; and 2) its insertion 

into  NarG  is  a  required  pre-requisite  step  to  Moco  insertion  by  the  dedicated 

chaperone NarJ 244,252,253. 

It has long been known that NarGHI undergoes reductive activation, where an 

initial  reduction  of  the  enzyme  is  required  for  attainment  of  full  activity  239,254–257. 

Activation  can  be  achieved  by  direct  voltammetry,  or  reaction  with  low  potential 

viologens and endogenous quinol  substrates  239,255,256.  It  was determined that  with 

prolonged exposure to these electron sources the FeS relay became progressively 

reduced and EPR detected MoV intensity diminished  255,256.  In order to explain the 

reductive activation of NarGHI, three hypotheses have been put forth: 1) the oxidation 

state of the electron transfer relay of NarGHI (i.e. the FeS clusters) determines the 

rate;  2)  the  molybdenum  coordination  sphere/environment  undergoes  redox-

dependent changes; or 3) the oxidation state of the pterin cofactor itself  changes. 

While no direct evidence exists for the third possibility, and due to the slow rate and 
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temperature dependence of activation,  mechanisms 1) and 3) are not likely 257.  The 

mechanism  for  reductive  activation  therefore  likely  represents  a  conformational 

change of the enzyme, most likely in the proximity of Mo. This, however, requires 

further work.

While much has been learned about the mechanism of nitrate reduction by 

NarG, many questions remain: what is the physical meaning and origin of the two pH 

and kinetic forms of NarGHI? What role does the pterin play in NarG function? what  

conformational changes are required during turnover? and, What is the mechanism 

for the reductive activation of NarGHI?

1.2.3.2.  NarH

NarH (58 kDa) acts as a scaffold for the coordination of four FeS clusters, 

three [4Fe-4S] clusters (FS1, FS2, FS3) and a [3Fe-4S] cluster (FS4) adjacent to 

NarI, as depicted in  Figure 1.11. This linear arrangement of FeS clusters acts as a 

'wire' to facilitate electron transfer between the active sites of NarI and NarG, where 

the  distance  between  each  FeS  cluster  is  well  below  the  14 Å  limit  for  efficient 

electron transfer 19,71. FeS cluster coordination occurs through conserved ferredoxin-

like  motifs  (Cys  groups  I-IV  in  Figure  1.13)  by  the  consensus  sequence: 

CAx2CBx2-11CCx3CDP 258. Here the first 3 cysteines of a motif (CA-C) plus the fourth of an 

adjacent  motif  (CD)  coordinate  one  [4Fe-4S]  cluster.  FS4  is  rendered  a  [3Fe-4S] 

cluster by degeneration of a Cys in Cys group III to Trp (NarITrp220) 19,258. 

NarH is  believed to  have originated as  a fusion  of  the  bacterial  2[4Fe-4S] 

ferredoxins 151,259. Each FeS cluster is coordinated by three blocks of core sequence 

which structurally form two core domains, labelled as domains A and B in Figure 1.13 
151. These core domains are structurally conserved, aligning with an RMSD of 1.8 Å 

over 157 residues of the corresponding subunit of formate dehydrogenase (FdnH) 
18,19,151.  However, NarH is  220 residues longer  than FdnH due  to  three  additional 

surface  subdomains  which  function  to  insulate  the  FeS  clusters  from  oxidative 
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damage  18,19,151. The redox properties of the clusters suggests that electron transfer 

through  NarH  is  largely  energy  conserving:  FS4  Em,8 =  +180 mV  to  FS1  Em,8 = 

+130 mV, however  FS2  (Em,8 =  -420 mV)  imposes  a  redox  barrier  258.  Such  low 

potential FeS centers are a common feature of electron transfer relays, as found in 

nitrate  reductase  Z,  succinate  dehydrogenase,  fumarate  reductase,  formate 

dehydrogenase-N  and  DMSO  reductase  213,260–264.  The  purpose  of  these  clusters 

remains unknown,  though they may help regulate electron transfer  kinetics under 

nitrate-limiting  circumstances  151,  though  such  endergonic  electron  transfer  steps 

seem to pose no major restriction on electron transfer kinetics 263. There are none-the-

less examples where NarH variants influence the redox properties of the electron 

transfer relay, and consequently enzyme kinetics. In the NarHCys26Ala variant, FS2 is 

converted to a [3Fe-4S] cluster and the Em is raised by ~600 mV, the effect of which is 

significantly  diminished  turnover  with  menaquinol  (26%  of  wild-type)  59,258.  The 

NarHCys16Ala variant,  which  converts  FS1  into  a  [3Fe-4S]  cluster  (PDB  ID  3EGW, 
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unpublished),  exhibits  significantly  slowed  NarH  FeS  re-oxidation  and  even  a 

kinetically stabilized semiquinone  265. The Em of this cluster in NarGHICys16Ala has not 

been characterized.  It  has  similarly  been found that  the FS0  Em of  NarGArg94Ser is 

decreased by 115 mV, and consequently exhibits 30% wild-type activity 244.

While it  is tempting to interpret such mutagenesis studies as having effects 

only on the redox properties of the adjacent cluster or modulating preferred electron 

tunnelling  pathways,  the  fact  remains  that  packing  density  as  well  as  small 

conformational  deviations  throughout  the  protein  can  result  and  have  significant 

effects on the thermodynamics and kinetics of electron transfer. Furthermore, due to 

electrostatic  interactions,  the  modulation  of  cofactor  reduction  potentials  can 

consequently modulate the redox properties of adjacent centers. The determinants of 

FeS cluster  Em and the function of very 

low  potential  clusters  in  an  electron 

transfer relay requires further work. 

1.2.3.3.  NarI

NarI  (26  kDa)  functions  as  the 

membrane anchor subunit and the site 

of  Q-pool  coupling  17,238,266.  It  is 

comprised  of  five  transmembrane 

helices (TM I-V) which are tilted by 30º 

relative  to  the  membrane  normal,  as 

seen  in  Figure  1.14.  The  two  b-type 

hemes  are  bound  to  NarI  via  bis-His 

coordination by helices II and V, where 

His66  (TM  II)  and  His187  (TM  V) 

coordinate  bD, and  His56  (TM  II)  and 

His205  (TM  V)  coordinate  bP  
19,267,268. 

The  bD and  bP nomenclature  specifies 
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the proximity of each heme to the NarGH dimer – heme  bD (+25 mV) is distal and 

heme bP (+125 mV) is proximal (see Figure 1.11)  19,183,269,270.  In addition to the four 

conserved heme ligand histidines, there are several highly conserved Gly residues 

which  are  involved  in  accommodating  the  hemes  271.  Heme  bP binding  is  also 

facilitated by a set of conserved hydrogen bonds and electrostatic interactions with 

Arg112, Arg202, Ser39, Ser40 in NarI, and Arg221 in NarH. This contrasts with the 

considerably  more  hydrophobic  environment  of  heme  bD where  less  extensive 

stabilization  of  the  propionates  occurs,  however  its  propionates  contribute  to  a 

hydrogen  bonding  network  that  leads  to  the  periplasm from the  Q-site.  It  is  this 

difference in environment that is responsible for the ~100 mV difference in  Em and 

redox-Bohr effect (Em pH dependence) of the two hemes 19,271. In accordance with the 

“positive inside rule,” the cytoplasmic face of NarI is enriched in five conserved and 

several less well conserved Arg residues.  The C-terminus of NarI forms a horizontal 

310-helix which faces the cytoplasm, where a number of highly conserved residues 

(Tyr213, Arg216, Arg222) interact with NarG and NarH. Binding of NarGH to NarI is 

therefore  accomplished  via  a  number  of  intermolecular  hydrogen  bonds  and 

conserved  salt  bridges  with  NarH  and  NarG  19,271.  Additionally,  the  NarGHI 

heterotrimer appears to be stabilized by the tight binding of a cardiolipin molecule 

through hydrophobic interactions of the acyl chains and hydrophobic residues in NarI,  

and the phosphodiester head groups are stabilized by interactions with NarG-Arg6, 

NarH-Arg218 and NarI-Tyr28 229. 

Both  hemes  of  NarI  exhibit  highly  anisotropic  EPR  signals  where  their  gz 

values are centered at 3.76 and 3.36, for  bP and  bD respectively  268.  The origin of 

these highly anisotropic EPR signals lies with the near perpendicular arrangement of 

the imidazole rings of the axial coordinating histidines, as depicted in Figure 1.6 272–

274. As a consequence of this arrangement, the NarI heme EPR signals are sensitive 

to any changes in the bis-His coordination angle. For instance, upon loss of NarGH, 

hemes bD and bP report a conformational change by a shift in their gz values to 3.15 

and 2.92, respectively 270,275. This change in solvent exposure and heme coordination 

is accompanied by a modulation of heme bP and bD Em,7 values (-178 mV and +37 mV, 
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respectively) 270. Likewise, the heme bD EPR signal is also sensitive to the binding of 

Q-site  inhibitors  2-n-heptyl-4-hydroxyquinoline-N-oxide  (HOQNO),  stigmatellin  and 

pentachlorophenol (PCP), shifting to gz = 3.50, 3.31 and 3.45, respectively 183,270,275. 

Prior to solving the crystal structure of NarGHI, it was predicted that NarI may 

have two Q-sites 265,276. However, with two crystal structures available with the potent 

Q-site  inhibitor  PCP bound it  is  evident  that  there  is  but  a  single  Q-site,  located 

adjacent heme bD and between TM II and TM III 
183. Fluorescence quench titrations 

with  the  fluorescent  menasemiquinone analog  HOQNO,  kinetics  studies,  and  site 

directed mutagenesis overwhelmingly corroborate the existence of only a single Q-

site  270,277–281.  That  there  is  only  a  single  Q-site  adjacent  heme  bD and  near  the 

periplasm is bioenergetically consistent  with a measured 2H+/2e– stoichiometry for 

NarGHI 20. Furthermore, EPR spectroscopy has demonstrated that all three types of 

semiquinones (UQ, DMQ, MQ) are bound to the same Q-site, and that they form a 

weak  in-plane  hydrogen  bond  to  Nδ of  His66  45,170,282.  Apparent  from  the  crystal 

structures of PCP-bound enzyme, a heme bD propionate also forms a hydrogen bond 

with the phenolic oxygen of PCP, as demonstrated in  Figure 1.15 where MQ-1 has 

been modeled in place of PCP 
183. The importance of the heme for quinol binding and 

electron  transfer  is  apparent  from  mutagenesis  studies,  where  NarIHis66Tyr and 

NarIHis187Tyr results in the loss of heme bD and renders the enzyme unable to reduce 

quinol substrates or bind HOQNO 278,283. NarIHis66Tyr also exhibits greater flexibility and 

disorder around the Q-site, according to the crystal structure (PDB ID 1Y5L) 183. 

 While  much  of  what  is  known  about  quinone  binding  is  based  on  EPR 

spectroscopy of the semiquinone intermediates and structural data of PCP bound, the 

mechanism by which quinol is oxidized is still under investigation. Apart from heme 

bD/His66, Lys86 is a highly conserved residue in NarI although its position relative to 

the quinone may suggest no active role in quinol oxidation 19,271. However, the variant 

NarGHILys86Ala exhibits a severely diminished activity (14% of wild-type),  an IC50 for 

PCP of 2.5 µM (wild-type IC50
PCP = 0.4 µM) and an undetectable affinity for HOQNO 

(wild-type IC50
HOQNO = 1.5 µM) 183. EPR also confirms altered binding of HOQNO and 
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PCP to the Q-site based on the difference in heme bD gz value shift compared to wild-

type, and slightly modified heme  bP and  bD potentials  183,284. NarILys86Ala also renders 

NarGHI  incapable  of  stabilizing  semiquinones  284.  It  is  therefore  indisputable  that 

Lys86 is required for quinol oxidase activity and binding.

Additional  details  with  regards  to  the  function  of  NarI  are  revealed  upon 

investigation  of  a  sequence  alignment  of  313  sequences  with  <90%  sequence 

identity. In addition to Lys86, Gln87, Met156 and Leu159 are conserved residues that 

line the Q-site. However, by correlating the occurrence of these residues and their 

natural variants with the type of quinones comprising the Q-pool of the respective 

source organism, a trend appears, as summarized in Figure 1.16. In organisms that 

utilize  menaquinones  only,  Tyr,  His,  Arg  and  Ile  are  the  residues  of  choice  for 

positions 86, 87, 156 and 159, respectively. However, in organisms able to synthesize 
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ubiquinone,  such  as  E.  coli,  the 

preferred residues at these positions 

are  Lys86,  Gln87,  Met156  and 

Leu159.  From  the  alignments  and 

looking  for  residue  covariance,  it  is 

apparent that in 99.6% of sequences 

a  basic  residue  occupies  either 

position 86 or 156 in NarI, but 0% of 

the time does a basic residue occupy 

both  positions.  This  agrees  with 

structural  data  showing  residues 

Met156 and Lys86 facing in towards 

the  bound  PCP  183.  Invariably, 

position 87 is a polar  (83% Gln) or 

protonatable (15% His) residue, which corresponds to position 156 occupancy by a 

basic  residue (15% Arg)  or  a  hydrophobic residue (82.9% Met/Leu/Ile/Phe/Ala).  It 

therefore seems apparent that the Q-site of E. coli NarI is especially accommodating 

to ubiquinones. This is supported by the fact that PCP, which more closely resembles 

ubiquinone, is a more potent inhibitor of NarI than HOQNO, a naphthoquinone analog 
183.  However, kinetics studies of menaquinone and ubiquinone analogs, as well as 

studies using bacterial strains capable of producing only certain quinones, have not 

definitively  shown  what  is  the  preferred  substrate  for  NarGHI,  though 

menasemiquinone  is  more  highly  stabilized  than  ubisemiquinone  40,45,265,276.  It  will 

however be necessary to conduct site directed mutagenesis studies based on this 

analysis  to  demonstrate  whether  these  residues  largely  determine  the  quinone 

preference of species-specific NarGHI enzymes. 

Further experiments are also required to determine how the binding of reduced 

and oxidized quinones differs from the semiquinone intermediates and what are the 

roles for the various conserved/semi-conserved residues that line the Q-site. It also 

remains to be determined what role, if  any, conformational changes play in quinol 
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oxidation.

1.2.4.  NarGHI Maturation

NarGHI biosynthesis requires the dedicated chaperone NarJ, encoded by the 

narGHJI operon,  which  coordinates  several  maturation  events  (see  Figure  1.17) 
252,285–288. NarJ displays large conformational flexibility in order to recognize and bind to 

the first 15 residues of apo-NarG via a hydrophobic cleft 289,290. The binding of NarJ to 

the N-terminus of NarG ensures premature membrane anchoring does not occur, and 

facilitates the sequential insertion of FS0 and Moco by binding to a distinct second 

location  on  NarG  231,252.  Specifically,  the  insertion  of  Moco  requires  the  correct 

positioning of NarG49-55, which is predicated on insertion of FS0 244. Accordingly, the 
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Figure 1.17: Maturation of NarGHI. The dedicated chaperone of NarGHI is NarJ, which helps 

coordinate several  events of  NarGHI maturation including FS0 and Moco insertion and membrane 

anchoring/proof-reading. FeS clusters are represented by cubes and cardiolipin is depicted as two 

yellow lipid shapes.
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absence of NarJ leads to an inactive apo-form of NarGH associating with NarI 231,285. 

NarG obtains its Moco via direct interaction with a transient multi-protein complex of 

Moco  biosynthetic  proteins  and  NarJ  253.  Release  of  NarG  may  proceed  via  a 

conformational  dependent  deprotonation  event  of  NarJGlu119,  which  diminishes  the 

affinity for NarJ to NarG1-15 by 100 fold. It is hypothesized that correct folding of NarG 

may initiate this deprotonation event 290. 

Incorporation of FeS clusters into NarGH is independent of NarJ and occurs 

via the Isc FeS biogenesis system, which requires the FeS carrier proteins IscA and 

ErpA as well as the FeS biosynthetic scaffold protein IscU 291. NarI is co-translationally 

inserted into  the inner membrane by the SecYEG system  292.  The mechanism by 

which  the  two hemes are  inserted  into  NarI  are  not  yet  known.  Interestingly, the 

absence of NarJ leads to the loss of heme bP from NarI, indicating a role for NarJ in 

final stabilization ('proof-reading') of NarGHI 252. It is possible that interaction of NarJ 

with a rigidly bound cardiolipin represents the final stage in NarGHI maturation 229.

1.3.  Thesis Research Objectives

E.  coli NarGHI  plays  critical  roles  in  the  anaerobic  respiration  of  bacteria, 

where it can be regarded as a pathogenicity factor, and is a key enzyme in the global 

biogeochemical  nitrogen  cycle.  In  light  of  its  significance,  NarGHI  has  been  the 

subject of research for several decades, yet much of its function awaits elucidation. 

For  my  thesis  research  I  focused  on  the  membrane  subunit,  NarI.  Specifically  I 

examined  the  functioning  of  the  quinol  oxidation  site  and  the  importance  of  key 

residues  contained  therein.  I  also  sought  to  better  understand  transmembrane 

electron transfer  through NarI  via  its  two hemes by probing their  biophysical  and 

electrochemical properties.   

- 46 -



2.  Q-site Occupancy Defines Heme Heterogeneity in 

E. coli NarGHI

A version of this chapter has been previously published:

J.G. Fedor, R.A. Rothery, K.S. Giraldi, J.H. Weiner, Q-Site occupancy defines heme 

heterogeneity  in  Escherichia  coli nitrate  reductase  A (NarGHI),  Biochemistry.  53 

(2014) 1733–1741. doi:10.1021/bi500121x
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2.1.  Introduction

Nitrate  reductase  A (NarGHI)  from  Escherichia  coli is  a  membrane-bound 

quinol:nitrate  oxidoreductase  that  is  expressed  under  anaerobic  conditions  in  the 

presence of nitrate 293.  It functions as a terminal reductase, coupling quinol oxidation 

to nitrate reduction,  and contributes to the generation of a proton electrochemical 

potential across the cytoplasmic membrane 294. NarGHI comprises a catalytic subunit 

(NarG,  140  kDa),  an  electron-transfer  subunit  (NarH,  58  kDa),  and  a  membrane 

anchor subunit (NarI, 26 kDa). NarG contains a molybdo-bis(pyranopterin guanine 

dinucleotide) (Mo-bisPGD) cofactor that is the site of nitrate reduction, as well as a 

single tetranuclear iron-sulfur ([4Fe-4S]) cluster known as FS0. NarH contains three 

[4Fe-4S] clusters (FS1-FS3) and one trinuclear iron-sulfur cluster ([3Fe-4S],  FS4). 

NarI anchors the NarGH subunits to the inside of the cytoplasmic membrane and 

contains two hemes b, that are proximal (bP) and distal (bD) to the NarGH subunits, 

respectively.  Overall,  these subunits  provide  a molecular  scaffold  for  an electron-

transfer relay connecting the site of quinol oxidation adjacent to heme bD in NarI (the 

Q-site) with the Mo-bisPGD of NarG 19,295. NarGHI is a robust enzyme that is readily 

expressed  to  levels  approaching  spectroscopic  purity  in  E.  coli  cytoplasmic 

membrane preparations, rendering it an excellent system for studying redox cofactor 

spectroscopy and electrochemistry 85,213,232,269,270,296. Although the overall architecture of 

the  enzyme  has  been  defined  by  X-ray  crystallography,  the  factors  controlling 

reactivity at the Mo-bisPGD and Q-sites are far from being fully understood.

The redox properties and reduction potentials of the NarGHI cofactors have 

been extensively studied using a combination of spectroscopic 269 and potentiometric 

methods  270,296. In general, electrons flow in the overall thermodynamically down hill 

direction from menaquinol (MQ) or ubiquinol (UQ), through the two hemes of NarI, the 

four FeS clusters of NarH, and then through the single [4Fe-4S] cluster of NarG to the 

Mo-bisPGD cofactor where nitrate is reduced to nitrite. One of the hemes of NarI,  

heme bD is in close juxtaposition to the Q-site identified by protein crystallography 183. 

Elements of the heme, including one of this propionate groups and one of its iron-
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3.36 for heme bP and bD, respectively 270. Heterogeneity of heme bD has been reported 

in a mutant unable to synthesize Mo-bisPGD 252, resulting in the appearance of two 

components, with a gZ values of approximately 3.35 and 3.21. Arias-Cartin  et al.  297 

also reported that heme bD can exist in two forms, one with a gz of approximately 3.20 

and the other with a gz of approximately 3.35. Extraction of hydrophobic components 

using dodecylmaltoside (DDM) resulted in diminution of the g = 3.20 component and 

retention of the g = 3.35 component. These effects were interpreted to arise from the 

DDM-induced leaching of a tightly-bound cardiolipin  molecule from the membrane 

intrinsic region of NarGHI.  In this chapter, we test the alternative hypothesis that 
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quinone composition and binding are the determinants of heme bD heterogeneity. We 

present evidence that the two components arise from specific quinone-bound and 

quinone-free populations of NarGHI within the E. coli inner membrane.

2.2.  Materials and Methods

Bacterial strains, plasmids, membrane vesicle preparation –  Wild-type NarGHI was 

overexpressed  in  E.  coli strains  LCB79 (araD139  ∆(lacI-POZYA-argF)  rpsL,  thi, 

Φ79(nar-lac))  298,  the  cardiolipin-deficient  strain  S330  (W3110  ksgB1  lpp-2 

pgsA30::kan)  299,  the  naphthoquinone  (menaquinone,  demethylmenaquinone) 

deficient strain JCB4111 (JCB4011 ∆menBC)  209, the ubiquinone deficient  JCB4211 

(JCB4011 ∆ubiCA) 209, and the cytochrome deficient strains JW0723 (W3110 ∆cydB) 

and JW0421 (W3110 ∆cyoB) 300. The expression vector used was pVA700 (tacP, rrnB, 

lacI
q

,  amp
r
,  narGHJI)  258.  Growth  of  LCB79,  JCB4111  and  JCB4211  was 

supplemented with 100 mg L-1 streptomycin, 50 mg L-1 kanamycin for S330, JW0723, 

JW0421, and 100 mg L-1 ampicillin was added to cultures of all strains bearing the 

pVA700  expression  vector.  Cell  growth  in  2 L  batches  of  Terrific  Broth  301 was 

performed as previously described  270. Fermenter growths were conducted in 5 L or 

10 L  batches  in  either  fermenter  broth,  or  glycerol-peptone-fumarate  (GPF) 

(anaerobic growth) 302 at pH 7.0 using 2 M NaOH and 1 M HCl for pH adjustments 183. 

The  GPF  was  supplemented  with  4 mM  KNO3,  0.003% (w/v)  leucine  and 

0.003% (w/v)  threonine.  Fermenter  broth  contains  12 g L-1 tryptone,  24 g L-1 yeast 

extract,  5 g L-1 NaCl,  0.56% (v/v)  glycerol,  and  200 mg L-1 thiamine  hydrochloride; 

note: overnight precultures of fermenter broth use 0.4% (v/v) glycerol. Inoculation was 

accomplished  with  10% (v/v)  overnight  cultures  grown at  37°C,  225 rpm in  flasks 

containing Terrific  or fermenter broth  183.  When the OD600 reached  0.5 (Anaerobic, 

GPF  culture)  or  2.0  (micro-aerobic,  FB  cultures),  1 mM  of  isopropyl-1-thio-β-D-

galactopyranoside (IPTG) was added to induce NarGHI expression from pVA700 183. 

Stir speed, post-induction incubation temperature, and aeration rates are detailed in 
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the legend of Figure 2.2. The buffer system used for vesicle preparations contained 

5 mM  EDTA and  at  pH  6.0,  7.0,  8.0  and  9.0  respectively,  are:  100 mM  2-(N-

morpholino)ethanesulfonic  acid  (MES),   100 mM  3-(N-morpholino)propanesulfonic 

acid (MOPS), 100 mM Tricine, and 100 mM N-cyclohexyl-2-aminoethanesulfonic acid 

(CHES). The processing of the cells has been previously outlined 270 and included the 

addition  of  0.2 mM  phenylmethylsulfonyl  fluoride  prior  to  emulsiflexing  3-5  times. 

Throughout the processing procedure 100 mM MOPS, 5 mM EDTA buffer (pH 7.0) 

was  used  until  the  final  two  resuspensions,  where  the  appropriate  buffer  for  pH 

poising was used. All  samples were resuspended to ~30 mg mL-1,  flash frozen as 

aliquots in liquid nitrogen, and stored at -80°C.

Redox potentiometry and EPR spectroscopy – Redox titrations were conducted under 

argon at 25°C in the pH specific buffers mentioned above, as previously described 
270,278,303.  Redox titrations require the inclusion of  25 μM each of the following redox 

mediators  (dyes),  prepared  as  50 mM  aqueous  stock  solutions:  quinhydrone 

(+287 mV),  2,6-dichlorophenolindolphenol  (+217 mV),  1,2-naphthoquinone 

(+125 mV),  toluylene  blue  (+115 mV),  phenazine  methosulfate  (+80 mV),  thionine 

(+60 mV), methylene blue (-11 mV), resorufin (-50 mV), indigo trisulfonate (-80 mV), 

indigo carmine (-125 mV), anthraquinone-2-sulfonic acid (-225 mV),  phenosafranine 

(-255 mV), neutral red (-329 mV) 278. All samples were taken in 3 mm I.D. quartz EPR 

tubes, rapidly frozen using liquid nitrogen-chilled ethanol and stored at -70°C prior to 

use. EPR spectra were acquired as previously described 270 using a Bruker Elexsys 

E500 series X-band EPR spectrometer (9.38 GHz) with an ESR-900 flowing helium 

cryostat,  a  temperature  of  10-12K,  10 Gpp modulation  amplitude  at  100 kHz.  All 

potentials  are  relative  to  the  standard  hydrogen  electrode,  and  unless  otherwise 

mentioned the depicted spectra are poised at  approximately  +280 mV. See figure 

legends for microwave power (MWP) levels used. Baseline correction for Gaussian 

deconvolution analysis was conducted by using a derivative Lorentzian line shape, 

which gave superior fits to 3rd-5th order polynomial  baselines as well  as derivative 

Gaussian  line  shapes  304.  The  area  normalized  equation  used  for  derivative 
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Lorentzian baseline correction is:

dY
dx

=−S(
2 L2

( x−xo )

(L2
+( x−xo )

2)
2 )+Dx+A                                                                            (2.1)

Where S is a scale factor and is equal to half the peak-to-peak amplitude, L is the line 

width at half-peak-height,  xo is the x-intercept of the derivative, D is the linear slope 

and  A is the linear  y-intercept. This satisfactorily simulates the interfering portion of 

the “junk” iron signal at g = 4.3 that causes the extreme extent of the baseline at low 

field (g <  3.75) 305. Baseline correction and Gaussian deconvolution was conducted 

by non-linear least squares fitting via the Levenberg-Marquadt method using Matlab 

(version R2013b, The MathWorks Inc., Natick, Massachusetts).

Enzyme assays – The Lowry procedure for protein concentration determination was 

modified  to  include  1% (w/v)  SDS  for  solubilization  of  membrane  proteins  306,307. 

Quinol:nitrate  oxidoreductase  assays  were  conducted  using  the  quinol  analog 

plumbagin (PBH2) 277. Stock solutions of which were prepared with 100% anhydrous 

ethanol at concentrations of 20 mM PBH2 then were stored at -20°C. Zinc powder 

was used as a reductant where ~70 mg Zn0 and 1.7 mL PBH2 solution were added to 

a  2 mL HPLC vial  followed by addition  of  60 μL 5 M HCl(aq).  The vials  were  then 

sealed with a rubber septum and shielded from light with aluminum foil. The assay 

buffer  consists  of  100 mM  MOPS,  5 mM  EDTA,  4 mM  KNO3,  30 mM  glucose  at 

pH 7.0 and was degassed on a vacuum line for ≥1 hour prior to use. Individual assays 

were conducted in 1.0 cm two-sided acryl cuvettes fitted with two-holed tight-fitting 

Teflon  stoppers  and  a  stir  bar.  In  order  to  ensure  anaerobic  conditions,  5 μL  of 

≥200 U mg-1 low  catalase  activity  (≤0.1 U mg-1)  glucose  oxidase  solution  (Sigma 

Aldrich G0543) was added to the cuvette; it was topped up with reaction buffer, and 

then the stopper was inserted such that no air bubbles remained in the cuvette (this 

volume was determined to be 2.98 ± 0.04 mL).  Typically, 10-20 μL of a 1:1 to 1:5 

dilution of protein sample (~30 mg mL-1) was added via Hamilton syringe, and then 

the blank measurement was taken. The reaction was initiated by addition via Hamilton 
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syringe  of  50 μL  of  PBH2 to  give  a  final  concentration  of  0.33 mM.  The  Q-site 

independent (nonspecific) reductant benzyl viologen (BV) was used to monitor nitrate 

reduction activity independent of quinol oxidation activity. The assay was conducted 

similar to the PBH2:NO3
– assay, however an aqueous stock solution of 6.1 mM BV 

was prepared and a 20 mM solution (1 M Tris, pH 9.0) of sodium dithionite was used 

to reduce the BV. To stoppered cuvette filled with buffer, vesicles and 50-100 μL of 

dithionite was added 100 μL BV. Assays were conducted on an HP8453 diode array 

spectrophotometer equipped with a HP 89090A Peltier temperature controller/cuvette 

stirrer  set  to  a  stir  rate  of  200 rpm,  25°C.  Baseline  correction  of  A419 minus  the 

average(A695-A700) was used for rate calculation of the PBH2:NO3
– assay. The relevant 

chemical parameters for PBH2:  λmax = 419 nm,  ε419 = 3.95 mM-1 cm-1 and BV:  λmax = 

570 nm, ε570 = 7.8 mM-1 cm-1 277.

2.3.  Results

Growth Conditions Influence Heme bD Heterogeneity

Figure 2.2A(i) shows a representative EPR spectrum of the NarGHI hemes in 

redox-poised  oxidized  membranes  derived  from  cells  grown  on  rich  media  with 

essentially no aeration 270. This spectrum exhibits a sharp peak at approximately g = 

3.75 arising from heme  bP and a broad peak centered at approximately 3.34 that 

arises from heme bD. A minor peak at g = 2.97 can be assigned to the cytochrome bo 

ubiquinol:oxygen oxidoreductase (see Supplementary Figure 2.1)a. We investigated 

the  effect  of  growth-culture  aeration  by  recording  heme EPR spectra  of  NarGHI-

containing  membranes  from  cells  grown  at  high  (Figure  2.2A(ii)),  intermediate 

(Figure 2.2A(iii)), and low (Figure 2.2A(iv)) levels of culture aeration.  These three 

spectra exhibit  heterogeneity comprising two peaks centered at  g  = 3.34 and  g  = 

3.18, with diminishing intensity of the latter feature with decreasing aeration. 

a For the sake of clarity, g-values observed in this work will be quoted throughout. Minor differences 

in  g-values  between  contributions  likely  arises  from  subtle  differences  in  preparations  and 

instrument calibrations.
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Figure  2.2: Effects of growth conditions and quinones on heme  bD EPR line 

shape are apparent in redox-poised oxidized heme spectra of NarGHI hemes bP 

(g = 3.75) and  bD (g = 3.0 – 3.4). The  g-value labels indicate the average maximum  g-value 

over  the  range  of  applied  potentials.  (A) Effects  of  growth  conditions  (oxygenation)  on  heme  bD 

heterogeneity. Spectrum (i) is of pH 7 membranes obtained from 2 L batches of cells grown overnight 

at 30°C at very low agitation in 6 L non-baffled Erlenmeyer flasks.  Spectra (ii-iv) depict the effect of 

aerobic  to  increasingly  more  anaerobic  growth conditions:  (ii):  10 L vessel,  2 L min-1 aeration  and 

500 rpm impeller stir rate, pH 7 membranes; (iii): 5 L vessel, 500 rpm stirring, <1 L min-1 aeration, pH 8 

membranes;  (iv): 10 L vessel, 200 rpm stirring, no aeration, pH 8 membranes.  Spectrum (v) is of 

NarGHI expressed in a cardiolipin deficient strain (S330), flask grown, pH 7 membranes. The sample 

spectra (i-v) were respectively poised at: +266, +279, +292, +274, +278 mV. (B) Effects of MQ and 

UQ on the heme bD EPR signal. (i): 10 L vessel, 2 L min-1 aeration and 500 rpm impeller stir rate, pH 7 

LCB79/pVA700 membranes poised at +279 mV;  (ii):  NarGHI expressed in a menaquinone-deficient 

strain (JCB4111/pVA700) grown in a 5 L vessel, 500 rpm stirring, <1 L min-1 aeration, pH 8 membranes 

poised at +280 mV; (iii): NarGHI expressed in a ubiquinone-deficient strain (JCB4211/pVA700) grown 

in a 10 L vessel,  200 rpm stirring, no aeration, pH 8 membranes poised at +281 mV. Spectra were 

collected at 10 K and 4 mW (17 dB) MWP, except (i) which was collected at 10 dB MWP.
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It  has  been  suggested  that  heme  bD heterogeneity  is  due  to  a  mixture  of 

enzyme with and without a tightly bound cardiolipin  297. In this context, the heme bD 

EPR signal heterogeneity has been interpreted such that the g = 3.18 signal is due to 

cardiolipin-bound enzyme, and the g = 3.34 signal is due to cardiolipin-free enzyme 
297. To test if cardiolipin does indeed contribute to the heterogeneity, nitrate reductase 

was expressed semiaerobically in an E. coli strain deficient in its biosynthesis as well 

as for phosphatidylglycerol (E. coli S330)  299.   As shown the  Figure 2.2A(v),  both 

heme bD components are  still observed in membranes from the cardiolipin-deficient 

strain. It is therefore unlikely that cardiolipin plays a role in heme bD heterogeneity in 

NarGHI.

Influence of Q-site structure and occupancy on heme bD EPR spectra

E. coli synthesizes two major types of lipophilic quinones that shuttle electrons 

from  dehydrogenases  to  reductases  within  the  cytoplasmic  membrane.  These 

comprise  UQ-8  and  MQ-8  which  predominate  under  oxidizing  and  reducing 

conditions, respectively 21,40,308,309. NarGHI is able to bind and oxidize both major quinol 

species at its Q-site 42,43. Given that the heme bD heterogeneity appears to decrease 

with decreasing aeration during cell growth and is not eliminated in the absence of 

cardiolipin, we speculated that it may be related to the composition of quinones within  

the  E. coli cytoplasmic membrane. Alternative binding modes for the two quinones, 

which have already been shown to bind to the same Q-site in NarI 183,282, may account 

for the two different conformations seen in the EPR spectra of heme bD. 

To test whether heme bD heterogeneity reflects the differential binding of MQ 

and UQ, NarGHI was expressed in a strain incapable of producing naphthoquinones 

MQ/DMQ (MQ–UQ+):  JCB4111 (∆menBC),  and a strain incapable of producing UQ 

(MQ+UQ–): JCB4211 (∆ubiCA). E. coli JCB4211 (∆ubiCA) can only grow under micro-

aerobic/anaerobic conditions, and E. coli JCB4111 (∆menBC) is unable to grow under 

anaerobic conditions. The heterogeneity observed in the EPR spectra of heme bD in 

Figure 2.2B  is similar to that in  Figure 2.2A;  however, in the MQ+UQ– strain the 

heterogeneity is greatly reduced, with a much lower contribution from the  g = 3.18 
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component. There is no significant effect on signal position of either component, and 

the difference in heterogeneity can be explained by the differing growth conditions 

necessary  for  cultivating  membranes  from  the  two  strains.  The  most  aerobically 

grown  cultures  (MQ–UQ+)  exhibit  the  greatest  heterogeneity  while  the  most 

anaerobically grown cultures (MQ+UQ–) the least heterogeneity. The MQ+UQ+ culture, 

being  grown  less  aerobic  than  MQ–UQ+,  exhibited  intermediate  heterogeneity.  In 

general, there is a correlation between a lack of UQ/anaerobic growth conditions and 

a decreased intensity of the g = 3.18 component.

Quinone site variants and their effects on heme bD

To probe the potential involvement of quinone binding in determining heme bD 

heterogeneity  further,  we  investigated  several  Q-site  variants  of  two  conserved 

residues, Lys86 and Gly65, and the effect of the Q-site inhibitor HOQNO on their  

heme  bD EPR  spectra  183,271.  HOQNO  is  a  menasemiquinone  analog  and  Q-site 

inhibitor, which,  when added to  membranes containing wild-type NarGHI,  elicits  a 

collapse of the g = 3.18 and g = 3.33 components into a single HOQNO-bound form 

with a peak at g = 3.52 (Figure 2.3A). NarI-Lys86 is a highly conserved residue, and 

it has previously been shown that mutation of this residue to an alanine significantly 

diminishes quinol:nitrate oxidoreductase activity and menasemiquinone stability 183,284. 

Furthermore, the redox-poised heme  bD EPR spectrum manifests as a single peak 

centered at g = 3.27-3.28 (see Figure 2.3A)  284. Addition of HOQNO to membranes 
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NarI variant µmol BV mg-1 min-1 µmol PBH2 mg-1 min-1 PBH2/BV
Growth on 

NO3
–

Wild-Type 63.6 3.37 53 (100%) +++

G65A 21.5 0.79 38 (69%) ++

K86A 30.3 0.25 8 (16%) –

Table 2.1:  NarI variant PBH2:NO3
– oxidoreductase activities The activities of the PBH2 

and BV oxidation and nitrate reduction for the NarI variants tested are represented as mean values of 

at least triplicate experiments with standard errors less than 10%. Anaerobic growth on glycerol:nitrate 

is depicted in Supplementary Figure 2.2.



containing the K86A variant elicits a minor shift of the heme bD peak from g = 3.27 to 

g = 3.33. The K86A variant does not support growth and has diminished quinol:nitrate 

oxidoreductase activity  (Table 2.1). NarI-Gly65 is another highly conserved residue 

lining the Q-site of NarGHI  183, and we generated a G65A variant. This retains two 

heme  bD components in its EPR spectrum at g = 3.23 and g = 3.52, which collapse 

into a single g = 3.53 peak of greater intensity upon treatment with HOQNO (Figure

2.3A). It is notable that the G65A is able to support growth and retains significant  

quinol:nitrate oxidoreductase activity (Table 2.1).
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Figure 2.3: The effects of HOQNO binding on heme bD EPR spectra.  (A) HOQNO 

binding to Q-site variants K86A and G65A. Black lines represent spectra of oxidized membranes, grey 

lines represent spectra of  DCPIP-oxidized membranes treated with 0.5 mM HOQNO.  (B) HOQNO 

titration of the heme bD EPR signal. The spectra obtained are pH 8 membranes redox-poised to about 

+280 mV.  All  the  membranes  were  prepared  from  flask-grown  cultures  under  standard  growth 

conditions (see Materials  and Methods)  and contain an approximate concentration of  60-70 µM of 

NarGHI. Spectra were collected at 10 K and 4 mW (17 dB) MWP.
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Effect of HOQNO on the heme bD spectrum is concentration-dependent

What  is  unclear  from  the  HOQNO-binding  experiments  outlined  earlier  is 

whether  both  components  are  equally  sensitive  to  inhibitor  binding.  Figure  2.3B 

shows the effects of  titrating HOQNO into oxidized wild-type NarGHI membranes. 

First  the  g  = 3.18  component  collapses  concomitant  with  a  rise  in  the  g  = 3.50 

component. In the presence of higher concentrations of HOQNO the signal at  g  = 

3.34 begins to shift to g = 3.50. This, therefore, indicates the g = 3.18 conformation of 

NarI has a greater ability to bind HOQNO compared to the g = 3.34 conformation.

Redox potentiometry of the g = 3.34 and g = 3.18 components of NarI heme bD

The biophysical characteristics of hemes are known to be influenced by the 

surrounding protein environment. In the case of heme  bD there appears to be two 

distinct  environments  that  are  resolvable  by  EPR  spectroscopy.  Given  the  link 

between quinone pool composition/growth conditions and the intensity of the g = 3.18 

component (Figure 2.2B), we speculated that investigating the pH dependence of the 

reduction potentials of the two components may shed light on their origins. The g = 

3.18 and g = 3.34 components titrate with reduction potentials of +25 mV and -35 mV 

at  pH 8.0,  respectively  (Figure  2.4A).  The  integrated  intensity  of  the  spectrum 

encompassing both  peaks titrates  with  reduction  potentials  of  +25 mV (25%) and 

-35 mV (75%). When titrations are carried out at a range of pH values between 6.0 

and 9.0, the g = 3.18 and 3.34 components exhibit dependencies of -59 mV pH-1 and 

-40 mV pH-1, respectively (Figure 2.4B). These observations suggest that the form of 

NarI giving rise to the g = 3.18 peak has an ionizable group in the vicinity of heme bD 

that is tightly coupled to the pH of the aqueous milieu (heme reduction results in the 

uptake  of  one  proton  per  electron),  whereas  the  g =  3.34  form is  more  weakly 

coupled.

Examination of redox-poised EPR spectra at either end of the pH range of 

Figure 2.4C reveals that the g = 3.18 component is favored under acidic conditions, 

collapsing to the  g = 3.34 conformation at higher pH. The single integration of the 
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Figure 2.4: Redox titrations and pH dependence of the components of heme bD. 

(A) Redox titration at pH 8 of  ∆cydB/pVA700 membranes. The g = 3.18 titration (■) was fit with  Em,8 

components of +25 mV (81%) and -35 mV (15%).  The g = 3.34 titration (♦) was fit with a single Em,8 of 

-35 mV. Inverted triangles (▼) represent the data obtained by single integration of the heme bD signal 

with  baseline  correction  fit  with  Em,8 components  of  -35 mV (75%) and  +25 mV (25%).  Integrated 

intensity  values and baseline subtraction was done with  the software Xepr. The single-component 

titrations  were  obtained  by  doing  three-point  dropline  subtraction  at  g =  3.81  and  3.05.  Fits  are 

modeled  with  the  Nernst  equation  scaled  for  average  maximum  intensity  and  with  an  electron 

stoichiometry of  n = 1. The EPR spectra for the titration were obtained at 12 K and 4 mW (17 dB) 

MWP. (B) Reduction potential pH dependence of heme bD  for  the two heme bD components. The  pH 

dependence  of  the  g =  3.18  component  (■)  is  approximately  -59 mV pH-1,  while  the  g =  3.34 

component (♦) is approximately  -40 mV pH-1.  (C) Two spectra from a single membrane preparation 

split into two redox titrations at pH 6.0 and pH 9.0 each poised at +289 mV and +292 mV, respectively. 

The increase in pH is concomitant with a decrease in the g = 3.18 component and the g = 3.75 heme 

bP signal, and an increase in the g  = 3.34 and the appearance of a g = 2.94. Using the software Xepr, 

a 5th order polynomial baseline correction and integration was conducted on the signals. For g = 3.75, 

pH 6 area = 29 and pH 9 area = 19. For g = 3.3 + g = 3.18: pH 6 area = 195 and pH 9 area = 181. For 

g = 2.94, pH 6 area = 2 and pH 9 area = 42. The EPR spectra were acquired at 4 mW (17 dB) MWP 

10 K.
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entire heme bD EPR signal shows interconversion of the two forms with no significant 

difference, with the pH 6 signal having an area of 181 and the pH 9 signal, an area of 

195. Heme bP, however, decreases in intensity upon alkalinization: 29 at pH 6 to 19 at 

pH 9. This is concomitant with an increase in the  g  = 2.94 component under more 

alkaline conditions. 

2.4.  Discussion

Although the two hemes of NarI have EPR spectra well resolved from each 

other, interpretation of the heme bD EPR properties is complicated by the presence of 

components appearing at  g  = 3.34 and  g  = 3.18 (Figure 2.2B).  Furthermore,  we 

observed  that  these  two components  are  dependent  upon growth  conditions,  the 

composition  of  the  quinone  pool,  and  ambient  pH  (Figure  2.2 and  Figure  2.4). 

Membranes from cells grown at high aeration exhibit more heme  bD heterogeneity, 

and we established that this can be attributed to multiple subpopulations of NarGHI 

by recording EPR spectra of membrane samples lacking the two well-characterized 

E.  coli quinol:oxygen  oxidoreductases  that  also  contain  HALS  b-type  hemes 

(Supplementary Figure 2.1). 

 Recently, it has been proposed that the two components of heme  bD arise 

from cardiolipin-bound versus cardiolipin-free states, corresponding to the  g = 3.18 

and  g = 3.34 peaks, respectively  297.  The cardiolipin head group binds to a region 

within  the  complex  where  all  three  subunits  converge  and  is  stabilized  by  the 

conserved residues NarG-Tyr9, NarG-Arg6, NarH-Arg218 and NarI-Tyr28. Given that 

maturation  of  NarGHI  is  highly-coordinated  and  involves  a  dedicated  chaperone 

(NarJ)  and sequential  insertion  of  its  prosthetic  groups  244,252,  it  is  unlikely  that  a 

significant  proportion  of  the  mature  enzyme  would  be  assembled  without  the 

structurally-important cardiolipin. It is also unlikely that another anionic phospholipid 

(phosphatidylglycerol)  binds  in  its  place  since  the  S330  strain  is  defective  in 

phosphatidylglycerol  and  cardiolipin  biosynthesis  (∆pgsA)  299.  In  either  case,  the 
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protein  structure indicates a fatty  acyl  chain of  cardiolipin is located within  4 Å of 

His66. It has been proposed that this interacts with and ensures the proper orientation 

of  His66 to  ensure  effective  quinone binding  297.  However, the  contact  surface is 

small, since the cardiolipin acyl chain lies perpendicular to the His66 imidazole plane 

and would have a weak van der Waals interaction with it  at  best.  Critically, when 

NarGHI is expressed in cells deficient in cardiolipin biosynthesis, the EPR spectrum 

of heme bD still shows a clear heterogeneity, as seen in Figure 2.2A(v). As reported 

by  us  183 and Arias-Cartin  et  al.  297,  the  presence of  increasing  concentrations  of 

detergent clearly decreases the observed heterogeneity of the heme bD EPR signal. 

Preparation in Thesit (C12E9)  183 and high concentrations of dodecylmaltoside (DDM) 

collapse the g = 3.18 signal 297. However it is known that detergent binding can have 

effects on the structure and function of membrane proteins 310–312. Furthermore, even 

at high concentrations of DDM (0.15%) a 1:1 molar amount of cardiolipin was found to 

remain bound to NarGHI, likely the tightly bound cardiolipin molecule implicated in 

modulating heme bD conformation 297. So interpretation of data obtained for detergent 

solubilized NarGHI is complicated at best and may result in physiologically irrelevant 

results.

As an alternative explanation for the heme bD heterogeneity, we focused on the 

role of Q-site occupancy and quinone binding for several reasons. Firstly, it has been 

previously shown that the EPR spectrum of heme  bD is exquisitely-sensitive to the 

binding  of  the  Q-site  inhibitors  2-n-heptyl-4-hydroxyquinoline-N-oxide  (HOQNO), 

pentachlorophenol  (PCP)  and  stigmatellin  270,275.  Herein  we  show  that  binding  of 

HOQNO  collapses  the  heterogeneity  in  the  heme  bD EPR  signal  (Figure  2.3). 

Second, the heterogeneity is dependent upon growth conditions (Figure 2.2A), as are 

the membrane concentrations of menaquinone and ubiquinone 21,313. Third, the extent 

of  heterogeneity  is  quinone-dependent,  with  the  g =  3.18  component  inversely 

correlated  with  the  availability  of  UQ and  aerobicity  of  growth  conditions  (Figure

2.2B). Finally, we observed that the heterogeneity is sensitive to Q-site variants of 

Lys86 and Gly65 (see Figure 2.3A). Collectively, these observations clearly indicate a 

role for Q-site occupancy/structure in heme bD heterogeneity. 
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The first possibility is that each component corresponds to the binding of either 

of the two major types of quinone. This would be logical given that the unique binding 

characteristics of each inhibitor (HOQNO, PCP or stigmatellin) elicit specific shifts in 

position of the heme bD gZ. However, because the two components are present when 

either  MQ or  UQ are  present  (Figure 2.2B),  the  heterogeneity  is  not  due to  the 

binding of one quinone  versus the other. Therefore, these two components may be 

due to alternative binding modes of quinones, which has been proposed for  E. coli 

succinate:quinone oxidoreductase (SdhCDAB) 314, or one component corresponds to 

a  Q-site  free  of  quinone  and  the  other  to  quinone-bound.  We  have  previously 

observed that binding of the Q-site inhibitor PCP modulates the gz-value of heme bD 

as well as the dihedral angle observed in crystal structures 183, whereas HOQNO has 

an even larger effect on the spectrum. The correlation between gz  value and bis-His 

coordination dihedral angle is well documented, with a larger “more strained” gz value 

(more anisotropic) resulting from a more perpendicular bis-His interplanar angle, and 

a more parallel  “relaxed”  orientation giving a lower  gz value (less anisotropic)  274. 

Since  NarGHI  preferentially  uses  MQ,  which  binds  it  with  a  higher  affinity  over 

ubiquinone,  and  better  stabilizes  menasemiquinone  over  ubisemiquinone,  one 

therefore expects the component corresponding to the occupied Q-site conformation 

to correlate most closely with the presence of MQ 265,282,297. In the case where MQ is 

absent (Figure 2.2B), we observe the most heterogeneity and greatest contribution 

from the g = 3.18 component. When both MQ and UQ are present, the heterogeneity 

is reduced, and the  g = 3.34 component becomes more prominent.  Finally, when 

ubiCA is  knocked out,  as  in  JCB4211,  the MQ content  was found to  actually  be 

enhanced by 30% compared to wild-type E. coli (MQ+UQ+) 315, and consequently the 

heme heterogeneity is at its lowest extent, with the g = 3.34 component being greatly 

dominant. Therefore, we propose that the g = 3.34 component is due to an occupied 

Q-site, especially by MQ, which modulates the His66 coordination geometry of heme 

bD via  a  previously  characterized  hydrogen  bond  168,170.  Ipso  facto, the  g =  3.18 

component is due to a unoccupied Q-site conformation of NarI. This is supported by 

experiments such as that depicted in Figure 2.3B, wherein increasing concentrations 
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of HOQNO collapse the  g  = 3.18 component prior to the  g  = 3.34 component. The 

collapse of the g = 3.18 component occurs at concentrations less than 2 µM HOQNO 

(~1:35 moles of HOQNO to NarGHI)  whereas the shift in  g = 3.34 to 3.50 begins 

occurring at about a molar ratio of 2:7, with complete conversion accomplished with 

addition of excess HOQNO (20:7). This is interpreted such that empty Q-sites are 

occupied by the inhibitor prior to displacement of quinone from occupied sites. 

To probe the involvement of the Q-site in defining heme bD properties further, 

we looked at the effects of variants of the Q-site residues Gly65 and Lys86. Gly65 is a 

highly conserved residue in NarI and has a role in defining Q-site functionality 183. The 

G65A variant retains substantial quinol:nitrate oxidoreductase activity and is able to 

support  respiratory  growth  on  nitrate,  whereas  the  K86A variant  has  diminished 

activity and is unable to support growth (Table 2.1 and Supplementary Figure 2.2). 

The  G65A  variant  exhibits  an  EPR  spectrum  where  the  gz-values  for  the  two 

components of the heme bD signal are more divergent than in the wild-type enzyme 

(Figure 2.3A). The g = 3.18 component exhibits a minor shift to g = 3.23; however, 

the  g = 3.34 component shifts to  g = 3.52. In the presence of HOQNO, the G65A 

variant exhibits similar behavior to the wild-type: diminution of the “relaxed” g = 3.23 

component and a  shift  of  the  g  = 3.52 “strained”  component  to  g  = 3.53 with  a 

concomitant  increase in  intensity  (Figure 2.3A).  The K86A variant  has decreased 

quinol:nitrate oxidoreductase activity and is unable to support anaerobic growth on 

nitrate (Table 2.1) 183. HOQNO elicits only a minor effect on the heme bD spectrum in 

membrane samples,  shifting  it  from  g =  3.27 to  g  = 3.33 (Figure 2.3A),  with  no 

evidence of two components in the unbound form. These observations suggest that 

the g = 3.27 feature of the K86A variant EPR spectrum is equivalent to the g = 3.18 

feature of the wild-type spectrum, and reflects an unoccupied Q-site. Overall, these 

observations support the hypothesis that heme  bD heterogeneity is linked to Q-site 

occupancy.

With heme  bD demonstrating two subpopulations,  it  is  likely  that  these two 

conformations exhibit different redox properties, since we have previously observed 

that HOQNO and stigmatellin modulate heme bD reduction potential by ∆Em,7 +100 mV 
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and  +30 mV,  respectively  270.  Redox  characterization  (Figure  2.4A)  of  the  two 

components  was carried  out  by  expressing  NarGHI  in  a  cytochrome  bd deficient 

strain in order to eliminate the interfering b559 signal, see Supplementary Figure 2.1. 

The “free” (g = 3.18) component titrates with an Em,8 of +25 mV while the Em,8 of the 

“occupied” component at  g = 3.34 is -35 mV. A titration of the first integral heme bD 

signal can be fit with a -35 mV component (75%) and a +25 mV component (25%). 

Figure 2.4B shows that over the pH range tested the “free” component consistently 

titrates at a higher potential than the “occupied” state. The pH dependence calculated 

in the present study for the “occupied” heme bD conformation of -40 mV pH-1 is within 

agreement of the previously reported value of -36 mV pH-1 278, and a redox-Bohr effect 

of -59 mV pH-1 was calculated for the “free” conformation. This difference between the 

two conformations of NarI is likely due to the modulation of His66 and/or heme  bD 

propionate pKa upon quinone binding. Quinone and quinone-analog binding alters the 

electrostatic environment of the heme and therefore is expected to modulate heme 

reduction potential, which would explain the different redox-Bohr effect we observe for 

the two conformations as well as the modulation of reduction potential when quinol  

analogs  are  present.  For  example,  the  reduction  potentials  of  hemes  and  the 

protonation state of their propionates are known to be coupled, with reduced heme 

having a higher pKa than oxidized heme. In the case of cytochrome c551, the pKa shifts 

from 5.9 in the oxidized state to 7.0 in the reduced state  316,317,  and for surfactant 

micelles of hemin (diaquo heme b) in tetrahydrofuran, the heme propionates exhibit a 

pKa of 6.5 in the ferric form and 7.5 in the ferrous form  318. We also observe a pH 

dependence for  the  heterogeneity:  Figure 2.4C shows that  the  g =  3.18  form is 

favored at  low pH, whereas a high pH collapses this  component  to the  g = 3.34 

conformation. Therefore, the Q-site “occupied” conformation seems to be favored at 

high pH and the “free” conformation at low pH. This pH dependence of stabilization of 

the two conformations may be tied to the heme propionates themselves or the Lys86 

residue, as its mutation to an alanine results in only a single conformer being favored 

at pH 8 (Figure 2.3A).  Because of the structural  flexibility  and chemical nature of 

lysine, Lys86 plays a role in stabilizing two apparent conformations of NarI. In the 
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wild-type/G65A enzyme, these two conformations correspond to quinone bound (g = 

3.33/3.52) and quinone free (g = 3.18/3.23) NarI. Therefore, the binding of quinones 

and Q-site inhibitors to NarI modulates the electrochemical (Em and pKa) and gz-value 

of  heme  bD in  a  Lys86  dependent  manner.  The  exact  role  of  Lys86  and  quinol 

binding/oxidation is still a very active area of investigation in the field.

In  conclusion,  we  have  observed  that  the  heterogeneity  exhibited  in  EPR 

signals of heme bD of E. coli nitrate reductase A is dependent upon growth conditions. 

Heterogeneity does not arise from effects of cardiolipin binding, but most probably 

arises from differences in Q-site occupancy, where these differences can modulate 

heme bD EPR signal position (Figure 2.5), reduction potential, and pH dependence of 

reduction  potential.  Our  work  indicates  that  careful  analysis  of  redox  titrations  of 

NarGHI  should  be  done  in  membranes  prepared  from  cells  grown  very  micro-

aerobically and preferably in a cytochrome bd deletion strain. 
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Figure 2.5: Summary of Q-site occupancy on the heme bD EPR spectrum.
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2.5.  Supplementary Material

The figures included demonstrate the results  of  the cytochrome  bd and  bo 

deletions  on  NarGHI  EPR heme spectra  as  well  as  anaerobic  growth  curves for 

NarGHI, NarGHI-K86A, NarGHI-G65A, and the background strain LCB79. 
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Supplementary Figure 2.1: Spectral contributions of cytochromes bd and bo to 

the NarI heme signals. Presented are pairs of spectra, the NarGHI-enriched and background 

membranes prepared from the indicated strains. LCB79 contains both cytochromes bd and bo, ∆cydB 

lacks cydB of cytochrome bd and ∆cyoB, lacks cyoB of cytochrome bo. The membranes were oxidized 

for 5 min at 23°C with 2 mM DCPIP and the spectra collected at 10 K and 4 mW (17 dB) MWP. 
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Supplementary  Figure  2.2:  Anaerobic  growth  assays  of  LCB79  in  glycerol-

nitrate media for pVA700-G65A and pVA700-K86A variants. The growth assay was 

conducted as previously described  in  Materials and Methods using minimal salts medium  302 with 

50 mM KNO3.
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3.  A New Paradigm for Electron-Transfer Through 

E. coli NarGHI

A version of this chapter has been previously published:

J.G. Fedor, R.A. Rothery, J.H. Weiner, A new paradigm for electron transfer through 

Escherichia  coli nitrate  reductase  A,  Biochemistry.  53 (2014)  4549–4556. 

doi:10.1021/bi500394m.
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3.1.  Introduction

Escherichia  coli nitrate  reductase  A  (NarGHI)  is  a  membrane-bound 

quinol:nitrate  oxidoreductase  that  is  expressed  under  anaerobic  conditions  in  the 

presence of nitrate 293.  The enzyme functions as a terminal reductase where quinol 

oxidation is coupled to nitrate reduction, resulting in a net deposition of protons into 

the periplasm, which contributes to the transmembrane electrochemical gradient  294. 

NarGHI comprises a nitrate-reducing subunit (NarG, 140 kDa), an electron-transfer 

subunit  (NarH, 58 kDa),  and a quinol  oxidase subunit  (NarI,  26 kDa).  Overall  the 

subunits  form an electron-transfer  relay connecting the quinol  oxidation activity  of 

NarI to the nitrate reductase activity of NarG. NarI anchors NarGH to the cytoplasmic 

side of the inner membrane and binds two b-type hemes, one proximal (bP) to NarGH 

and  the  other  distal  (bD)  from it.  Electron-transfer  commences  at  the  Q-site  and 

proceeds through the two hemes (bD then bP) of NarI, a [3Fe-4S] cluster (FS4), three 

[4Fe-4S] clusters (FS1-FS3) located in NarH, and a final [4Fe-4S] cluster (FS0) and a 

molybdo-bis(pyranopterin  guanine  dinucleotide)  (Mo-bisPGD)  cofactor  located  in 

NarG which forms the site of nitrate reduction  19,295.  Each cofactor in the electron-

transfer relay has been demonstrated to be critical for electron-transfer and catalysis 
19,258,278,319.  As  a  model  system  for  studying  biological  electron-transfer,  NarGHI 

presents the advantages of robustness and being readily overexpressed in  E. coli 
85,213,232,269,270,296. 

The redox properties and  reduction potentials of the NarGHI cofactors have 

been  extensively  studied  using  a  combination  of  spectroscopy  269 and  redox 

potentiometry  270,296.  EPR spectra of the hemes, FS0, FS4 and the Mo-bisPGD are 

well resolved from each other, whereas those of the remaining FeS centers in NarH 

are complicated by spin-spin interactions  258,319.  EPR spectra of  hemes bD and  bP 

exhibit  gz-values  of approximately  3.35  and  3.75,  respectively  (see  Figure  3.1). 

Analysis via potentiometric titrations indicates that heme  bD has an  Em,7 (reduction 

potential at pH 7) of +14 ± 12 mV and heme bP has an apparent Em,7 of approximately 

+118 ± 8 mV (see Supplementary Table 3.1 and the references therein).  However, 
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3.35,  3.50,  3.45  and  3.31  for  unbound,  HOQNO-,  PCP-  and  stigmatellin-bound 

enzyme, respectively 183,270,275. The gz value of heme bP, however, is unaltered in each 

case, and a crystal structure of the PCP-bound form and a model of the HOQNO-

bound  enzyme  reveal  no  significant  structural  perturbations  around  heme  bP  
183. 

Furthermore,  enzyme  kinetics,  EPR  and  binding  assays  are  consistent  with  the 

presence of  a single Q-site in close juxtaposition to heme bD 170,183,265,268,270,275–279,282–284. 

Interestingly though, HOQNO binding influences the apparent reduction potentials of 

both hemes; with that of heme bD increasing from about +20 to +120 mV and that of 

heme bP decreasing from about +120 to +60 mV 278. The anomalies described above 
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indicate that our understanding of transmembrane electron flow through NarGHI is 

substantially incomplete.

In  this  chapter,  we  demonstrate  a  model  describing  electronic  interactions 

among the three prosthetic groups of the transmembrane electron-transfer relay of 

NarGHI  that  explains  their  apparently  anomalous  behaviors.  This  model  also 

describes  a  mechanism  for  enhanced  electron-transfer  against  a  transmembrane 

electrochemical  potential  and  possibly  a  mechanism  for  gated  electron  flow  into 

NarGHI.

3.2.  Materials and Methods

Bacterial strains, plasmids, membrane vesicle preparation –  Wild-type NarGHI was 

overexpressed  in  E.  coli strain  LCB79 (araD139  ∆(lacI-POZYA-argF)  rpsL,  thi, 

Φ79(nar-lac))  298. The expression vector used was pVA700 (tacP,  rrnB,  lacIq, ampr, 

narGHJI) 258.  The vector pCD7 (tacP,  rrnB,  lacIq, ampr,  narI) was used to express 

NarI(∆GH) 268. Growth in flasks and vesicle preparation methods were conducted as 

previously described and the inner membrane fraction was obtained via differential 

ultracentrifugation (40 000 rpm, 1.5 hrs) using  a 55% (w/v) sucrose step gradient as 

previously described 270. The buffer system used for vesicle preparation was 100 mM 

MOPS, 5 mM EDTA  (pH 7.0).

Redox potentiometry and EPR spectroscopy – Redox titrations were conducted under 

argon at 25°C in 100 mM MOPS and 5 mM EDTA at pH 7.0 as previously described 
270,303. The titrations are conducted in the reducing direction with several points taken 

in the oxidizing direction as well. We do not find any appreciable hysteresis in the 

titrations.  Titrations  in  the  presence  of   HOQNO,  PCP,  and  stigmatellin  were 

conducted using inhibitor concentrations of  0.5 mM, 1 mM and 0.3 mM, respectively. 

All samples were prepared in 3 mm inner diameter quartz EPR tubes, rapidly frozen 

using  liquid nitrogen-chilled ethanol,  and stored under liquid nitrogen prior to use. 
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EPR  spectra  were  acquired  as  previously  described  270 using  a  Bruker  ESP300 

spectrometer  (9.47  GHz) with  ESR-900 flowing helium cryostat,  a  temperature of 

12 K, 19 Gpp modulation amplitude at 100 kHz at 20 mW microwave power for the 

stigmatellin and 100 mW microwave power for the HOQNO titrations. The wild-type 

and PCP-bound spectra were recorded using a Bruker Elexsys E500 series X-band 

EPR spectrometer (9.38 GHz) with ESR-900 flowing helium cryostat, a temperature 

of 12 K, 10 Gpp modulation amplitude at 100 kHz, with 20 mW microwave power. All 

potentials mentioned are relative to the standard hydrogen electrode. All FS4 data 

were acquired at 10 dB, with signal intensity taken from g = 1.997 minus the trough 

intensity at g = 1.973.

Fitting and modeling of redox titration data – To model the redox interactions in the 

system comprising hemes  bD and bP and FS4, we used a model diagrammatically 

depicted in  Figure 3.2A and mathematically outlined in Supplementary Figure 3.1 
10,320. For applying the model to the data, we assigned center A as heme bD, B as bP 

and  C as FS4.  To model  the system comprising just the two hemes,  a simplified 
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Figure  3.2: Thermodynamic model for NarGHI hemes  bD,  bP and FS4 depicted 

schematically. Em is  the  given  reduction  potential  of  the  given  cofactor  A,  B,  or  C,  and  the 

interaction potentials are depicted as the variables eAB, eBC, eAC for interactions between the specified 

cofactors. Lower case letters (a, b, c) indicate an oxidized state, whereas uppercase letters denote 

reduction by a single electron, where A = bD, B = bP, C = FS4. See the text for a full description of the 

model, the specific equations used can be found in Supplementary Figure 3.1.
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model was used where just EmA, EmB and eAB were used, Figure 3.2B.

 In  applying  this  model  to  the  data,  we  assume there  are  no  interactions 

between the hemes or FS4 with the other centers in NarGHI, including bound quinone 

species,  and  only  interactions  between  adjacent  centers  are  considered.  Matlab 

(version  R2013b,  The  MathWorks  Inc.,  Natick,  Massachusetts)  was  used  to  do 

nonlinear  least-squares  fitting  of  the  model  to  the  data  by  reducing  the  sum  of 

squared residuals between theoretical fits and experimental data points, where the 

reduction and interaction potentials, baseline, and scale were allowed to vary. The 

maximum and  baseline  of  the  titration  curves  were  limited  to  vary  by  ±5%.  The 

qualities of fits were calculated in MatLab to yield the correlation coefficients, as well  

as 95% confidence intervals and standard errors in the modeled parameters. In each 

case,  fits  achieved a correlation coefficient  of  ≥98%. The raw data for  the K86A, 

stigmatellin,  HOQNO and  NarI(∆GH)  titrations  used in  this  study  were  previously 

published but reprocessed and reanalyzed 270.

3.3.  Results and Discussion

Sample and data considerations

EPR  is  an  excellent  technique  for  the  study  of  electron-transfer  relays 

containing cofactors with well-resolved spectral features. The oxidized hemes of the 

NarGHI transmembrane electron-transfer  relay are readily  resolved,  with  heme  bP 

having a  gz of approximately 3.75 and heme  bD having a  gz of approximately 3.35. 

The spectrum of oxidized FS4 is also well  resolved from the other centers of the 

enzyme and comprises a peak (gz) at  g = 2.02 and a peak-trough (gxy) immediately 

upfield at  g  = 1.99. However, before their behavior in the potential domain can be 

thoroughly analyzed, the homogeneity of these signals needs to be established. The 

g = 3.75 peak of heme bD is clearly resolved from signals of other moieties that might 

impact our analyses (Figure 3.1), as there are no signals in this region in membranes 

lacking NarGHI 252,268,284,321. FS4 is more complicated, because FS1 can interfere with 

the signal interpretation as can the presence of extraneous background FeS clusters. 
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It  has previously  been shown, however, that  NarH-FS4 is  by far  the predominant  

species and that only at low potentials does FS1 begin to interfere  232,258,270,278. The 

nearest signal due to FS1 appears at g = 2.013, and the background signal exhibits a 

peak at 2.02, which overlaps with the dominant signal of FS4 at 2.021. These forms of 

signal interference can be mitigated by measuring the FS4 signal intensity at  g = 

1.997 minus the trough intensity at 1.973, as depicted by the inverted black triangles 

in Figure 3.1. 

Interpretation of the Heme bD EPR signal poses the most significant challenge. 

Heme bD often manifests as having two subpopulations with gz values of  ~3.35 and 

~3.2, which we propose are due to differential Q-site occupancies 321; whereas others 

have suggested the subpopulations arise from differential cardiolipin occupancies 297. 

Under anaerobic or micro-aerobic conditions, the gz feature of the heme bD spectrum 

manifests as a single peak at  g = 3.35 (Figure 3.1) 268,270,321. When present, these two 

subpopulations  do exhibit  different  apparent  reduction  potentials,  and thus simple 

signal integration is not feasible  321. However, the two subpopulations collapse into 

one signal, albeit with a shifted gz, upon inhibitor binding. In the case of HOQNO, 

PCP, and stigmatellin binding the gz value for heme bD shifts from 3.35 to 3.50, 3.45 

and  3.31,  respectively  183,270,275.  Likewise,  the  NarGHIK86A Q-site  variant  exhibits  a 

homogeneous  heme  bD EPR  signal  at  ~3.3,  but  it  also  exhibits  reduced  quinol 

oxidase activity  and is  unable to  bind HOQNO or  stabilize a semiquinone radical 
183,284,321.  Using the inhibitor-bound states also addresses the possibility, and likely 

inevitability, of interactions of the adjacent heme (bD) with the bound quinone species, 

particularly the stable anionic semiquinone 231,282. For the above reasons we focus our 

analyses herein on the more homogeneous inhibitor-bound states and the NarGHIK86A 

Q-site variant. 

Redox titrations of FS4 and hemes bD and bP 

The basic Nernst equation is normally applied to analyze redox titration data 

(Figure 3.3A - dashed lines) 10. However, close examination of previous titrations 

reveals  a  couple  of  redox  titration  anomalies  for  components  of  the  NarGHI 
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Em
a,c

Heme bD 

(mV)

Em
a,c

Heme bP 
(mV)

Em
a,b

[3Fe-4S] 
(mV)

ed

bD-bP 
(mV)

ed

bP-[3Fe-4S] 
(mV)

Wild-type 

NC1 +2 ± 5 +128 ± 5 +163 ± 5 0 0

NC2 +2 ± 5
+129 ± 5
(n = 0.64)

+186 ± 5 (75%)
+83 ± 18 (25%)

0 0

C +3 ± 4 +163 ± 5 +181 ± 4 0 -50 ± 7

K86A

NC1 +12 ± 8 +88 ± 2 +182 ± 4 0 0

NC2 +12 ± 8 +88 ± 2
+195 ± 3 (84%)
+85 ± 16 (16%)

0 0

C +15 ± 3 +131 ± 8 +186 ± 3 0 -45 ± 9

+ 0.5 mM 
HOQNO

NC1 +109 ± 6  +51 ± 5 +174 ± 5 0 0

NC2
+106 ± 5
(n = 0.6)

+52 ± 8
(n = 0.8)

+196 ± 6 (74%)
+105 ± 19 (26%)

0 0

C +120 ± 4 +142 ± 9 +182 ± 4 -49 ± 7 -46 ± 10

+ 0.3 mM 
Stigmatellin

NC1 +35 ± 2 +115 ± 6 +167 ± 7 0 0

NC2 +35 ± 2
+115 ± 5 
(n = 0.56)

+197± 4 (70%)
+94 ± 10 (30%)

0 0

C +58 ± 6 +166 ± 4 +187 ± 3  -27 ± 8 -62 ± 5

+ 1 mM 
PCP

NC1 -38 ± 3 +73 ± 2 +178 ± 3 0 0

NC2 -38 ± 3 +73 ± 2
+190 ± 2 (89%)
+88 ± 16 (11%)

0 0

C -38 ± 2 +120 ± 7 +184 ± 2 0 -49 ± 7

pCD7
NC +40 ± 3 -180 ± 5 N.A. 0 N.A.

C +39 ± 3 -180 ± 4 N.A. 0 N.A.

Table  3.1:   Cooperative  (C)  and  Noncooperative  (NC)  fitting  parameters  for 

redox titrations of nitrate reductase preparations as seen in  Figure 3.3. a –  Em 

values  correspond  to  reduction  potentials  at  pH 7.  b –  The  noncooperative  values  represent 

macroscopic  Em values, where the percentage denotes the contribution of the single component in 

multi-component fits. c – Unless specified, fits were generated using electron stoichiometries of n = 1. 

d –  e is the cooperative component of the system and quantifies the interactions between the two 

specified adjacent cofactors. MatLab modeled fits are represented as mean ± standard error. N.A. = 

Not applicable. 



transmembrane electron-transfer relay. (i) To adequately fit the titration data for FS4, 

two components of Em (+186 mV and +83 mV) are required (Table 3.1), essentially in 

agreement with  published values  232,270,278. Compare the fits in  Figure 3.3 for FS4, 

where the broadly dashed lines represent idealized Nernstian fits (n = 1 and one 

component) and the finely dashed lines are fits where two  n = 1 components are 

utilized. The residuals (Supplementary Figure 3.3) clearly show that FS4 is better fit 

by two components rather than a single component. (ii) While previously published 

titration data for heme bP utilized n = 1 fits 270, the curves can be better modeled with 

an apparent electron stoichiometry significantly below unity. Again, this can be seen in 

Figure  3.3 (and  Table  3.1)  where  the  broadly  dashed  lines  represent  idealized 

Nernstian fits (n = 1) and the more finely dashed lines are modified models where the 

apparent  n is  <  1  (see  residuals  in  Supplementary  Figure  3.3).  Critically,  this 

behavior is dependent upon the variant studied, the presence of Q-site inhibitors, and 

the subunit composition of the preparation studied. For example, data obtained from 

the NarGHIK86A variant, wild-type enzyme in the presence of PCP, and from the NarI 

subunit expressed by itself (NarI(∆GH)) can be fit to  n = 1 Nernstian curves –  see 

Table 3.1 and Figure 3.3B,  D, and F.  270,284 In contrast to the behavior of heme bP, 

reduction of heme bD is  well-described by n = 1 fits. The heme bD titrations depicted 

in panels A, B, and D of Figure 3.3 do have a minor extraneous component modeled 

at +157 ± 2 mV, which has been attributed to the overlapping spectrum of heme b558 

of cytochrome bd 268,320–322. 

A further peculiarity of the NarGHI transmembrane electron-transfer relay is 

that  the  Q-site  inhibitor  HOQNO  elicits  an  apparent  inversion  of  the  reduction 

potentials  of  the  two  hemes,  and  has  a  modest  effect  on  the  lower-potential  

component of FS4 – shifting it from approximately +83 mV to +105 mV (Figure 3.3C 

and Table 3.1). Interestingly, this is accompanied by the titration of heme bP taking on 

a more ideal n = 1 behavior while heme bD exhibits an apparent n = 0.6 fit (Table 3.1). 

Together, these observations could be explained by NarI containing multiple 

quinone  binding  sites  or  that  HOQNO-binding  induces  structural  changes  in  the 

enzyme and consequently shifts  the  Em for  both hemes. However, we and others 
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Figure  3.3: Fits for the redox titrations of hemes  bD (■),  bP (♦) and FS4 (▼). 

Broadly dashed lines (— — —) denote “standard” Nernstian fits in which a single n = 1 component is 

modeled. Finely dashed lines (- - - - -) denote modified Nernstian fits where either two components or 

apparent n-values < 1 are used as the model. Solid lines (——) denote fits by the cooperative models 

depicted in Figure 3.2. See Table 3.1 for the respective fitting parameters used. The applied potential 

(Eh) is relative to the standard hydrogen electrode and the signal intensities are normalized to 100%.  

Titrations A, B and D include fits of +160, +156 and +155 mV, respectively, in order to account for the 

contaminating b558 of cytochrome bd in the membrane preparations. The redox titrations correspond to 

vesicle preparations of: (A) wild-type NarGHI, (B) NarGHIK86A, (C) NarGHI supplemented with 0.5 mM 

HOQNO,  (D) NarGHI  in  the  presence  of  1 mM  PCP,  (E) NarGHI  supplemented  with  0.3 mM 

stigmatellin, (F) NarI(∆GH) membranes.
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have shown by HOQNO fluorescence quench titrations, EPR spectroscopy, and X-ray 

crystallography that there is only a single quinol binding site in the enzyme, found 

adjacent to heme bD, which binds both menaquinone and ubiquinone as well as Q-site 

inhibitors  PCP,  HOQNO  and  stigmatellin  170,183,270,282,284.  Furthermore,  a  crystal 

structure with PCP bound to NarI has been determined 183 and modeling HOQNO into 

the position taken by PCP reveals that there are no significant actual or predicted 

conformational changes in the vicinity of heme  bP elicited by inhibitor binding. It is 

thus unlikely that the redox behavior of heme bP and FS4 in the HOQNO-bound state 

is due to a second Q-site or inhibitor-binding induced changes in conformation. There 

is  also  no  published  evidence  for  appreciable  redox-dependent  conformational 

changes in NarGHI. Thus, the non-ideal redox behavior of NarGHI is unlikely to be 

due  to  redox-dependent  conformational  changes.  We  therefore  posit  that  the 

underlying cause is the existence of anti-cooperative redox interactions between the 

cofactors.

Modeling redox cooperativity

It  is  known  that  surface  charges  as  well  as  charged  residues  and  dipole 

moments within proteins influence the reduction potentials of embedded cofactors, 

which  are  analogous  to  the  factors  that  influence  the  pKa values  of  amino  acid 

residues 81,323. Because reduction of a cofactor can readily change its overall charge, 

it can also elicit electrostatic effects on adjacent cofactors, thereby modulating their 

reduction potentials 74,134. This is manifested in the observation of positive (n > 1) or 

negative (n < 1) cooperativity. For a system exhibiting positive cooperativity, reduction 

of  a  cofactor  increases the  electron  affinity  (increases  Em)  of  adjacent  cofactors. 

Conversely, negative cooperativity (anti-cooperativity) is such that reduction of one 

cofactor decreases the electron affinity (reduces Em) of the others. Thus, cooperativity 

is a plausible explanation for the observation of non-Nernstian redox chemistry within 

the transmembrane electron-transfer relay of NarGHI. A notable example of an anti-

cooperative  redox  interaction  is  that  between  hemes  b558 and  b595 of  E.  coli 

cytochrome bd, wherein apparent n-values of 0.7 – 0.9 were required for satisfactory 
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fits using standard Nernstian models.  Similar quality fits were obtained by modeling 

an anti-cooperative interaction of -32 mV between these two cofactors 
320. 

To explain the anomalous behavior of  the NarGHI transmembrane electron-

transfer relay,  we applied a three-center model with pairwise interactions between 

adjacent centers. The thermodynamic model for the transmembrane electron-transfer 

relay, consisting of  bD, bP and FS4, is depicted schematically in  Figure 3.2A (see 

Supplementary  Figure  3.1 for  mathematical  details).  In  the  scheme,  Em is  the 

midpoint potential of the given center (A)  bD, (B)  bP, or (C) FS4, and the interaction 

potentials are depicted as variables eAB, eBC, eAC, denoting an interaction between the 

specified  centers.  Lowercase letters  (a,  b,  c)  indicate  an oxidized state,  whereas 

uppercase letters (A, B, C) denote reduction by a single electron. To prevent over-

parameterization of the fittings we looked only at pairwise interactions of adjacent 

centers, therefore  eAC was fixed at 0 mV. This is reasonable if  the cooperativity is 

purely  electrostatic,  because  the  inverse  distance  dependence  of  electrostatic 

interaction energy would ensure the long-range interaction between centers FS4 and 

bD (edge-to-edge distance of ~25 Å) would be negligible in comparison to the much 

more  proximal  pairwise  interactions  (bP-FS4 distance  of  8.9 Å ;  bD-bP distance of 

5.4 Å) (see Figure 3.1) 19. As a reminder, the heme bD titrations depicted in panels A, 

B and  D of  Figure  3.3 do  have  a  minor  extraneous  component  modeled  at 

+157 ± 2 mV, which is due to heme  b558 of  cytochrome  bd,  and consequently this 

high-potential component of the titrations of bD was not included in the cooperativity 

model 268,320–322. 

Applying the model to the redox titrations of hemes bD, bP and FS4

Table 3.1 summarizes the fitting parameters used for the noncooperative and 

cooperative  models  for  the  inhibitor-free,  HOQNO-bound,  PCP-bound,  and 

stigmatellin-bound  states  of  NarGHI,  and  the  corresponding  redox  titrations  are 

depicted in  Figure 3.3, wherein  broadly dashed lines represent single component 

standard  Nernstian  fits  where  n =  1.  The  finely  dashed  lines represent  multi-

component Nernstian fits or fits where the apparent  n-value is less than one. The 
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solid lines represent fits derived from the cooperative model depicted in Figure 3.2A 

(see  Supplementary  Material for  additional  details).  The residuals  are  plotted  in 

Supplementary Figure 3.3.

We favor the cooperative model over those invoking multiple components and 

apparent  n-values  <1  because  similar  quality  fits  are  obtained  using  fewer 

parameters.  For example, the multiple-component fit  for the  wild-type inhibitor-free 

bound enzyme has seven degrees of freedom, whereas the cooperative fit has only 

five. However, it does appear that certain sections of the titrations, particularly the low 

potential end of FS4 titrations, are better fit with the modified Nernstian models than 

the cooperative model. Our model utilizes only pair-wise interactions and does not 

take into account interactions with other cofactors within the protein, including the 

bound quinone. We have found that modeling the interaction between  bD-FS4 gave 

slightly better fits (data not shown), however the increased number of parameters 

resulted  in  greatly  diminished  confidence  in  the  fits,  and  as  a  consequence,  we 

decided to look at only adjacent pair-wise interactions. Therefore, the model has the 

ability to account for multiple components for FS4 and shallower titration slopes for bD 

(and bP in the HOQNO-bound state) but is not sophisticated enough to account for all 

the  more  subtle  effects  we observe in  the  redox titrations  of  the  transmembrane 

electron-transfer relay.

The most evident pairwise interaction is between heme  bP and FS4, with an 

average  between  all  samples  of  -50 ± 7 mV.  This  interaction  manifests  as 

substoichiometric  apparent  n-values  for  heme  bP and  multiple  apparent  redox 

components for FS4 titrations and it has previously been suggested that a mutual 

redox interaction  is  responsible  for  this  behavior  278.  However,  there  is  a  weaker 

apparent interaction between the two hemes despite the distances between  bD-bP 

being  similar  to  the  separation  of  FS4  and  bP;  see Figure  3.1.  One  reasonable 

explanation for this would be that the charge density is higher in iron-sulfur clusters 

than in hemes, because the electron density of reduced hemes is known to extend 

over the entire porphyrin macrocycle 137,139. In order to eliminate the supposed effects 

of the FS4-bP interaction on heme bP line shape, we re-examined the published EPR 
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spectra of NarI expressed in the absence of NarGH where heme bP undergoes a g-

value shift from 3.75 to 2.92  and a decrease in  Em,7 of >100 mV 270. With the large 

divergence  in  reduction  potentials  between  the  two  hemes,  no  obvious  redox 

interaction  was  discerned  and  the bP-bD interaction  was  therefore  set  to  zero.  In 

agreement with the hypothesis that the non-ideal redox titration curve of heme bP is 

due to redox interactions with heme bD and FS4, we observe only single-component n 

= 1 Nernstian redox titrations of the two hemes, Figure 3.3F. 

In the case of bD-bP interaction, there is a dependence of interaction energy on 

the apparent difference in reduction potentials. In most cases, the difference in  Em 

values for heme bD and bP are divergent enough such that the titration curve effects 

indicative  of  redox  cooperativity,  such  as  slope  shallowing  or  multiple  apparent 

components,  are  not  present,  and  therefore,  an  interaction  potential  was  not 

measurable. The two instances where this was not the case are the titrations of the 

HOQNO-  and  stigmatellin-  bound  states.  In  the  stigmatellin  titration,  a  bD-bP 

interaction potential of -27 mV was determined and the corresponding divergence in 

Em values of the two hemes was ~100 mV. Contrast this with the wild-type inhibitor-

free heme Em difference of 160 mV. In the HOQNO titration, the heme Em difference is 

a mere 20 mV and the magnitude of the inter-heme interaction (-49 mV) approaches 

that of the bP-FS4 interaction (-50 mV). 

Fitting  redox  titrations  of  the  transmembrane  electron-transfer  relay  to  the 

model presented also gives us an alternative perspective on the effects of HOQNO 

binding. Previously, HOQNO was thought to modify the Em values of hemes bD and bP 

such that  heme  bD exhibits  an  Em higher  than that  of  bP.  This  is  concurrent  with 

HOQNO eliciting a significant shallowing of the titration curve of  bD 270. Utilizing the 

cooperative  model,  heme  bP does  experience  an  increase  in  its  Em; however  it 

remains  lower  than  that  of  heme  bD.  This  is  expected  because  HOQNO  binds 

adjacent to, and therefore changes the gz-value, of heme bD and not bP, and models 

based on the PCP-bound structure indicate a lack of HOQNO-induced conformational 

changes in NarI  183,270,275. In the context of cooperativity, the  Em of heme  bP is only 

diminished by 20 mV, however the heme bD reduction potential and bD-bP interaction 
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are  modulated  upon  HOQNO  binding.  The  interaction  potential  between  the  two 

hemes varies significantly between the inhibited states of the enzyme, but as the Em 

of heme bP and FS4 remains largely unchanged, so too does the interaction energy 

between  these  two  centers.  Similar  phenomena  are  observed  in  the  PCP  and 

stigmatellin titrations where principally the Em of heme bD is influenced. Again, this is 

consistent with a single Q-site and the conformational integrity of NarI, regardless of 

whether inhibitors are bound or absent. Modulation of the  bD-bP interaction may be 

due to the effects of inhibitor binding on the electrostatic environment around and 

between  these  two  hemes.  Additionally,  or  alternatively,  as  the  Em values  of  the 

hemes become more divergent, it becomes more difficult to determine the magnitude 

of their interaction and therefore their effect on one another.

Functional consequences of redox anti-cooperativity in NarGHI

The phenomenon of redox anti-cooperativity in NarGHI would explain the two-

phase  reoxidation  kinetics  previously  observed  for  NarGHI,  particularly  in  the 

presence of HOQNO where the slower reoxidation phase becomes significantly more 

pronounced (see ref  278 for details). That is, HOQNO predominantly modulates the 

heme bD Em and bD-bP interaction, such that the macroscopic Em of bP appears lower 

than  that  of  bD.  It  is  the  anti-cooperative  bD-bP interaction  and  the  increased  bD 

reduction potential which slows electron transfer through NarI.

 Redox  interactions  within  NarGHI  may  actually  have  implications  in  the 

broader  context  of  bacterial  respiration.  Due  to  the  orientation  of  NarGHI  in  the 

membrane, electron flow through NarI is from the P-side of the membrane (heme bD) 

to the N-side (heme  bP) and therefore is against the transmembrane potential, ∆Ψ, 

which  is  approximately  -130 mV  in  nitrate  respiring  E.  coli 3.  Considering  the 

previously reported values of +14 mV and +118 mV for hemes bD and bP, respectively, 

the  ∆E of  +104 mV is  insufficient  to  overcome the  transmembrane potential  (see 

Figure 3.4A). However, Figure 3.4B demonstrates that when considering the values 

modeled herein of +3 mV for bD and +163 mV for bP, the resultant ∆E of +160 mV is 

sufficiently compensatory for the transmembrane potential. Similarly, the presence of 
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a  membrane  potential  has  shown  to  have  large  effects  on  electron  transfer  and 

distribution between hemes b556 and b562 of cytochrome bc1 
2,324.

It  is  also  possible  that  the  major  functional  consequence  of  electrostatic 

interactions in the transmembrane electron-transfer relay may be to gate electron flow 
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through NarI. Figure 3.4B shows the energetics of transmembrane electron-transfer 

when  the  system is  either  fully  oxidized  (top)  or  when  FS4 (and  bD)  is  reduced 

(bottom). The reduction of FS4 brings the inter-heme electron-transfer potential, that 

is from bD to bP, from +160 mV to +110 mV, due to the lowering of the Em of bP by bP-

FS4  anti-cooperativity  (-50 mV).  When  ∆Ψ  is  taken  into  account,  the  ∆E for 

transmembrane electron transfer goes from +30 mV when FS4 is oxidized, to -20 mV 

when FS4 is reduced. Consequently, during steady-state turnover of the enzyme and 

upon reduction of FS4,  bD has a greater propensity to remain reduced. It has been 

previously shown that reduction of NarI decreases the Km for HOQNO from 0.34 µM 

to  0.07 µM,  thus  ensuring  tighter  binding  of  HOQNO,  and  supposedly  the 

semiquinone intermediate.278 Such an effect has been observed for cytochrome bc1, 

where Qo-site semiquinone stability is directly coupled to b562  reduction (the adjacent 

heme) and semiquinone stability increases further when b566 is reduced 324. By more 

tightly binding and stabilizing the semiquinone, the enzyme may physically prevent 

entry  of  further  reducing  equivalents.  Therefore,  by  decreasing  the  potential  for 

transmembrane  electron-transfer  under  nitrate-limiting  conditions,  the  anti-

cooperativity within NarI may facilitate more effective usage of the Q-pool by diverting 

quinol  to  the  other  terminal  reductases,  such  as  those  for  DMSO,  TMAO  and 

fumarate reductase. 

A further  consideration  is  that  the  model  addresses only  part  of  the  entire 

NarGHI electron-transfer relay that comprises eight cofactors (two hemes, five FeS 

clusters,  and  a  molybdenum  cofactor)  and  the  reactants.  The  span  of  reduction 

potentials  in  NarGHI  is  rather  large  (-400  to +200 mV),  but  with  the  number  of 

cofactors  present,  the  midpoint  potential  overlap  is  considerable  19.  Also,  redox 

cooperativity would have significant implications for quinol binding and oxidation as 

well  as  semiquinone  stabilization.  Therefore,  to  have  a  complete  thermodynamic 

picture of NarGHI, it would be necessary to extend the current model to include all 

other redox cofactors,  including quinone and nitrate binding and redox transitions. 

One example is the very low potential  [4Fe-4S] cluster FS2 in NarH which has a 

measured  Em,7 of  -420 mV,  it  may  be  that  the  measured  Em is  so  low  due  to 
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electrostatic  interactions with adjacent  reduced cofactors and that the microscopic 

midpoint potential is actually higher than measured 213.

3.4.  Summary

In summary, we have shown that the non-ideal Nernstian redox titration curves 

for hemes  bD,  bP and FS4 in the Q-site inhibitor  bound state can be modeled as 

arising from anti-cooperative electrostatic interactions between these cofactors. We 

were able to satisfactorily fit the redox titrations with a model that includes Em values 

and  pairwise  interactions  between  adjacent  cofactors.  Importantly,  by  modeling 

NarGHI redox cofactor thermodynamics in the frame of redox cooperativity, we obtain 

values significantly different from those previously reported, particularly for heme bP, 

providing  an  alternative  perspective  on  electron-transfer  thermodynamics  in  the 

NarGHI system (Figure 3.5),  and shedding light on inhibitor binding effects and a 

functional role for these electrostatic interactions in electron-transfer through NarI in 

the presence of an electrochemical gradient.
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3.5.  Supplementary Material

The supplementary figures include the equations utilized in modeling the redox 

titrations as well as the plotted residuals of the titrations depicted in Figure 3.3. 
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Titration Details
bD Em

a 
(mV)

bP Em
a

(mV)
FS4 Em

a,b 

(mV)
pHd Spectroscopic 

Technique
Reference

NarGHI

+17 +122 ― 7.0 optical 269

― +110 ― 7.0 EPR 268

― ―
+180 (69%)
+95 (31%)

8.0 EPR 232

+20 +120
+195 (70%)
+95 (30%)

7.0 EPR 270

+28 +125 ― 7.0 optical 270

-5 +108
+185 (70%)
+100 (30%)

7.0 EPR 271

-15 +110 +180 6.5 EPR 297

-35c ― ― 8.0 EPR 321

NarGHI
+0.5 mM 
HOQNO

+120 +60
+200 (70%)
+110 (30%)

7.0 EPR 270

+100 +40 ― 7.0 optical 270

NarGHI 
+ 0.3 mM 

Stigmatellin
+50 +120

+200 (70%)
+105 (30%)

7.0 EPR 270

NarI(∆GH)
+37 -178 ― 7.0 EPR 270

+30 -178 ― 7.0 EPR 271

NarGHI-K86A +40 +80 ― 7.5 EPR 284

Supplementary  Table  3.1:   Previously  reported  midpoint  potentials  for  the 

hemes and [3Fe-4S] cluster for vesicle preparations of E. coli nitrate reductase 

A pertinent to this study a – All cited potentials were derived from n = 1 Nernstian fits. b – The 

percent contribution to the titration of the respective components is indicated in parentheses. c – This 

is specifically the potential for the g = 3.34 component of heme bD. d – Further pH titration data can be 

found in reference 271.



The thermodynamic models for NarGHI hemes bD, bP and FS4
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Supplementary Figure 3.1: Three-center redox model for NarGHI. As diagrammed in 

Figure 3.2A and used for fits A-E of Figure 3.3, see next page for description.

[a ] = [abc] + [aBc ] + [abC ] + [aBC ]

[b ] = [abc ] + [Abc ] + [abC ] + [ AbC ]

[c ] = [abc] + [ Abc] + [aBc] + [ ABc ]

p2 = exp (( nFRT )⋅(Em A − E h))
p3 = exp(( nFRT )⋅(EmB − E h))
p4 = exp (( nFRT )⋅(EmC − E h))
p5 = exp(( nFRT )⋅(Em A + Em B + eAB − 2⋅E h))

p1 = 1

p6 = exp(( nFRT )⋅(Em A + EmC + eAC − 2⋅E h))
p7 = exp(( nFRT )⋅(EmB + EmC + eBC − 2⋅E h))
p8 = exp(( nFRT )⋅(Em A + EmB + EmC + e AB + eAC + eBC − 3⋅E h))

[abc ] =
p1

∑
i=1

8

pi

[Abc ] =
p2

∑
i=1

8

pi

[aBc ] =
p3

∑
i=1

8

pi

[abC ] =
p4

∑
i=1

8

pi

[ABc ] =
p5

∑
i=1

8

pi

[AbC ] =
p6

∑
i=1

8

pi

[aBC ] =
p7

∑
i=1

8

pi

[ABC ] =
p8

∑
i=1

8

pi

Supplementary Figure 3.2: Two-center redox model for NarI(∆GH). As diagrammed 

in Figure 3.2B and used for fit F of Figure 3.3, see next page for description.

[a] = [ab ] + [aB ] [b] = [ab ] + [ Ab ]

[ab ] =
p1

∑
i=1

4

pi

[Ab ] =
p2

∑
i=1

4

pi

[aB ] =
p3

∑
i=1

4

p i

[AB ] =
p4

∑
i=1

4

pi

p2 = exp (( nFRT )⋅(Em A − E h))

p3 = exp (( nFRT )⋅(E mB − Eh))

p1 = 1

p4 = exp (( nFRT )⋅(Em A + EmB + e AB − 2⋅E h))



Description of redox models

The constants used in the equations in  Supplementary Figures 3.1 and 3.2 

are:  R, the universal  gas constant (8.314 V · C · K-1 · mol-1),  Faraday's constant (F) 

(96485.3 C · mol-1), the  absolute  temperature  (T)  of  295 K,  and  n is  the  electron 

stoichiometry for each individual redox reaction (n = 1). Eh is the applied potential, Em 

values are the midpoint potentials of the generic cofactors A, B, C, and the interaction 

potentials  are  depicted  as  the  variables  eAB,  eBC,  eAC respectively  denoting  an 

interaction between the specified cofactors, all  in Volts (as outlined in  Figure 3.2). 

The probability of finding a given configuration of the system – as described in the 

square brackets – is given by the middle portion of equations. Lower case letters 

(a,b,c) indicate an oxidized state, whereas uppercase letters denote reduction by a 

single electron, where A = bD, B = bP, C = FS4. The last block of equations are used to 

simulate the titration for the given cofactor, taking into account microstates of the 

system  where  only  the  oxidized  (EPR  visible)  state  of  the  given  cofactor  is 

considered10,320.
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Supplementary Figure  3.3: Residual plots for the fits depicted in  Figure 3.3. 

Each panel (A-F) contains an individual plot of the residuals as a function of applied potential (Eh) for 

each cofactor. Each plot is identified by the accompanying legend table to its right. Within the tables, 

“C” denotes the cooperative model fit and “NC” denotes noncooperative fits. For instances where there 

is an apparent n-value other than unity or more than one Nernstian component is used to make a fit, 

both the modified noncooperative fit as well as an idealized  noncooperative fit (n = 1; 1 component) is 

given for comparison. The panels are: (A) WT, (B) K86A, (C) HOQNO-bound, (D) PCP-bound, (E) 

Stigmatellin-bound, (F) NarI(∆GH).
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4.  Quinol Oxidation Progresses Through a Neutral 

Semiquinone in E. coli NarGHI 
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4.1.  Introduction

Quinones  are  lipophilic  2e–/2H+ carriers  found  in  the  plasma membrane of 

prokaryotes  and  the  mitochondrial  inner  membrane  and  thylakoid  membranes  of 

eukaryotes where they are crucial for coupling dehydrogenases to reductases and 

oxidases  158.  Escherichia  coli (E.  coli)  is  a  facultative  anaerobe  and  synthesizes 

ubiquinone (UQ, Em,7 ≈ +110 mV) as well as menaquinone (MQ, Em,7 ≈ -70 mV) and 

demethylmenaquinone (DMQ,  Em,7 = +36)  2,21,38,325.  The concentrations and relative 

ratios of UQ, DMQ and MQ vary according to the aeration of E. coli cultures. Aerobic 

respiration  favors  UQ  [60%  UQ,  37%  DMQ,  3%  MQ]  whereas  naphthoquinones 

predominate under anaerobic conditions where their lower reduction potentials are 

better suited to reducing lower potential electron acceptors (nitrate, DMSO, TMAO, 

fumarate, etc)  21.  Specifically, anaerobic growth on fumarate favors MQ [10% UQ, 

16% DMQ, 74% MQ] 41 and growth on nitrate favors DMQ [0% UQ, 70% DMQ and 

30% MQ] 21,39,40,313.

 The  evaluation  of  electron 

paramagnetic  resonance  (EPR) 

spectral parameters of semiquinone 

(SQ)  intermediates  using  multiple 

microwave wavelengths and pulsed 

techniques,  such  as  ESEEM 

(Electron  Spin  Echo  Envelope 

Modulation)  and  HYSCORE 

(Hyperfine  Sublevel  Correlation), 

can  provide  significant  detail  on 

binding  orientation,  magnetic 

couplings,  and  hydrogen  bonding 

(H-bonding)  partners 166,167,176,326–330. 

Furthermore, by conducting  redox 

titrations  of  the  SQ radical  over  a 
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Figure  4.1: The electrochemical transitions 

of  quinones,  with  the  physiologically 

relevant  pathway  from  oxidized  quinone 

through semiquinone to quinol indicated in 

black. Redox transitions (E1',E2') are indicated in blue 

along the horizontal and protonation events (pKa1, pKa2) 

are labelled in red as vertical transitions.
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range of both applied potential and poised sample pH, one can determine pKa values 

and reduction potentials (E1', E2') of the quinol to quinone transitions (see Figure 4.1) 
166,167,326.  This  information provides the basis  for  elucidating the mechanism of  SQ 

stabilization and enzyme catalysed quinol/quinone redox chemistry.

E.  coli nitrate  reductase  A  (NarGHI)  is  a  highly  studied  and  structurally 

characterized  19,152,183 enzyme  and  excellent  model  system  for  looking  at 

transmembrane  electron  and  proton  transfer  132,278,279,  quinol  oxidase  mechanism, 
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heme bD, which reflects a similar interaction 

of propionate D and the O1 of the quinone, 

as per the numbering in  Figure 4.3.  X-ray 

crystallography  as  well  as  ESEEM  and 

HYSCORE demonstrate that His66 not only 

acts as an axial ligand for heme bD but also 

forms a  weak in-plane H-bond  (1.6Å)  with 

the  bound  MSQ,  DMSQ,  and  USQ 
45,168,170,176,183,270,282,284.  Additionally,  a  recent 

study  by  our  lab  of  the  pre-steady  state 

reduction  of  the  hemes  by  menadiol  has 

implicated  the  heme  bD propionate  D  in 

deprotonating the SQ O1 331. However, while 

considerable work has gone into determining 

SQ binding mode and quinol oxidation, many questions remain before we have a fully  

descriptive view of quinol binding and oxidation in NarGHI. 

In  this  study  we  investigated  the  pH  dependence  of  the  low-potential  SQ 

radical and determined the factors governing its stability in membranes enriched in 

NarGHI  or  NarI(∆GH).  Membranes  enriched  in  NarI(∆GH)  have  a  greater 

concentration of NarI, and thus Q-sites, with the expectation of yielding better SQ 

EPR signals  270,  and it  has been previously demonstrated that  the SQ  Em is  only 

slightly perturbed (by  approximately +30 mV) in NarI(∆GH) relative to the radical 

stabilized  in  NarGHI,  and  that  the  EPR  signals  are  similar,  apart  from  partially 

resolved splittings (~11 G or 4 Gpp) in the NarI(∆GH) SQ EPR signal (see Figure 4.4) 
284.  Our  results indicate not  only  that  the SQ bound to  NarGHI and NarI(∆GH) is  

neutral, but also that quinone binding to NarI is dependent on the protonation state of 

an ionizable residue with a pKa of approximately 7. 
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Figure 4.3: (Demethyl)menaquinol-8 

structure. For menaquinol-8, R = – CH3; for 

demethylmenaquinol R = – H. The numbers of 

relevant carbons in the naphthoquinone head 

group as well as the  β and  γ carbons of the 

first isoprenoid unit are indicated. 
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4.2.  Materials and Methods

Bacterial strains, plasmids, membrane vesicle preparation – Wild-type NarGHI was 

overexpressed  in  E.  coli strain  LCB79  (araD139  ∆(lacI-POZYA-argF)  rpsL,  thi, 

Φ79(nar-lac))  298,  which  is  deficient  in  narGHJI,  complemented  with  the  plasmid 

pVA700 (tacP,  rrnB,  lacIq,  ampr,  narGHJI) 268. For overexpression of NarI alone the 

plasmid pCD7 (tacP, rrnB, lacIq, narI) was used 268.

Cell culturing and preparation of membrane vesicles – The cells were cultured in 2 L 

batches of Terrific Broth 301 in 6 L non-baffled Erlenmeyer flasks containing 100 mg L-1 

ampicillin, 100 mg L-1 streptomycin and a 10% innoculum of an overnight stationary 

culture. Growth conditions for the expression culture included low aeration (100 rpm 

shaking) at 30°C overnight and induced with 1 mM IPTG. For NarI(∆GH) enriched 

membranes, LCB79/pCD7 was cultured identically to LCB79/pVA700, except for the 

use of 6 L baffled flasks, a higher aeration (150 rpm), and a 4 hour incubation at 37°C 
278. Harvested cells were then rinsed and suspended in 100 mM MOPS, 5 mM EDTA, 

pH 7  and  supplemented with  the  serine  protease  inhibitor  phenylmethanesulfonyl 

fluoride (PMSF) at a final concentration of 0.2 mM. Crude membranes were obtained 

after 3-4 passages through an Emulsiflex followed by differential centrifugation and a 

55% (w/v) sucrose bed step to obtain NarGHI-enriched inner membrane vesicles, as 

detailed previously  270,321. Membranes were diluted to a final concentration of about 

30 mg mL-1 and stored at -70°C.

Determination of protein and heme concentration – Protein concentrations of NarGHI 

and NarI-enriched inner membrane vesicles was determined by the method of Lowry 
307, but with the inclusion of 1% (w/v) SDS for solubilization of membrane proteins 306. 

Heme content was determined at pH 7.0 by measuring the reduced-minus-oxidized 

intensity of the alpha band at 559 nm minus A575. The extinction coefficient of ε559-575 = 

14.8 mM-1 cm-1 was used to calculate the concentration of NarI-bound heme  b and 

agrees with previously published values for heme b559 332. 

Redox potentiometry and EPR spectroscopy – Redox titrations were conducted under 
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an argon atmosphere,  as previously described  270,303,  and with the following redox 

dyes:  2,6-dichlorophenolindolphenol  (+217 mV),  1,2-naphthoquinone  (+125 mV), 

toluylene  blue  (+115 mV),  phenazine  methosulfate  (+80 mV),  thionine  (+60 mV), 

methylene  blue  (-11 mV),  resorufin  (-50 mV),  indigo  trisulfonate  (-80 mV),  indigo 

carmine  (-125 mV),  anthraquinone-2-sulfonic  acid  (-225 mV),   phenosafranine 

(-255 mV), neutral red (-329 mV)  270,303. In addition to 5 mM EDTA, the buffers used 

were 100 mM MES (pH 6.0), 100 mM MOPS (pH 7.0), 100 mM Tricine (pH 8.0), and 

100 mM CHES (pH 9.0). EPR samples were taken every 10-20 mV by transferring 

200 µL into 3.0 mm (ID) quartz EPR tubes, frozen in liquid nitrogen chilled ethanol 

and stored at ~63 K. All  potentials reported are relative to the standard hydrogen 

electrode.  EPR spectra of  the semiquinone was acquired using a Bruker  Elexsys 

E500 series X-band EPR spectrometer (9.43 GHz) with a Bruker SHQE microwave 

cavity  and a Bruker  ER4131 Variable Temperature  Unit  utilizing liquid  nitrogen to 

maintain a temperature of 225 K. To ensure the NarI(∆GH) semiquinone signals were 

not saturated a power attenuation of 40 dB (0.02 mW) with a field modulation of 2 Gpp 

at 100 kHz was used and 5 scans were averaged. Aqueous TEMPOL (4-Hydroxy-

2,2,6,6-tetramethylpiperidine 1-oxyl)  was used as a standard (ε429.9 = 13.4 ± 0.6 M-

1 cm-1)  for  spin  quantification of  the  semiquinone and EPR spectra were  acquired 

under identical conditions to the semiquinone, except for a larger sweep width 304,333. 

Fitting of the data was conducted using Matlab (version 2014b, The MathWorks Inc.,  

Natick, MA) and a model where the electrochemistry of the quinone, equations 4.1-

4.3 166,167,  as  well  as  pH-dependence  of  Q-site  occupancy,  equation  4.4 334,  are 

considered. 

[SQ]=
Qocc

[1+10(Eh−E1)/59
+10(E2−Eh)/59

]
                                                                   (4.1)

Where [SQ] is the concentration of the semiquinone, Qocc is the Q-site occupancy, Eh 

is the applied potential (mV), E1 is the potential for the Q/SQ transition and E2 is the 

SQ/QH2 transition. For a given pH, E1 and E2 are in turn governed by equations 4.2 

and 4.3.
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E1=E1 '+(2.3RT /F) log10(1+10pKa1− pH)                                                         (4.2)

E2=E2 '+(2.3 RT /F ) log10

(1+10 pKa2−pH )

(1+10pH− pKa1
)

                                                       (4.3)

Where E1' is the Q/Q• – transition and E2' is the QH•  /QH– transition and pKa1 governs 

the equilibrium for Q• –/QH• and pKa2 governs the equilibrium for QH–/QH2.

Qocc  = 
LH occ(10−pH )  +  Locc(10−pKaNar)

10−pH+10−pKaNar
                                                        (4.4)

In the simplest case, the pH dependence of Q-site occupancy can be viewed as being 

dependent on a single protonatable residue within the protein with a particular pKa 

(pKaNar)  with  parameters  denoting  the  Q-site  occupancy  when  this  residue  is 

protonated (LHocc) and deprotonated (Locc). Least squares fitting was conducted using 

a MatLab script that utilized a Trust-Region-Reflective algorithm. Iterative fits were 

conducted using a set value of E1'-E2' (quinone stability) and allowing the parameters 

Em',  pKa1,  pKa2,  LHocc,  Locc and  pKaNar to  float  within  a  generously  set  range  of 

bounds.  Using  this  procedure  a  global  minimum  for  each  set  of  titrations  was 
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Parameter
MSQ

NarGHI
DMSQ + MSQ

NarI(∆GH)

Em' (mV) -125 ± 2 -138 ± 5

E1'-E2' (mV) -40 ± 10 26 ± 7

pKa1 8.71 ± 0.06 9.2 ± 0.1

pKa2 7.30 ± 0.09 8.41 ± 0.09

Locc (Q/Nar) 0.16 ± 0.02 0.142 ± 0.008

LHocc (Q/Nar) 0.034 ± 0.005 0.075 ± 0.005

pKaNar 6.9 ± 0.1 7.1 ± 0.1

Table  4.1:  Fitting  parameters  for  the  low  potential 

semiquinone  EPR  signals  of  NarI(∆GH)  and  NarGHI 

enriched vesicles The  fitting  parameters  for  MSQ-NarGHI  are  for 

Figure 4.5 and those for DMSQ-NarI(∆GH) correspond to Figure 4.6.



determined.  The values for  the parameters as well  as their  fitting error  (standard 

error) are summarized in Table 4.1. 

4.3.  Results

To  ensure  consistency  between  membrane  samples  for  individual  redox 

titrations of NarGHI and NarI(∆GH), we prepared three batches of membranes per 

set, pooled them, then split them evenly and poised the samples at pH values of 6.0, 

7.0, 8.0 or 9.0. Lowry and heme optical assays used for normalization of the EPR 

data  confirmed  equivalent  protein 

concentrations  between  the  split 

samples.  Figure  4.5 depicts  a 

representative set of titrations of MSQ at 

four  pH  values  of  NarGHI-enriched 

membranes.  As  expected  for  protein-

bound semiquinones, the signal intensity 

increases  with  increasing  pH  166,167. 

However,  pH  9.0  has  a  lower  signal 

intensity  than  expected  and  a  similar 

titration width compared to pH 8.0. This 

phenomenon was consistently  observed 

not  only  for  NarGHI  but  also  for 

NarI(∆GH)  samples (Figure  4.6).  To 

account for this, a pH dependence for Q-

site occupancy was included in the model 

(see  equation  4.4).  The  SQ  redox 

titrations  for  all  pH  values  were 

simultaneously  fit  for  the  quinone 

parameters  Em',  E1'-E2',  pKa1,  pKa2  and 
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Figure  4.4:  Representative  EPR 

spectra  of  the  maximal  intensity 

semiquinone  signals  for  NarI(∆GH) 

and  NarGHI. (i) NarI(∆GH)-enriched 

membranes [-82 mV; 225 K; 2.0 Gpp modulation 

amplitude; 30 dB (0.2 mW)],  (ii) more aerobically 

derived  NarGHI-enriched  membranes  [-87mV; 

150 K;  3.0 Gpp  modulation  amplitude;  30 dB 

(0.2 mW)], and (iii) anaerobically derived NarGHI-

enriched membranes [-120 mV; 150 K; 2.83 Gpp 

modulation amplitude; 30 dB (0.2 mW)].

1.992.002.012.02
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ii
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the Q-site parameters Locc, LHocc, and pKaNar, see Methods section for more details. 

Table  4.1 summarizes  the  fitting  parameters  which  gave  a  fit  with  an  adjusted 

coefficient of determination (adjusted R2) of 0.94 and 0.95 for NarGHI and NarI(∆GH), 

respectively. Figure 4.7 summarizes the  E1,  E2 and Em values of  NarGHI MSQ and 

NarI(∆GH) DMSQ titrations as well as the simulated Em curves from the fitting results. 

All  available  experimental  semiquinone  Em values  for  nitrate  reductase  are  also 

included in Figure 4.7.

Overall, the SQ bound to NarI(∆GH) (Em,7 = -32 mV) titrates with an Em,7 30 mV 

higher than MSQ bound to NarGHI (Em,7 = -61 mV) (Figure 4.7A), and the partially 

resolved splittings in the EPR spectra are consistent with this quinone being a DMQ 
45,284.

The values for  pKa1 and pKa2 we report  in  Table 4.1 are similar  to  those 
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Figure 4.5: pH dependence of the NarGHI MSQ. (A) A representative set of titrations of 

NarGHI-enriched membranes from micro-aerobically grown cells at pH values 6.0, 7.0, 8.0  and 9.0. 

The resultant fitting parameters are found in Table 4.1. (B) Representative maximal intensity NarGHI-

associated MSQ X-band EPR signals  at  various pH values.  The spectra  are normalized to  heme 

concentration and the poised potentials for samples at pH 6, 7, 8 and 9 are -9 mV, -72 mV, -104 mV 

and -150 mV, respectively. Spectra were acquired as described in Methods and Materials.
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reported for USQ bound to E. coli cytochrome bd 167 and cytochrome bo3 166, however 

in the case of NarGHI and NarI(∆GH), the pKa1 is greater than pKa2, whereas in 

cytochromes  bd and  bo3,  the opposite  is  the case.  Using the pKa parameters for 

NarGHI,  it  is  expected  that  at  pH  7.0,  2%  of  the  semiquinone  is  anionic 

(deprotonated) and 98% is neutral  (protonated), indicating that the semiquinone is 

coupled to an exchangeable proton, as previously demonstrated by pulsed EPR 45,168. 

The Em,7.5 of -83 mV is within experimental error of the previously published value of 

-95 mV however the KStab at pH 7.5 we report, 2.3-5.9, is smaller than the previously 

reported  value range of  33-158  45,281.  We also report  a  pH dependence of  Q-site 

occupancy with a pKaNar ~7, where in the set of titrations depicted in  Figure 4.5 

(pKaNar = 7.0) the occupancy goes from a maximal value at pH 9 of 16% MQ/NarI to 

a minimal value at pH 6 of 5% MQ/NarI. The Q-site occupancy at pH 7.5 is expected 

to be 13% MQ/NarI, which is within the range reported by Rendon et al., (10-15%) 45. 
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Figure 4.6: pH dependence of the NarI(∆GH) DMSQ. (A) A representative set of titrations 

of NarI(∆GH)-enriched membranes from aerobically grown cells at pH values 6.0, 7.0, 8.0  and 9.0.  

The  resultant  fitting  parameters  are  found  in  Table  4.1.  (B) Representative  maximal  intensity 

NarI(∆GH)-associated DMSQ X-band EPR signals from pH 6 to 9. The spectra are normalized to heme 

concentration and the poised potentials for samples at pH 6, 7, 8 and 9 are +25 mV, -36 mV, -82 mV, 

and -125 mV. Spectra were acquired as described in Methods and Materials.
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The pH dependence of  the MSQ and the Q-site  occupancy results  in  a  maximal 

amount of EPR visible semiquinone at around pH 8.0 where the measured maximum 

SQ/Nar ratio is 5.5%. 

In  the  system  comprising  NarI(∆GH)  and  DMQ,  interpretation  of  the 

semiquinone is more complex due to contributions from both DMQ and MQ. However, 

large degrees of splitting were observed indicating this system mostly represents NarI 

with DMQ bound, which is consistent  with the highly aerated cultures from which 

these membranes are derived. The pKa1 and pKa2 values were both slightly higher 

than seen for MQ-NarGHI and the stability of the semiquinone was notably higher in 

this system, 15-23. The Em,7.5 of -61 mV is within experimental error of the reported 

value  of  -74 mV and we determined similar  pKaNar  and occupancy levels  as  the 

NarGHI system (Table 4.1). In the NarGHI enriched membranes we did not observe 

any obvious changes in SQ EPR spectra over the pH range tested (Figure 4.5B), 
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Figure 4.7: Midpoint potential data from 31 redox titrations of nitrate reductase-

associated naphthosemiquinones. Simulation-derived fits of Em for DMSQ and MSQ based 

on  fitting  parameters  from Figures  4.5 and  4.6and  Table  4.1.  Blue  'X's  represent  Em values  of 

NarI(∆GH)-associated SQ (one literature value at pH 7.5)  281, the red square (■) corresponds to a 

literature value for the  Em of  NarGHI-associated DMSQ  45, and yellow triangles (▲) correspond to 

NarGHI-associated semiquinone  Em values (two literature values at  pH 7.5 and 8.5)  281,282.  (A) Em 

trends with respect to the data set.  (B) MSQ-NarGHI  E1,  E2 and  Em pH dependence.  (C) DMSQ-

NarI(∆GH) E1, E2 and Em pH dependence. E1 trends are indicated by blue dashed lines (- - -) and E2 

trends by red dashed lines (- - -).
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however for NarI(∆GH) we observed a diminished degree of splitting with increasing 

pH, as seen in Figure 4.6B, and a minor central g-value shift from 2.00456 ± 0.00006 

(pH 6-8)  to  2.0044  ± 0.0001  at  pH 9.0  (P-value  0.00297),  indicating  a  change  in 

structure of NarI and/or a change in semiquinone binding mode.

Overall the pH-dependence of the semiquinone suggests that it is bound to 

NarGHI and NarI(∆GH) as a neutral  (protonated) form, based on the pKa1 values 

being >7. Furthermore, while the occupancy states are dependent on the individual 

preparations, the pKaNar is consistently measured as being 7.1 ± 0.2 over 4 sets of 

pH-series redox titrations.

4.4.  Discussion

Hypothetical origin for the observed splitting in DMSQ EPR spectra

The EPR signals that we observed exhibit  a splitting on the order of  4 Gpp 

(11 MHz)  (Figure  4.4)  for  both  the  NarI(∆GH)  and  aerobically-derived  NarGHI 

membrane samples, which are similar to those recently reported for NarGHI-bound 

DMSQ (~15 MHz) 45. These splittings were shown to be due to a non-exchangeable 

proton 45 and based on the pattern and extent of splitting we propose that the origin 

lies with the two β-methylene protons of the isoprenoid tail. The reason this splitting is 

not observed in MSQ radicals of NarGHI is due to the presence of the C3 methyl 

group,  whose three extra  hydrogens further  split  the  semiquinone EPR signal  by 

~5.5 MHz,  thus  rendering  the  signal  devoid  of  obvious  splittings  at  X-band 

frequencies, as is the case for NarGHI-bound MSQ 168. Even more significantly, it has 

been reported that the presence of a methyl group at position C3 in quinones can 

influence the orientation of the isoprenoid tail in solution  335,336. If one examines the 

dihedral angle for Cγ-Cβ-C2-C3 (Figure 4.3) the energetic boundary in going from a 

perpendicular to parallel conformation of the isoprenoid tail with a C3 methyl group 

present is ~6 kcal mol-1 but only 1.4 kcal mol-1 in the absence of a C3 methyl 336. The 

quinone head conformation with respect to the isoprenoid tail in turn influences the 

- 100 -



isotropic component of the hyperfine coupling constant (aiso), an EPR parameter that 

quantifies the degree of splitting in the spectrum. When the Cβ-Cγ is perpendicular to 

the  quinone  ring  the  aiso is  expected  to  be  2.0-3.5  MHz,  but  in  the  parallel 

conformation the  aiso would be  7-8 MHz or greater. Using the McLachland relation, 
335,337 in order to account for the 11 MHz splitting we observe the spin density on C2 

would have to be 37% for a perpendicular conformation of the isoprenoid tail,  but  

would  be  a  much  more  reasonable  12%  if  the  isoprenoid  were  parallel  to  the 

naphthoquinone  head  group.  It  is  therefore  conceivable  that  due  to  the  relative 

shallowness of the Q-site in NarGHI, the isoprenoid tail of the bound quinone is more 

free to adopt multiple conformations, such as a more parallel orientation with respect 

to the naphthoquinone head group, which would produce the large splittings observed 

for DMSQ in NarGHI. 

Electrochemistry of the semiquinones of NarGHI and NarI(∆GH)

In this study we have electrochemically determined that the semiquinone exists 

predominantly in a protonated (neutral) state with a pKa1 of 8.7. This is in agreement 

with previous experiments where the critical NarILys86 residue was subjected to site 

directed mutagenesis studies. We found that not only was His able to substitute for  

Lys, but anionic residues Glu and Asp were also able to substitute for Lys  331. This 

suggests the bound semiquinone is neutral, which appears to be the case, supporting 

the mechanism we recently outlined 331.

Throughout  the pH range examined,  the  Em of  NarGHI-bound MQH2/MQ is 

above the Q-pool Em of MQ, as seen in Figure 4.7B, where a Em,7 is taken as -70 and 

a  -59 mV pH-1 dependence  is  applied.  One  can  calculate  the  relative  affinity  for 

NarGHI for reduced vs oxidized quinone by examining the deviation of the Em  QH2/Q 

from the expected pool Em as per equation 4.5 338.

K dMQH2

KdMQ
 =  10

( Em
bound

−Em
pool

−30 )            (4.5)
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A deviation  above the free  value  indicates  preferential  binding of  QH2 and below 

indicates a preference for binding Q. Therefore, NarGHI has only a slight preference 

to bind MQH2 over MQ with a KdMQH2/KdMQ ratio of 0.5 at pH 7, which is in line with 

MQH2 being the substrate and MQ being the product  of  NarGHI.  Additionally, we 

report  a  KStab at  pH 7.5 for  MSQ of  2.3,  which is much lower than the previously 

reported value of ~70 281 but is in line with the DMSQ of NarGHI KStab at pH 7.5 of 2.5 
45. The value we report puts the NarGHI-MSQ stability more in line with those of other  

menasemiquinones, such as KStab 17 for menadione bound to cytochrome bd (pH 9.0) 
167 and KStab 1.5 for menaquinone bound to quinone-fumarate reductase mutant E29L 

(pH 8) 339. 

The KStab for DMSQ bound to NarI(∆GH) is ~14 at pH 7.5 and similar to what 

has been reported for DMQ bound to NarGHI. The reported  Em,7 for free DMQ is 

reported as either -9 or +36 mV, both values significantly greater than the  Em,7 of 

-138 mV  reported  herein  38,325.  Using  an  Em,7 for  DMQ  of  -9  mV,  the  pH  7.5 

KdDMQH2/KdDMQ ratio is 5.3 for NarI(∆GH) and 15 for DMQ-bound NarGHI 45. This 

indicates a preferential binding of oxidized DMQ to both NarGHI and NarI(∆GH). The 

origin of the electrochemical differences between DMQ-bound to NarI(∆GH) versus 

NarGHI is likely related to deviations in the structure of NarI when expressed in the 

absence of NarGH and the fully active complex. This structural difference is evident 

from the gz value shifts for heme bD (3.36 and 3.15) and bP (3.76 and 2.92) for NarGHI 

and NarI(∆GH), respectively 270. The origin of the difference in redox-specific binding 

affinities for DMQ versus MQ, however, is likely due to the different electrochemical 

properties of the bound quinones to NarI, as clearly shown from the different pKa and 

Em values  reported  here,  and  possibly  slightly  different  modes  of  binding  (i.e. 

isoprenoid tail orientation).

pH dependent binding of semiquinones to NarI

 Semiquinones bound to proteins typically exhibit an exponential dependence 

of SQ concentration on pH, where the SQ stability increases with increasing pH. This 
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behavior has been observed for semiquinones bound to cytochromes bd 167 and bo3 

166 of E. coli as well as the antimycin-insensitive semiquinone of the bc1 complex 326. 

We observed an increasing intensity of the semiquinone EPR signal from pH 6-8, but 

a decreasing intensity from pH 8-9. In order to account for this behavior we included 

in  our  model  a  pH  dependence  for  total  quinone  occupancy  of  the  Q-site.  The 

modeled pKaNar was found to be ~7 for both NarGHI and NarI(∆GH). The origin of 

the pKaNar of 7.1 can be limited to His66, Lys86 and heme  bD propionate D (see 

Figure 4.1). 

It is very unlikely that pKaNar is due to NarILys86. While reports exist of lysine 

residues  with  pKa values  near  7  340,  a  pKa of  ≥9.7  was  predicted  for  Lys86  by 

subjecting NarGHI to pKa analysis by PROPKA3.1 341,342. Furthermore, a pKa of >10 

was recently determined by pre-steady state kinetics of heme reduction by menadiol  

and was assigned to Lys86  331. This is in agreement with the lack of interactions 

between Lys86 and the bound quinone by X-ray crystallography and EPR 19,168,170,183. 

The alternatives are His66 and heme bD propionate D. Figure 4.1 shows that 

in  crystal  structures  where  the  Q-site  inhibitor  pentachlorophenol  (PCP)  is  bound 

(PDB  IDs  1Y4Z  and  1Y5N)  both  propionate  D  and  His66  are  within  H-bonding 

distance of the PCP phenolic oxygen, 2.6 Å and 2.8 Å respectively 183. In particular, 

there is continuous electron density (at 1σ) of the PCP phenol and propionate D 183. 

Importantly, PCP has been demonstrated to  very closely  approximate the binding 

mode  of  quinones,  particularly  UQ,  as  in  the  structure  of  polysulfide  reductase 

(PsrABC) with PCP, UQ and MQ bound  181. While  14N ESEEM and HYSCORE has 

been  able  to  verify  the  interaction  of  the  semiquinone  with  His66  45,170,282,  the 

interaction  of  the  quinol/semiquinone  and  propionate  D  is  based  solely  on 

crystallography 183.

A proper estimate for the pKa of His66 was not obtainable with PROPKA3.1, 

however due to the absence of adjacent positive charges it is unlikely to exhibit a pKa 

close to 7. The histidine/histidinyl pKa is 14 and drops by ~2-3 pH units upon ligation 

to iron, with further modification by the protein environment such that  b-heme axial 
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His pKas have been reported in the 8-11 range 81,184,343,344.

Heme  propionates  often  exhibit  pKa values  near  7  316–318,343,345 and  the 

involvement  of  heme  propionates  in  proton-coupled  electron  transfer  has  been 

reported in a number of systems, including heme a of cytochrome c oxidase 138 and 

quinol:fumarate  reductase  from  Wolinella  succinogenes  186.  PROPKA analysis  of 

NarGHI  predicts  pKa values of  5.86 and 7.70 for  heme  bD propionates D and A, 

respectively 341,342. We have recently reported a kinetically determined pKa of 5.8 from 

the pre-steady state reduction of the NarI hemes by menadiol  331 and attributed this 

pKa to  heme  bD propionate  D.  The difference in  pKa likely  arises because of  the 

different conditions of the two techniques, including the inclusion of the mild detergent 

Thesit in the kinetics study and/or redox mediators in the EPR study, as well as the 

fact that the two values are derived kinetically versus thermodynamically. Propionate 

D exhibits the physiologically relevant pKa of ~7. The O1 hydroxyl of the incoming 

quinol  would  be  facing  the  deprotonated  propionate  D  and  an  additional  H-bond 

between His66 and its protonated Nδ would be made to O1. The heme bD propionate 

D can then readily transfer the proton from the quinol O1 to the periplasm via the 

adjacent H-bonding network 183,331. 

Furthermore,  due  to  the  redox-Bohr  effect,  the  pKa values  of  both  heme 

propionates and their axial histidinate ligands exhibit oxidation-state dependent pKa 

values, where upon reduction of the heme, pKa values for the propionates or axial 

histidines can increase by 1 pH unit or more 317,318,343,346–348. Previous work in our lab 

has  demonstrated  that  heme  bD exhibits  a  pH-dependent  Em of  -40 mV pH-1 and 

-60 mV pH-1 for gz 3.34 and 3.18, respectively 278,321. No pKa values could be gleaned 

from  these  pH  dependence  experiments  which  indicates  a  complicated  pH 

dependence of the heme due to several ionizable residues in proximity to the heme 
343 The quinone itself is a likely contributor of the pH dependence of heme bD 321. The 

oxidation state dependent protonation of propionate D may be responsible for the 

effect where upon reduction of NarGHI the fluorescent semiquinone analog HOQNO 

binds to the Q-site with an almost 5 fold lower Kd (Kd
ox = 0.34 µM; Kd

red = 0.07 µM) 278. 
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This would have probable applicability for proton uptake from the quinol by NarI and 

its subsequent deposition into the periplasm. 

The  observation  of  pH-dependent  semiquinone  binding  to  NarGHI  is  in 

agreement with previous work regarding Q-site occupancy. Depending on the ambient 

pH and Q-site occupancy, heme  bD exhibits heterogeneity in its  gz EPR spectrum, 

where two major components are evident:  gz 3.18 and 3.34. We believe the gz 3.18 

component arises from a conformation of the Q-site in which quinone is absent and 

the  gz 3.34 component arises when quinone is bound  321.  This heterogeneity  was 

found to  diminish at  high pH where the  gz 3.34 component – the quinone bound 

conformation – was favored, which agrees with the finding that Q-site occupancy is 

greatest at high pH. This also correlates with a change in the line shape of the DMSQ 

EPR signal in NarI(∆GH) (Figure 4.5B). 

To summarize the electrochemical properties of the bound MSQ to NarGHI and 

DMSQ to  NarI(∆GH),  we  found  that  the  semiquinones  are  predominantly  neutral 

under  equilibrium  conditions  with  the  pKa1 for  the  Q●–/QH● of  both  being  ~9. 

Furthermore, we noted a pH dependence of quinone binding to the Q-site and report 

a pKaNar of 7.1 which we assign to propionate D of heme  bD. Taking into account 

redox-Bohr  effects,  this  neutral  value  pKa of  the  Q-site  has implications  in  quinol 

oxidation and semiquinone stabilization as well as proton release to the periplasm via 

a proton conduction pathway adjacent to, and partially consisting of, the heme  bD 

propionates 183.
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5.  A Mechanism for Menaquinol Deprotonation in E. coli 

NarGHI
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5.1.  Introduction

In the anaerobic environments of the soil, human gut, and the tissues invaded 

by  pathogenic  bacteria,  alternative  reductases  become vital  for  microbial  survival 
21,218,219,349–351.  Under  anaerobic high-nitrate conditions,  Escherichia  coli couples  the 

oxidation of formate and hydrogen, respectively by formate dehydrogenase N and 

hydrogenase,  to  the reduction of nitrate to  nitrite by nitrate reductase A (NarGHI)  

through the quinone pool 17–19,40. NarGHI faces the cytoplasm and functions as a dimer 

of  heterotrimers  17,226,352.  NarG  coordinates  a  [4Fe-4S]  cluster  and  the  molybdo-

bis(pyranopterin  guanine  dinucleotide)  (Mo-bisPGD)  cofactor  –  the  site  of  nitrate 

reduction. NarI  is the integral  membrane anchor subunit  that contains two bis-His 

coordinated b-type hemes, one distal (bD) and one proximal (bP) to NarGH. The quinol 

oxidation site (Q-site) is located adjacent to heme bD and x-ray crystallography as well 

as HYSCORE demonstrate that His66 not only acts as an axial ligand for heme bD but 

also  forms  a  weak  in-plane  hydrogen  bond  (H-bond)  with  the  bound 

quinol/semiquinone  45,168,170,176,183,270,282,284. Finally, NarH coordinates one [3Fe-4S] and 

three [4Fe-4S] centers, and functions to transfer electrons from NarI to NarG.

Apparent from the crystal structures of NarGHI is the presence of a series of 

conserved water molecules that form a channel leading to the interior of NarI and 

which  lie  adjacent  to  heme  bD  (Figure  5.1) 
353.  These  participate  in  H-bonding 

interactions  with  the  conserved  hydrophilic/ionizable  residues  Thr143,  Ser147, 

His150, Ser154, Gln87, Asp 152 and the heme bD propionates 19,183. This H-bonding 

network leads from the heme bD propionate groups to the periplasmic surface of NarI. 

In lieu of a quinone-bound structure of NarGHI,  models for  quinone binding have 

been based on structures of the wild-type (PDB ID 1Y4Z) and the NarGHIK86A variant 

(PDB ID 1Y5N) with the potent Q-site inhibitor pentachlorophenol (PCP) bound 183. It 

is evident from these structures that the phenolic oxygen of PCP forms a strong H-

bond (inter-oxygen distance:  2.6 Å) to the heme  bD propionate attached to  the D-

pyrrole of the heme (Figure 5.1). This is supported by the observation of continuous 

electron density between the two at 1σ 183. Thus, we predict that there is a continuous 
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H-bonding network leading from the C1-OH of the bound quinol to the periplasm, and 

that this network provides a framework for a mechanism of C1-OH deprotonation.

Elucidation of the mechanism of C4-OH deprotonation is less tractable than 

that of C1-OH deprotonation. There is a conserved water molecule at the periplasmic 

limit of the Q-site which participates in H-bonds with the backbone carbonyl oxygens 

of Thr72 and Gly69. In all  but one of the available wild-type crystal  structures the 

terminal amine nitrogen (Nζ) of Lys86 is 5.9 Å from the predicted position of the C4-
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OH  of  the  bound  quinol.  Also,  the  lysine  Nζ  does  not  interact  directly  with  the 

observed  semiquinone  intermediates  of  ubiquinone,  menaquinone  or 

demethylmenaquinone  45,168,183,282. However, the NarGHIK86A variant exhibits severely 

impaired  quinol:nitrate  turnover  activity  using  the  hydroxylated  menaquinol  analog 

plumbagin  as  substrate,  dropping  from  68 s-1 for  the  wild-type  to  10 s-1   for  the 

NarGHIK86A variant.  Further,  in  this  variant  menadiol:nitrate  reductase  activity  is 

completely lost and juglone:nitrate reductase activity is only 2% of that observed for 

the wild-type 183,284. The NarGHIK86A variant has an increased IC50 for PCP – 2.5 µM 

versus 0.4 µM for wild-type – and is unable to bind the quinone inhibitor HOQNO (2-

n-heptyl-4-hydroxyquinoline-N-oxide)  or  stabilize  semiquinones  183.  As  previously 

proposed the void between PCP and Lys86 suggests that Lys86 may have multiple 

conformational states, and indeed the weaker electron density and slightly elevated 

crystallographic temperature factor (B-factor) around the terminus of Lys86 suggests 

conformational flexibility in the structure  19,183.  Taken together, this line of evidence 

indicates a role for Lys86 in the initial steps of quinol oxidation and binding. Herein we 

test the hypothesis that Lys86 abstracts a proton from the quinol C4-OH. We posit 

that through its conformational flexibility, Lys86 is able to alternately interact with the 

quinol  as  well  as  a  set  of  polar  residues  and  a  conserved  water  which  allows 

conduction of the proton into the aqueous milieu of the periplasm.

5.2.  Materials and Methods

Materials  –  Quinol  analogs plumbagin  (5-hydroxy-2-methyl-1,4-naphthoquinol)  and 

menadiol (2-methyl-1,4-naphthoquinone) were obtained from Sigma Aldrich, as was 

the  low  catalase  glucose  oxidase  from  Aspergillus  niger (Sigma-Aldrich  G0543). 

ThesitR (Polyoxyethylene 9-dodocyl ether) was purchased from Fluka and stored at 

-80 °C after being rigorously degassed as a 10% (w/v) solution. 

Bacterial strains, plasmids, membrane vesicle preparation – Wild-type NarGHI was 

overexpressed in the  E. coli strain LCB79 (araD139 ∆(lacI-POZYA-argF)  rpsL,  thi, 
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Φ79(nar-lac)) 298, which is deficient in narGHJI, transformed with the plasmid pVA700 

(tacP, rrnB, lacIq, ampr, narGHJI) 268. 

Cell culturing and preparation of membrane vesicles – The cells were cultured in 2 L 

batches of Terrific Broth 301 in 6 L non-baffled Erlenmeyer flasks containing 100 mg L-1 

ampicillin, 100 mg L-1 streptomycin and a 10% innoculum of an overnight stationary 

culture. Growth conditions for the expression culture included low aeration (100 rpm 

shaking) at 30°C overnight and protein overexpression was induced with 1 mM IPTG 
278. Cells were harvested by centrifugation, were washed by re-suspension in 100 mM 

MOPS  and  5 mM  EDTA  pH  7.0  and  re-centrifugation.  The  cell  pellet  was  re-

suspended in 100 mM MOPS, 5 mM EDTA, pH 7.0 and supplemented with the serine 

protease inhibitor phenylmethanesulfonyl fluoride (PMSF) at a final concentration of 

0.2 mM. Crude membranes were obtained after 3-4 passages through an Emulsiflex, 

followed by differential centrifugation and a 55% (w/v in 100 mM MOPS and 5mM 

EDTA, pH 7.0) sucrose bed step to obtain NarGHI-enriched inner membrane vesicles, 

as detailed previously 270,321. Membranes were diluted to a final concentration of about 

30 mg mL-1 and stored at -70°C.

Determination  of  protein  and  heme concentration –  Protein  concentrations  of  the 

NarGHI and NarI-enriched inner membrane vesicles were determined by a modified 

Lowry method, which included 1% (w/v) SDS for solubilization of membrane proteins 
306.  Heme  content  was  determined  by  measuring  the  difference  between  the 

absorbance in reduced-minus-oxidized spectra of the α-band at 559 nm  minus the 

absorbance at 575 nm. A NarGHI specific extinction coefficient of ε559-575 = 14.8 mM-1 

cm-1 agrees with previously published values for heme b559 332.

Anaerobic growth assays – The strain E. coli strain LCB79 was used as a host and 

the cells were grown at 37°C in tightly sealed 125 mL Klett flasks on glycerol-nitrate 

(GN)  media  supplemented  with  100 mg L-1 Ampicillin,  100 mg L-1 Streptomycin, 

0.003% (w/v) leucine and threonine, since LCB79 is auxotrophic for threonine and 

leucine.  GN  media  contains  40 mM  KH2PO4,  60 mM  K2HPO4,  15 mM  (NH4)2SO4, 

187 μM  MgSO4,  2.5 μM  Fe2(SO4)3,  6.8 μM  CaCl2,  0.05%  (w/v)  casamino  acids, 
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0.75 μM thiamine hydrochloride, 0.7% (v/v) glycerol, and 40 mM KNO3. Absorbance 

was measured over time with a Klett spectrophotometer equipped with a red filter. 

Growth was determined in independent assays with at least four replicates and the 

ensemble of data was fit with a modified Gompertz model 354.

y  = A exp(−exp(μmeA (λ−t)+1))           (5.1) 

where A is the stationary phase absorbance, µm is the maximum specific growth rate 

(h-1) and λ is the lag phase duration (h).

In vitro activity assays – For monitoring quinol:nitrate activity, the menaquinol analog 

plumbagin  (5-hydroxy-2-methyl-1,4-naphthoquinol)  was used and the assays were 

carried  out  as  previously  described using  an HP 8453 UV/Vis  spectrophotometer 

equipped  with  an  HP89090A  Peltier  temperature  controller/cuvette  stirrer  277,321. 

Briefly,  the  assays  were  conducted  in  3 mL teflon  stoppered  acryl  cuvettes  with 

inclusion of a stir bar and the buffer consisted of vacuum degassed 100 mM MOPS, 

5 mM EDTA, 4 mM KNO3, 30 mM glucose and 0.01% (w/v) Thesit. Stock ethanolic 

solutions of 20 mM plumbagin were reduced in the presence of ~70 mg of Zn0 and 

190 mM HCl(aq) in sealed 2 mL HPLC vials, which were protected from light. Reactions 

were  carried  out  at  25°C  and  included  5 µL  of  a  ≥200 U mg-1 low  catalase 

(≤0.1 U mg-1)  glucose oxidase (24.1 mg mL-1) (Sigma-Aldrich G0543) and 50 µL of 

plumbagin  solution.  The  reactions  included  0.01  –  0.05 mg mL-1 of  sample  per 

cuvette,  ~0.4 mg mL-1 in  the  case  of  empty-vector  (∆NarGHI)  control  vesicles. 

Plumbagin λmax = 419 nm, ε419 = 3.95 mM-1 cm-1 277. 

Pre-steady  state  kinetics  of  heme  reduction  assays –  Stopped-flow  kinetics 

experiments were performed with an Applied Photophysics SX-18MV stopped-flow 

spectrophotometer  equipped  with  a  photodiode  array  and  using  Xscan  software 

(Applied  Photophysics  Ltd.  Leatherhead,  UK).  The  pathlength  was  1 cm and  the 

instrument dead time was determined to be 1.12 ± 0.04 ms. The buffer systems used 

consisted of 100 mM Citrate (pH 5.25), 100 mM MES (pH 6.0), 100 mM MOPS (pH 
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7.0), 100 mM Tricine (pH 8.0, pH 8.64) or 100 mM CHES (pH 9.0, pH 9.47) and 5 mM 

EDTA, 30 mM glucose, 0.01% Thesit.  Added in small batches of degassed buffer  

was  0.5 µL  per  mL of ≥200 U mg-1 low  catalase  (≤0.1 U mg-1)  glucose  oxidase 

(24.1 mg mL-1) (Sigma-Aldrich G0543). Stock 20 mM ethanolic menadiol  (2-methyl-

1,4-naphthoquinone) was reduced by HCl/Zn0, as described above. The buffer was 

degassed fully on a vacuum line for several hours prior to use and degassed buffer  

was used to dilute the NarGHI-enriched vesicle samples to 2 mg mL-1 and menadiol 

to 0.7 mM and to flush the system thoroughly before experiments. The mixing ratio 

was 1:1 and thus the final concentrations of protein and menadiol upon mixing were 

1 mg mL-1 and 0.35 mM, respectively. The oxidation state of the hemes of NarI was 

monitored by measuring the absorbance at 558 nm minus that at 575 nm, utilizing the 

oxidized sample as a reference, for 10 s or 100 s using logarithmic sampling at 23°C. 

Typically  the  first  3-4  ms of  data  was discarded due to  mixing  artifacts  and a  (-

0.0012 s, 0.0) time correction was added to account for the fact that fully oxidized 

NarGHI was used as the blank. Using Matlab (version 2014b, The MathWorks Inc., 

Natick, MA) the signal traces were fit to a two-component exponential decay, as in 

equation  5.2, while  a  single  component  was  sufficient  for  the  negative  control 

membranes.

A559−575  = A1 exp(−k fast t)  +  A2 exp(−k slow t)  +  P            (5.2)

Where A1 and A2 are initial points and P is final plateau reached, both in absorbance 

units,  and  kfast and  kslow are rate constants (s-1)  279,283.  The pH dependence of  the 

observed rate constants for wild-type, NarGHIK86E and NarGHIK86H were modeled using 

equation 5.3 334. H2A ↔ HA– + H+;   K1 = [HA–][H+][H2A]-1

HA– ↔ A2– + H+;   K2 = [A2–][H+][HA–]-1

k obs  = 
[H+]2 LH2 A

 +  [H +]K1 LHA-  + K1K2 LA2-

K1K2  +  [H+
]K1  +  [H+

]
2           (5.3)

Where LH2A, LHA–, and LA2– are the rate constants for the various protonation states of 

the system, LH2A and LA2– were set to zero while LHA– was allowed to float. Data was fit 
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for the first 0.5 or 2 s using Matlab.

5.3.  Results

Selection of NarILys86 variants

 In order to test the hypothesis that NarILys86 is involved in quinol deprotonation, 

we generated and characterized several variants of Lys86: Ala, Met, Arg, Glu, Asp, 

His, Gln, Asn and Tyr. Of these residues Tyr and His are natural variants of Lys86, 

and  in  an  alignment  of  254  NarI  sequences  that  share  <70% sequence  identity, 

Lys86,  His86  and  Tyr86  occurred  with  frequencies  of  26%,  10%  and  58%, 

respectively.  Alignments  were  conducted  with  MAFFT  alignment  software  using 

sequences obtained via Uniprot 355,356. Residues His, Glu and Asp are ionizable under 

physiological conditions and therefore would facilitate direct proton transfer whereas 

Gln, Asn and Tyr can only facilitate proton transfer via H-bond formation to bound 

water molecules. Being charged residues, Arg and Glu/Asp address the possibility 

that the role of NarILys86 is for electrostatic stabilization of the semiquinone. Finally, Ala 

and Met (being of similar dimensions and flexibility to Lys) were chosen as variants 

expected to lack functionality. 

Based on SDS-PAGE, Lowry and heme optical assays, substitutions of Lys86 

do not have a significant effect on the expression or assembly of NarGHI. We also do 

not expect any large changes in structure for any of the variants since no significant  

deviations were noted in the crystal structure of NarGHIK86A 183.

In vivo and in vitro activity of Lys86 variants

We assessed the  in  vivo  function  of the Lys86 variants by monitoring their 

ability to support anaerobic cell growth on a minimal glycerol-nitrate (GN) medium 298. 

The host  strain  for  these experiments  (E. coli LCB79) lacks the  narGHJI operon, 

ensuring  that  the  observed  plasmid  complemented  growth  was  largely  NarGHI-
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dependent. Residual growth observed in the host strain was due to the expression of 

periplasmic nitrate reductase, NapAB 208. The growth curves, seen in Supplementary 

Figure  5.1,  were  fit  with  a  modified  Gompertz  equation  (equation  5.1)  and  the 

maximal growth rates (µm) for the variants are tabulated in  Table 5.1. The variants 

with ionizable residues substituted for Lys86 (NarGHIK86H, NarGHIK86D and NarGHIK86E) 

supported growth rates similar to that of the wild-type. Variants of residues with side 

chains of similar size to Lys supported moderate growth (NarGHIK86M, NarGHIK86R) and 

polar/small residue variants of Lys86 grew only marginally better than the host strain 

(NarGHIK86A, NarGHIK86N, NarGHIK86Q and NarGHIK86Y).
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Variant Growth Assay a

µm (h-1)
Plumbagin:NO3

– b

µmol min-1 nmol heme-1

Wild-type 15.4 ± 0.3 3.2 ± 0.1

Asp 16.4 ± 0.7 ND

His 13.8 ± 0.4 2.8 ± 0.1

Glu 10.7 ± 0.3 2.0 ± 0.1

Met 8.5 ± 0.2 0.43 ± 0.01

Arg 7.4 ± 0.1 1.32 ± 0.03 

Gln 6.6 ± 0.1 0.52 ± 0.02

Asn 5.6 ± 0.5 ND

Tyr 5.4 ± 0.2 0.43 ± 0.2 

Ala 5.0 ± 0.1 0.190 ± 0.005

Negative Control 4.2 ± 0.1 0.073 ± 0.006

Table  5.1:  The  in  vivo and  in  vitro activity  of  NarGHI  Lys86 

variants. The  maximal  growth  rates  (µm)  and  specific  activity  for  PBH2:NO3
– 

activity. The negative control in the growth assays was untransformed LCB79 while 

the negative  control  in  the PBH2:NO3
– activity  assays is  the  activity  of  ∆NarGHI 

vesicles – vesicles lacking NarGHI. There is four or more replicates and at least 

biological  duplicates of each variant  in the growth assay. The PBH2:NO3
– activity 

assays were performed in at least triplicate with biological replicates of two or more, 

depending on the variant.  a – The mean ± standard error of fitting the Gompertz 

model to the aggregated data points. b – The mean ± standard deviation. ND – Not 

Determined. 



The  hydroxylated 

naphthoquinone plumbagin (PBH2; Em,7 

=  -40 mV)  was  used  as  a  soluble 

menaquinol analog to measure  in vitro 

steady-state  enzyme  activities  for  the 

Lys86  variants,  tabulated  in  Table  5.1 
277.  The  chemical  structures  of 

menaquinol  and plumbagin  are  shown 

in  Figure  5.2,  the  main  differences 

between them being the lack of a long 

poly-isoprenoid  tail  and  the  mono-

hydroxylation  of  the  naphthoquinone 

ring  of  plumbagin,  which  increases  its 

solubility relative to menaquinol-8 277. In 

agreement  with  the  in  vivo growth  assays,  the  most  active  variants  in  terms  of 

PBH2:NO3
– oxidoreductase activity are NarGHIK86H (88% of wild-type) and NarGHIK86E 

(63% of wild-type) also supporting substantial activity. Contrary to the growth assay, 

NarGHIK86R exhibited greater PBH2:NO3
– activity than NarGHIK86M, 41% and 13% wild-

type respectively. The remaining variants exhibited very low activity (≤16% wild-type).

The anaerobic growth assays and  PBH2:NO3
– oxidoreductase activity assays 

suggest that an ionizable residue is required at position 86 in E. coli NarI for effective 

quinol oxidation/binding to occur and that neither the positive charge of Arg nor the 

similar  bulk  of  the  side  chains  of  Met  or  Tyr  are  able  to  support  quinol:nitrate 

oxidoreductase activity.

Pre-steady state kinetics of heme reduction

To further probe the mechanism of quinol  oxidation,  we examined the pre-

steady state kinetics of quinol-dependent (menadiol;  Em,7 =  -13 mV) heme reduction 

using a stopped flow apparatus coupled to a diode array spectrophotometer 279,283,357. 
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Figure 5.2: Naphthoquinol substrates of 

NarGHI. a Menaquinol-8 (Em,7 =  -74 mV) is  the 

natural substrate of NarGHI in  E. coli where as  b 

plumbagin  (Em,7 =  -40 mV),  c menadiol  (Em,7 = 

-13 mV) are its much more soluble derivatives 21, 277, 

357.
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Oxidized NarGHI at 1 mg mL-1 was used as a time zero blank and the absorbance of 

the  α peak (559 nm)  minus that of the background at 575 nm was measured with 

respect to time. The resulting data trace was fit  to a double exponential  equation 

which yields two kinetic  constants:  kfast and  kslow,  for  the fast  and slow phases of 

quinol-dependent heme reduction, respectively (see  equation 5.2).  Previously, the 

stopped flow data for  NarI  heme reduction was interpreted as having four  kinetic 

phases  and  an  intermediate  observed  at  390 nm was  attributed  to  the  menadiol 

radical  279. However, we did not observe such an intermediate under the conditions 

used in our study. Since these and the previously reported stopped flow assays were 

conducted in the absence of nitrate, NarGHI builds up charge. Particularly on these 

short time scales charge builds up on the hemes due to the electron transfer barrier  

imposed by the low reduction potential of the FS2 [4Fe-4S] cluster of NarH (-420 mV) 
213.  We  therefore  interpreted  the  kinetic  data  such  that  kfast represents  the  initial 

reduction by the first reducing equivalents of menadiol: menadiol → menadione + 2H+ 

+ 2e–.  kslow constitutes the subsequent reductions of NarGHI as well as  interference 
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Figure  5.3:  Pre-steady  state  kinetics  of  heme  reduction. 1 mg mL-1 membranes 

enriched in wild-type NarGHI, NarGHIK86H and NarGHIK86E was reduced by 0.35 mM menadiol at pH 

values 6.0, 7.0, 8.0 and 9.0 and monitored by stopped flow kinetics. The data is fit using equation 2 

and the resultant fitting parameters can be found in Supplementary Table 5.1.
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by the reduction of background cytochromes 332, photo-reduction of the hemes 358 and 

a more complex pH-dependence of active site regeneration, i.e. more protonatable 

residues involved in this step of the reaction. This makes kslow more difficult to interpret 

without a full kinetic and thermodynamic model of NarGHI and hence our focus on 

kfast. 

We first investigated the kinetics of heme reduction for the wild-type and Lys86 

variants at pH 7.0, and representative traces and fits are shown in Figure 5.3 and the 

kinetic data is summarized in  Table 5.2.  Our analysis herein focuses on the initial 

rapid phase of quinol-dependent heme reduction, kfast, as this parameter is more likely 

to be specifically sensitive to variant-dependent variations in quinol deprotonation (for 

kslow values, see Table 5.2). The NarGHIK86H variant has a kfast of 101 ± 12 s-1, which is 

nearly identical  to that of  the wild-type (kfast = 125 ± 20 s-1).  NarGHIK86E,  however, 

exhibits  a  kfast nearly  twice  that  of  wild-type,  219  ±  38 s-1.  The  other  variants, 

NarGHIK86M, NarGHIK86Q, NarGHIK86Y and NarGHIK86A, are characterized by very low kfast 

values of < 15 s-1.  Once again, the ionizable His and Glu variants of  Lys86 have 
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Variant pH 7 kfast (s-1) pH 7 kslow (s-1)

Wild-type 125 ± 20 10 ± 1

Glu 219 ± 38 3 ± 1

His 101 ± 12 10.2 ± 0.7

Met 14 ± 4 1.41 ± 0.06

Gln 12 ± 1 1.53 ± 0.06

Tyr 10 ± 4 0.9 ± 0.4

Ala 8 ± 1 1.1  ± 0.2

∆NarGHI vesicles 2.2 ± 0.2

Table 5.2: The rate constants, kfast and kslow, for heme 

reduction  of  NarGHILys86 variants  by  0.35  mM 

menadiol.  The rate constants are reported as mean ± standard 

deviation for n ≥ 4. The negative control data was adequately fit by a 

single exponential component.



kinetic parameters similar to those of the wild-type. 

 Based on the behavior of the His and Glu variants of Lys86, we investigated 

the pH dependence of the pre-steady state kinetics of heme reduction by menadiol 

over a pH range of 5.5 to 9.5. We also investigated the effect of pH on the kfast of the 

NarGHIK86A variant between pH 6 and pH 9,  and confirmed that  its  kfast remained 

negligible  compared  to  that  of  the  wild-type  (kfast <  10 s-1).  For  comparison,  we 

evaluated quinol-dependent heme reduction in membranes lacking NarGHI, yielding a 

kinetic trace that can be fitted to a single exponential with  k < 5 s-1. Representative 

kinetic traces for wild-type, NarGHIK86H and NarGHIK86E at pH 6.0, 7.0, 8.0 and 9.0 are 

shown in Figure 5.3. Figure 5.4 and Supplementary Figure 5.2 respectively show 

kfast and kslow values plotted versus pH and the data was fitted to equation 5.3 where 

activity of the fully protonated and deprotonated forms of the Q-site,  LH2A and  LA2– 

respectively, are set to 0 s-1. 

Considering the  kfast kinetics,  across all  three samples assayed the low pKa 

(~5.8) was unperturbed across the active variants, while the high pKa was significantly 

modified in the NarGHIK86E variant,  going from pKa > 10 for wild-type NarGHI and 

NarGHIK86H to 8.9 ± 0.2. Interestingly, NarGHIK86E supported a higher maximum  kfast 
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Figure  5.4:  kfast pH  dependence  of  heme  reduction  by  0.35 mM  menadiol. 

Equation 5.3 was used to model the pH dependence of kfast, the results of which are (mean standard ± 

error): wild-type (pKa1 = 5.9 ± 0.1; pKa2 = 10.2 ± 0.3; LHA– = 132 ± 14 s-1),  NarGHIK86H (pKa1 = 5.7 ± 

0.2; pKa2 > 10; LHA– = 106 ±  5 s-1) and NarGHIK86E (pKa1 = 5.8 ± 0.3; pKa2 = 8.9 ± 0.2; LHA– = 217 

± 32 s-1). Error bars denote the standard deviation among n ≥ 4 replicates.
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(LHA–,fast = 217 ± 32 s-1) than wild-type (LHA–,fast = 132 ± 14 s-1) or NarGHIK86H (LHA–,fast = 

106 ± 5 s-1) though exhibited a lower maximum kslow: NarGHIK86E LHA–,slow = 7.7 ± 0.7 s-1 

versus  LHA–,slow =  13.8  ± 0.9 s-1  and  9.8  ± 0.8 s-1  for  wild-type  and  NarGHIK86H 

respectively. The wild-type kfast,pH7 of 125 s-1 is consistent with the turnover number of 

105 s-1 calculated from the PBH2:NO3
– oxidoreductase specific activity in  Table 5.1. 

These values are also in agreement with the previously published value of 120 s-1 for 

PBH2:NO3
– turnover  277 and is  broadly  similar  to  the  reported  menadiol:nitrate  kcat 

values of 31.9 s-1 and 41 s-1 45,265. The specific activity numbers for PBH2:NO3
– activity 

for  the  NarILys86 variants  correlate  with  the  kfast numbers  except  NarGHIK86E which 

exhibits a reduced kslow.

5.4.  Discussion

Quinol oxidation in NarGHI is an electrogenic process, where the two quinol 

protons are guided by NarI to the periplasmic space. Proton transfer from the quinol 

O1 is facilitated by the heme bD propionates, where propionate D acts as a direct H-

bonding partner to the bound quinol, and an associated proton transfer pathway  19. 

We have demonstrated a functional need of the residue at position 86 in NarI to be 

ionizable and thus be directly responsible for proton transfer from the quinol O4.  In 

vivo and in vitro quinol analog:nitrate reductase activity demonstrates that by far the 

most  functional  variants  are  NarIK86D/E and  NarIK86H.  Since  NarIK86R was  only 

moderately active and the acidic variants were among the most active, this rules out 

the  possible  role  of  Lys86  as  a  positive  counter-charge  for  the  semiquinone,  in 

agreement with our previous finding that the semiquinone is protonated (pKa1 = 8.7) 
359. There does seem to be a structural role for Lys86 because the bulky and flexible 

variants NarGHIK86R and NarGHIK86M exhibit intermediate levels of activity. However, 

NarILys86 does not appear to have a purely structural role since all variants of NarILys86 

expressed  well  and  the  crystal  structure  of  NarGHIK86A shows  minimal  structural 

deviation from the  wild-type enzyme  183.  We propose that  the primary function of 
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NarILys86 is as a general base to directly deprotonate the C4 hydroxyl of quinol.

The stopped flow kfast pH profile is characterized by two pKa values, where we 

attribute the pKa2 of > 10 to Lys86. Not only does this value agree with what one 

expects for a Lys residue, which has a generally accepted pKa of ~10.5 360, but upon 

mutation to Glu the pKa2 drops to 8.9, indicating that the residue at this position must 

function as a base and the local protein environment disfavors formation of negative 

charges. This high pKa is also in line what what is required to deprotonate the quinol,  

which exhibits a pKa2 of 7.3 359. The main contributing factor to the elevated apparent 

pKa of NarGHIK86H and NarGHIK86E is likely the proximity of this functional group to the 

negative  dipole  of  transmembrane  helix  II  and  the  absence  of  adjacent  Arg/Lys 

residues.  The  high  pKa of  NarILys86 and  NarIK86H/E is  indicative  of  a  role  in  initial 

deprotonation of the quinol (QH2 → QH– + H+), which is expected to have a pKa of 9-

10 based on previous studies of the semiquinones of E. coli cytochrome bd and bo3 

166,167. The intriguingly high kfast for NarGHIK86E is indicative of its significantly raised pKa 

and that it is likely functioning through an intermediary water molecule.

The assignment of the pKa1 of 5.8 is less clear, though it is likely attributed to 

either His66 or heme bD propionate D. Both are known to interact with PCP, and thus 

the native quinone substrate, based on crystal structures and ESEEM and HYSCORE 

spectroscopy  19,170.  There  are  examples  where  heme  propionates  and  axial 

coordinating histidine residues exhibit pKa values near 7  316,318,345,346. However, heme 

axial histidines are theoretically expected to have pKa values ~4 pH units lower than 

the histidine-histidinate transition (pKa ~14),  and therefore without positive counter 

charges proximal to His66, the expected pKa is in the 8-10 range  361,362. This is the 

case  observed  for  the  axial  histidine  in  met-myoglobin  (pKa 10.45)  361,  adrenal 

cytochrome b561 (pKa ~8)  344 and E. coli cytochrome b562 (pKa 9)  343. With the proton 

channel of NarI including propionates A and D of heme bD, it is more likely that the pKa 

of 5.8 characterizes propionate D. Also, we have previously assigned the pKaNar for 

Q-site occupancy of 7 to propionate D, which is similar to the value we report here.  

The difference likely arises from the different methodologies used (thermodynamic 

versus kinetic) and the state of the sample in the two studies  359. Regardless, this 

- 120 -



propionate  pKa is  in  line  with  its  putative  function  of  deprotonating  the 

quinone/semiquinone at O1, efficiently transferring the proton to the heme bD proton 

pathway.

We have demonstrated the need for an ionizable residue at NarI86, ideally a 

Lys, for quinol oxidation to occur and that this residue functions as a base to abstract 

the  O4  proton  from  the  bound  quinol/semiquinone.  HYSCORE  spectra  of  the 

menasemiquinone indicates that only O1 is H-bonded to the protein, where O4 is not 

protonated nor does it H-bond to anything else 168, therefore the substrate of NarILys86 

is the quinol, not the semiquinone. Following proton abstraction and transfer of the 

first  electron from quinol,  Lys86 must alter  its  conformation which would likely  be 

determined  by  the  oxidation  state  of  the  quinol  and/or  heme  bD as  well  as  the 

ionization state of Lys86 itself. The Q-site, which constitutes the C-terminus of helix II, 

the N-terminus of helix III and the connecting loop (NarI64-93), is known to be inherently 

flexible 19,183 – exhibiting an average temperature (B) factor of 39 Å2 whereas NarI has 

an average B-factor of 26 Å2 (PDB ID 1Q16) 19. NarILys86 is expected to be particularly 

flexible, exhibiting an average B-factor of the amino terminus of Lys86 is 48 Å2. Such 

a mechanism for proton uptake from the quinol followed by a conformational change 

and  deprotonation  to  the  aqueous  milieu  has  been  proposed  for  Glu272  of 

cytochrome bc1 363. The conformational change of Lys86 and the one sided hydrogen 

bonding  of  the  semiquinone  has  significant  functional  implications,  primarily  it 

decreases the reduction potential of the semiquinone/quinol transition and thus drives 

the oxidation of quinol to completion 168,364,365. 

We therefore propose the following mechanism for quinol oxidation by NarGHI (see 

Figure 5.5) :

1) Menaquinol binds, Lys86 (pKa ≥10) is able to abstract the first quinol proton 

(pKa2 =  7.3  359)  concurrent  with  electron  transfer  along  the  H-bonds  to 

propionate D/His66 to heme bD.

2) The neutral semiquinone (pKa1 = 8.7 359) is stabilized by a one-sided H-bond to 

His66 and likely also propionate D while Lys86 undergoes a conformational 
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change in order to transfer the proton to the periplasm 170,183.

3) The final electron is transferred to heme bD and a reconfiguration of the H-bond 

with propionate D (pKa ≈ 6-7 359) facilitates proton transfer.

4) Quinone  unbinds  and  proton  transfer  from  propionate  D  to  the  periplasm 

occurs along the proton channel.

In  conclusion,  we demonstrate that quinol  deprotonation at  the O4 position 

(pKa =  7.3  359)  is  facilitated  by  NarILys86 which  exhibits  a  pKa >  10.  Along  with  a 

concurrent electron transfer, a neutral semiquinone with a pKa of 8.7 results  359. We 

also find that proton transfer away from the quinone O1 is facilitated by an acidic 

group with an pKa of ~6, which is most likely heme bD propionate D. Through a likely 

change in conformation of NarILys86 as well as a H-bonding network adjacent heme bD, 

the  two quinol  protons are  transferred  into  the  periplasm thus contributing  to  the 

proton motive force.
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Figure  5.5: Proposed mechanism of menaquinol oxidation by NarI. (A) Following 

initial binding of menaquinol to the Q-site, Lys86 abstracts a proton from O4 and concomitantly the first  

electron is transferred to heme bD. Lys86 adopts an extended conformation where no interaction with 

the semiquinone occurs, which is likely linked to the heme  bD oxidation state.  (B) The semiquinone 

reduces heme  bD following its reoxidation, concurrent with, or followed by abstraction of the second 

proton on O1 by heme  bD propionate D.  (C) Regeneration of the active site requires menaquinone 

unbinding and deprotonation of heme bD propionate D via the associated proton egress pathway. Atom 

colors according to CPK convention.
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5.5.  Supplementary Material

Below  are  the  anaerobic  growth  curves  and  kslow pH  dependence  figures 

referred to in the text as Supplementary Figures 5.1 and 5.2.
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Supplementary Figure  5.1: A representative anaerobic growth assay of  E. coli 

strain  LCB79  complemented  with  pVA700  encoding  NarGHI  variants  on 

glycerol:nitrate media. Using sealed-side arm flasks and a Klett Sommerson colorimeter. The 

growth curves are fit with a modified Gompterz equation (equation 5.1) 354 and the values for maximal 

growth rate (µm) are given in Table 5.1. 
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Variant Afast kfast (s-1) Aslow kslow (s-1) P

WT          pH 6
-0.0141
± 5e-4

79 ± 5
-0.0202
± 3e-4

5.2 ± 0.3
0.0378
± 4e-4

pH 7
-0.0226
± 7e-4

142 ± 8
-0.0172
± 5e-4

10.2 ± 0.08
0.0457
± 3e-4

pH 8
-0.0260
± 7e-4

141 ± 7
-0.0172
± 5e-4

12.3 ± 0.5
0.0483
± 1e-4

pH 9
-0.0239
± 6e-4

104 ± 4
-0.0250
± 5e-4

14.2 ± 0.3
0.05336
± 8e-5

K86H      pH 6
-0.0900
± 4e-4

63 ± 6
-0.0151
± 3e-4

4.8 ± 0.3
0.0263
± 4e-4

pH 7
-0.014 
± 1e-3

100 ± 12
-0.0151
± 8e-4

10 ± 1
0.0332
± 4e-4

pH 8
-0.0144
± 6e-4

144 ± 12
-0.0191
± 4e-4

9.6 ± 0.4
0.0374
± 2e-4

pH 9*
-0.0124
± 3e-4

227 ± 12
-0.0221
± 2e-4

11.5 ± 0.2
0.03853
± 7e-5

K86E      pH 6
-0.0098
± 3e-4 

120 ± 8 -1 ± 6 0.03 ± 0.21 1 ± 6

pH 7
-0.0132
± 4e-4

189 ± 11
 -0.030 
± 3e-3

1.7 ± 0.3
0.046 ± 

3e-3

pH 8
-0.0153
± 3e-4

187 ± 8
-0.0218
± 2e-4

4.9 ± 0.1
0.0404
± 2e-4

pH 9
-0.0102
± 3e-4

90 ± 5
-0.0270
± 2e-4

7.6 ± 0.1
0.0385
± 1e-4

Supplementary Table  5.1: Fitting parameters for pre-steady state heme 

reduction by menadiol of NarGHI-enriched vesicles of wild-type, K86H, 

and  K86E  as  depicted  in  Figure  5.3.  The  parameters  correspond  to  those  in 

equation 5.2. Values are reported as mean ± standard error of fitting over a 0.5 s time range.  

*K86H pH9 was eliminated as an outlier in subsequent pH dependence analysis.
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Supplementary Figure 5.2: kslow pH dependence of heme reduction by 0.35 mM 

menadiol. Equation 5.3 was used to model the pH dependence of  kslow, the results of which are 

(mean standard ± error): wild-type (pKa1 = 6.4 ± 0.1 ; pKa2  > 10 ; LHA– = 13.8 ± 0.8 s-1), NarGHIK86H 

(pKa1 = 6.1 ± 0.2; pKa2 > 10 ; LHA– = 9.8 ± 0.8 s-1) and NarGHIK86E (pKa1 = 7.4 ± 0.1; pKa2 = 9.9 ± 0.3; 

LHA– = 7.7 ± 0.7 s-1). Error bars denote the standard deviation among n ≥ 4 replicates.
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6.  A NarIMet156Lys Variant of E. coli NarGHI Restores 

Quinol Oxidase Activity of a NarILys86Ala Mutation

A version of this chapter has been submitted for publication:

Justin  G.  Fedor, Richard  A.  Rothery  and Joel  H.  Weiner. A NarIMet156Lys variant  of 

Escherichia coli nitrate reductase A restores quinol  oxidase activity of a NarILys86Ala 

mutation. FEBS Journal 
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6.1.  Introduction

Escherichia coli (E. coli)  is a facultative anaerobe which exhibits biochemical 

flexibility  by  coupling  a  diverse  set  of  reductants  (H2,  NADH,  succinate,  formate, 

lactate,  glycerol-3-phosphate)  to  an  equally  broad  set  of  oxidants  (O2,  fumarate, 

nitrate, nitrite, dimethyl sulfoxide, trimethlamine N-oxide) 2,21. Each of these oxidants 

and  reductants  are  metabolized  by  their  respective  membrane-associated 

oxidoreductase  complexes,  which  in  turn  communicate  via  the  ubiquinone  and 

menaquinone pool (Q-pool). The 2e–/2H+ redox chemistry of quinones is exploited by 

many  respiratory  enzymes to  generate  the  proton  motive  force  (PMF)  via  scalar 

proton  chemistry,  where  protons  are  consumed  on  the  cytoplasmic  face  and 

deposited on the periplasmic face via 'Mitchell loops' 15,21. The first 'Mitchell loop' to be 

resolved  at  the  atomic  level  comprises  formate  dehydrogenase  N  and  nitrate 

reductase A (NarGHI), which is primarily responsible for generating the PMF in E. coli 

under anaerobic and high nitrate conditions 18,19. NarGHI  faces  the  cytoplasm 

and functions as a dimer of heterotrimers which is anchored to the plasma membrane 

via NarI  17,225–227. NarI oxidizes quinols (QH2) and coordinates two  b-type hemes  269 

identified as being proximal (bP) or distal (bD) to NarGH, where the Q-site is adjacent 

to  bD 19. NarG binds a molybdo-bis(pyranopterin guanine dinucelotide) (Mo-bisPGD) 

cofactor, which is the site of nitrate reduction, as well as a [4Fe-4S] cluster. NarH, with 

its [3Fe-4S] and three [4Fe-4S] clusters, mediates electron transfer between NarI and 

NarG. An important functional feature of NarI is the existence of two proton egress 

pathways that lead from the Q-site to the periplasm, thereby coupling the oxidation of  

quinol to the contribution to PMF 20,267. Our current hypothesis is that the quinol O1 

proton is transferred to the periplasm via the heme bD proton egress pathway, which 

consists of a number of highly conserved polar/ionizable residues (bD propionates A 

and  D,  Thr143,  Ser147,  His150,  Ser154,  Gln87,  Asp152)  and  several 

crystallographically  conserved waters  183,331.  Proton transfer  pathways like this  are 

present  in  cytochrome  oxidase  366,367,  NADH:ubiquinone  oxidoreductase  368,369, 

quinone:fumarate oxidoreductase 370 and cytochrome bc1 and b6f 187. The O4 proton, 
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on the other hand, takes the Lys86 proton egress pathway, depicted in  Figure 6.1, 

which is less well defined and consists of fewer conserved waters. The reason this 

pathway is less clearly defined is likely due to its dynamic nature, as evident by a 

consistently  less  well  resolved  helix  II-III  loop  (Q-loop)  of  NarI71-83 in  the  existing 

NarGHI structures 19,183,244. Furthermore, Lys86 has been demonstrated to be critical in 

quinol oxidation 183,284 where it deprotonates the quinol at O4 331. Paradoxically, Lys86 

has only been observed in an extended conformation such that Nζ is ~6 Å away from 

the quinol O4 19,183, yet it has been ruled out by HYSCORE and ESEEM that Lys86, 

nor  any  waters,  interact  with  the  semiquinone  O4  168,170.  It  has  therefore  been 

proposed that  Lys86 adopts  a bent  conformation for  quinol  deprotonation and an 

extended conformation for proton transfer to the periplasm 170,183,331. Such dynamical 

proton  transfer  pathways  have  been  observed  in  other  systems  where  critical 

ionizable residues adopt two conformations, for instance Lys227 of the Q i and Glu272 

of the Qo sites of cytochrome bc1 
371,372, Glu78 of the H+ exit and Lys24 H+ uptake sites 

of cytochrome b6f 187, Glu180 of fumarate reductase 370. 

In this work we provide experimental evidence that supports the hypothesis 

that Lys86 must adopt a conformation appropriate for abstraction of the O4 quinol 

proton. Mutation of Lys86 to Ala results in a significantly reduced ability of NarGHI to  

oxidize  menaquinol  and  ubiquinol,  stabilize  semiquinone,  and  bind  the  Q-site 

inhibitors  pentachlorophenol  (PCP)  and  HOQNO  (2-n-heptyl  hydroxyquinoline-N-

oxide)  183,284. Lys86 can, however, be functionally replaced with alternative ionizable 

residues Glu, Asp or His 331. Herein, we have used CAVER to better characterize the 

Lys86 proton egress pathway and consequently chose Met156, a partially conserved 

residue that points towards the quinol O4, as a subject for site directed mutagenesis 

studies. We demonstrate that Met156Lys partially restores activity of the Lys86Ala 

variant  and interpret  this  as providing evidence for  an alternative conformation of 

Lys86 for quinol deprotonation. 
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6.2.  Materials and Methods

CAVER analysis of NarI – CAVER PyMol plugin (version 3.0.1) 373 and PyMol (version 

1.7.0.0) 374 were used to find any channels leading from the Q-site to the periplasm in 

the structure PDB ID 3EGW. This structure was modified in PyMol to include the 

sidechains of NarI Tyr77 and Glu78, choosing rotamers with the least steric clashes. 

The start point used was water-850, situated where quinol O1 would be in the Q-site, 

with a probe radius of 1.0 Å, shell radius and depth of 4.0 Å, 20 approximating balls 

and a clustering threshold of 3.5. 

Materials –  Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinol),  menadiol  (2-methyl-

1,4-naphthoquinone)  and  low  catalase  glucose  oxidase  from  Aspergillus  niger 

(Sigma-Aldrich G0543) were obtained from Sigma Aldrich. ThesitR (Polyoxyethylene 

9-dodocyl  ether)  was  purchased  from  Fluka,  diluted  to  10%  (w/v),  rigorously 

degassed and stored at -80 °C.

Bacterial strains, plasmids, and mutagenesis – Wild-type NarGHI was overexpressed 

in the E. coli strain LCB79 (araD139 ∆(lacI-POZYA-argF) rpsL,  thi, Φ79(nar-lac)) 298, 

which is deficient in narGHJI, and transformed with the plasmid pVA700 (tacP,  rrnB, 

lacIq, ampr, narGHJI) (12 484 bp), including the mutated versions pVA700-NarILys86Ala 

183,  pVA700-NarIMet156Lys,   and  pVA700-NarIMet156Lys/Lys86Ala 268.  Mutagenesis  was 

conducted using two rounds of PCR, and four different primers: a forward primer that 

binds upstream of the mutation site, a reverse primer that binds downstream of the 

mutation site, and the overlapping forward and reverse mutagenic primers. In PCR A, 

forward and mutagenic-reverse primers are used; in PCR B, mutagenic-forward and 

reverse primers are used. The template DNA used for PCR A and B is pVA700 or 

pVA700-NarILys86Ala.  Following the reaction, products were gel-purified using a Truin 

Science gel purification kit (Truin Science, Edmonton, AB), and the combined eluent 

was diluted 1:2 to 1:10 with 10 mM Tris-HCl, pH 8.5. Then, 1 μL of the pooled, diluted, 

and purifed PCR A and B was used as a template in the final round of PCR. In PCR 

C, the forward and reverse primers were used and the product (2188 bp) is PCR 
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purified  with  a  Truin  Science  PCR  purification  kit.  The  master  mix  for  all  PCR 

reactions consisted of 1x Q5 reaction buffer, 0.2 mM dNTPs, 0.5 μM of each primer, 

and 0.02 U μL-1 of Q5TM High-Fidelity DNA polymerase from New England Biolabs. 

PCR A and B were 25 μL final volume and PCR C was 50 μL. The primers used were: 

forward  primer  (flanks  the  AatII  cutsite  in  pVA700): 

5'-GGGTAGCAACGGCATTCTGCC,  reverse  primer  (flanks  the  XbaI  cutsite  in 

pVA700):  5'-CTTCTCTCATCCGCCAAAACAGCC,  NarIM156K forward: 

5'-GGTAGCGAGA  A  GATGAAACTGGTTGGC,  NarIM156K reverse: 

5'-CCAGTTTCATC  T  TCTCGCTACCGTCCATATGC. The cycles used were: 30 s 98ºC, 

29x[ 10 s 98ºC, 15 s 65ºC, 40-60 s 72ºC] 5 min 72ºC.

T4 DNA ligase (400 000 U mL-1) and all restriction enzymes (20 000 U mL-1) 

were acquired from New England Biolabs. pVA700 and purified PCR C products were 

digested  with  AatII  and  XbaI  at  final  concentrations  of  0.4 U μL-1 (pVA700)  and 

0.8 U μL-1 (PCR C) at 37ºC for  ≥  2 hours. XhoI (0.4 U μL-1) was also added to the 

pVA700 digestion to help prevent religation of any partially digested plasmid; XhoI 

cuts  between  AatII  and  XbaI,  producing  three  cleavage  products.  The  pVA700 

backbone was then gel purified and the digested PCR C was heat treated to denature 

the  enzymes  (80ºC  for  20 min).  Ligation  of  the  insert  to  the  backbone  was 

accomplished with 400 units of T4 DNA ligase in a 15 μL reaction, including 1 μL of 

the backbone, 2 μL of insert and 1X T4 DNA ligase buffer (~1 fmol backbone to 3 fmol 

insert). The reaction was left to sit for 30 min at 23ºC. 5 μL of the ligation reaction and 

60 μL of RbCl competent LCB79 cells were gently combined and incubated on ice for 

≥ 30 min. Following heat shock at 42ºC for 60 s, then incubation on ice for 2 min, 

750 μL of SOC broth was added to the tube and the cells were left to recover for 1 h 

at 37ºC on a rotator wheel 301. Transformants were selected by plating 100 μL of cells 

onto  LB  plates  supplemented  with  1%  (w/v)  thiamine  hydrochloride,  0.1 mg mL-1 

Ampicillin and Streptomycin and incubating overnight at 37ºC. Successful  mutants 

were screened by sequencing the purified (Truin Science miniprep kit) transformant 

colonies (Eurofins MWG Operon LLC, Huntsville, AL) using 100-200 ng μL-1 of DNA 

and 3.33 μM of the primer: 5'-CTTTGCCGGTGCCGTCG.
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Cell  culturing  and  preparation  of  membrane  vesicles –  Membranes  enriched  in 

NarGHI were obtained by culturing 2 L batches of LCB79/pVA700 in 6 L non-baffled 

flasks. The flasks contained Terrific Broth 301 supplemented with 100 mg L-1 ampicillin, 

100 mg L-1 streptomycin and a 10% innoculum of an overnight stationary culture. The 

cultures were grown under nearly anaerobic conditions (100 rpm shaking) at 30°C 

overnight. Induction of protein expression was achieved by addition of 1 mM IPTG 301. 

NarGHI-enriched  membranes  were  harvested,  as  detailed  previously  270,321,331,  by 

differential centrifugation including a 55%(w/v) sucrose bed. The buffer system used 

throughout was 100 mM MOPS and 5 mM EDTA  pH 7.0. Initial harvesting included 

the  serine  protease  inhibitor  phenylmethanesulfonyl  fluoride  (PMSF)  at  a  final 

concentration of 0.2 mM. Membranes were stored in ~30 mg mL-1 aliquots at -70°C.

Determination of protein and heme concentration – Protein concentrations of NarGHI-

enriched inner  membrane vesicles  was determined by  a modified  Lowry  method, 

which includes 1% (w/v)  of  sodium dodecyl  sulfate  for  solubilization of  membrane 

proteins  306.  Heme  optical  spectroscopy  was  used  to  determine  the  heme 

concentration, where intensity was taken as the difference between the absorbance in 

reduced-minus-oxidized spectra of the α-band at 559 nm  minus the absorbance at 

575 nm. Heme concentration was calculated using the ε559-575 of 14.8 mM-1 cm-1  331.

Anaerobic growth assays – LCB79 was the host E. coli strain used and the cells were 

grown at 37°C in tightly sealed 125 mL Klett flasks, with stirring by a magnetic plate, 

on glycerol-nitrate (GN) media supplemented with 100 mg L-1 ampicillin, 100 mg L-1 

streptomycin, 0.003% (w/v) leucine and threonine,  as previously described 331. Time 

dependent absorbance readings were taken with a Klett spectrophotometer equipped 

with a red filter. Growth assays were conducted with at least four replicates and the 

ensemble of data was fit with a modified Gompertz model (equation 6.1) 354.

y  = A exp(−exp(μmeA (λ−t)+1))           (6.1) 

A is the stationary phase absorbance, µm is the maximal specific growth rate (h-1) and 
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λ is the lag phase duration (h).

In vitro activity assays – Quinol:nitrate activity was determined using the menaquinol 

analog plumbagin. Assays were carried out as previously described using an HP 8453 

UV/Vis  spectrophotometer  equipped  with  an  HP89090A  Peltier  temperature 

controller/cuvette  stirrer  277,321,331.  The  buffer  used  consisted  of  vacuum degassed 

100 mM MOPS, 5 mM EDTA, 4 mM KNO3, 30 mM glucose and 0.01% (w/v) Thesit. 

Stock  ethanolic  solutions  of  20 mM plumbagin  were  reduced  in  the  presence  of 

~70 mg of Zn0 and 190 mM HCl(aq) in sealed 2 mL HPLC vials, which were protected 

from light. Reactions were carried out at 25°C and included 5 µL of a ≥200 U mg-1 low 

catalase  (≤0.1 U mg-1)  glucose  oxidase  (24.1 mg mL-1) and  50 µL  of  plumbagin 

solution (Cf = 336 µM). The reactions included 0.01 – 0.05 mg mL-1 of vesicles per 

cuvette  or  about  0.4 mg mL-1 in  the  case  of  NarGHI-devoid  control  vesicles. 

Plumbagin λmax = 419 nm, ε419 = 3.95 mM-1 cm-1 277. 

Pre-steady state kinetics of heme reduction assays – Stopped-flow kinetics assays 

were performed using a photodiode array-equipped Applied Photophysics SX-18MV 

stopped-flow spectrophotometer, using Xscan software (Applied  Photophysics  Ltd. 

Leatherhead, UK), as previously described 331. A 1 cm pathlength was used and the 

measured  instrument  dead  time  was  1.12  ±  0.04 ms.  The  buffer  systems  used 

consisted  of  100 mM  100 mM MES (pH 6.0),  100 mM MOPS (pH 7.0),  100 mM 

Tricine (pH 8.0) or 100 mM CHES (pH 9.0) and 5 mM EDTA, 30 mM glucose, 0.01% 

Thesit. The buffer was first degassed for several hours on a vacuum line and 50 mL 

batches  were  further  deoxygenated  by  addition  of  0.5 µL  low  catalase  glucose 

oxidase per mL of degassed buffer. Stock 20 mM ethanolic menadiol was reduced by 

HCl/Zn0, as described in Materials and Methods. The deoxygenated buffer was used 

to  flush  the  system thoroughly  prior  to  the  experiments,  as  well  as  to  dilute  the 

NarGHI-enriched  vesicle  samples  to  2 mg mL-1 and  menadiol  (Em,7 =  -13 mV)  to 

0.7 mM 357. With a mixing ratio of 1:1 the final concentrations of protein and menadiol  

were 1 mg mL-1 and 0.35 mM, respectively. Heme reduction kinetics was measured at 

10 s or 100 s using logarithmic sampling at 23°C by using the intensity at 558 nm 
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minus that at 575 nm, utilizing the oxidized sample as a time zero reference. The first 

3-4 ms of data was discarded due to mixing artifacts and a (-0.0012 s, 0.0) data point 

was added to account for the fact that fully oxidized NarGHI was used as the blank. 

Matlab (version 2014b, The MathWorks Inc., Natick, MA) was used to fit the signal 

traces to  a two-component  exponential  decay, as in  equation 6.2, while  a  single 

component was sufficient for the ∆NarGHI and pH 6 NarGHILys86Ala membranes.

A559−575  = A1 exp(−k fast t)  +  A2 exp(−k slow t)  +  P            (6.2)

Where A1 and A2 are initial points and P is final plateau reached, both in absorbance 

units, and kfast and kslow are rate constants (s-1) 279,283.

6.3.  Results and Discussion

CAVER Analysis of the NarI Q-site

Proton egress from the Q-site of NarI to the periplasm appears to follow two 

distinct routes 331. The heme bD pathway allows for proton transfer from quinol O1 to 

the periplasm via the heme bD propionate D and a defined hydrogen bonding network 
183,331. Proton egress from the quinol O4 involves deprotonation by  Lys86 and proton 

transfer via a less well defined pathway. In order to gain insight into how the proton 

from quinol O4 is guided to the periplasm we submitted NarI to CAVER analysis 373. 

The NarGHI structure PDB ID 3EGW is of the NarHC16A variant 296,375 and is the highest 

resolution structure of NarGHI (1.9 Å) where the Q-site is best resolved and modeled. 

However, the side chains of NarI Tyr77 and Glu78 are not resolved so the correct 

amino acid side chains were modeled in using PyMol, choosing rotamers with the 

least steric clashes. The 3EGW NarI aligns to wild-type NarI (PDB ID 1Q16) 19 with an 

RMSD of 0.067 Å (1572 to 1572 atoms) and therefore the NarHC16A mutation has no 

consequence on NarI structure. 

Seven tunnels were clustered into three, two of which lead into the membrane 

thus denoting the Q-site entry (not shown) and one narrower tunnel (Lys86 proton 
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egress pathway) leading to the periplasm (Figure 6.1). This channel is bounded by 

several  conserved  residues,  Lys86  being  of  utmost  importance,  but  also  Gly65, 

His66,  Gly69,  Ala90  and  Met156.  The  channel  is  also  bounded  by  the  less  well  

conserved residues His74, Glu78, Leu81, Ile83, Met157 and Val160. Thr72, Gly69 

and Lys86 also appear important in stabilizing a conserved water molecule along the 

tunnel, as shown in Figure 6.1. 

To probe whether Lys86 adopts a bent conformation in order to abstract the 

quinol O4 proton, we used site directed mutagenesis to introduce an amine functional 

group  whose  position  would  approximate  that  of  Lys86  in  this  alternative 

conformation.  When  menaquinone-1  (MQ-1)  is  modeled  in  place  of  PCP  183 the 

methyl terminus of Met156 comes within 3.3 Å of the quinol O4, thus serving as an 

ideal residue for a Lys substitution. In fact, in an alignment of 475 sequences that 

share less than 90% identity, NarI156 occurs as a Met 78% of the time or an Arg 15% 

of  the  time.  While  anaerobic  growth  experiments  on  nitrate  demonstrated  that 

NarGHIMet156Arg has nearly identical activity to wild-type (µm = 14.5  h-1 and 15.4 h-1, 

respectively),  we  sought  to  specifically  determine  whether  we  could  recover  the 

activity lost in NarGHILys86Ala by substituting Met156 with Lys.

Anaerobic growth assays

 In  vivo  functionality  of  NarGHI  variants  was  determined  by  monitoring 

anaerobic cell growth on a minimal glycerol-nitrate (GN) medium (Figure 6.2) 298. E. 

coli LCB79 lacks the  narGHJI operon and is unable to grow unless complemented 

with the plasmid pVA700, which encodes  narGHJI. This ensures that the observed 

growth results from the expression of functional NarGHI. The negative control was 

LCB79/pVA700-∆narI,  which  lacks  NarI  but  expresses  the  soluble  NarGH  dimer, 

which is not coupled to the Q-pool and is unable to support growth. The residual  

growth that was observed in LCB79/pVA700-∆narI is due to expression of periplasmic 

dissimilatory nitrate reductase, NapAB 208. The growth curves were fit with a modified 

Gompertz  equation,  summarized  in  Table  6.1 as  maximal  growth  rates  (µm).  As 
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expected,  wild-type  NarGHI 

supports optimal growth whereas 

NarGHILys86Ala only  supports 

minimal  growth.  The 

incorporation of an additional Lys 

into  NarI,  NarGHIMet156Lys,  does 

not  alter  the  wild-type  growth 

rate.  Importantly,  the  double 

variant  NarGHIMet156Lys/Lys86Ala 

largely  restores the growth rate 

of NarGHILys86Ala to near wild-type 

levels. This indicates that under 

physiological  conditions,  loss  of 

a  Lys  residue  at  NarI86 can  be 

overcome by introducing a Lys at 

NarI156,  thereby  lending  support 

to  the  hypothesis  of  multiple 

conformations  for  Lys86 and to 

the  existence  of  the  Lys86 

proton transfer pathway.

In vivo and in vitro activity of Lys86 variants

Based on SDS-PAGE, Lowry and heme optical assays, the protein expression 

of the variants, as well as heme incorporation, was similar to the wild-type enzyme . In 

vitro steady-state  enzyme  activity  was  monitored  using  the  hydroxylated 

naphthoquinone plumbagin (PBH2) (Em,7 = -40 mV), which has been shown to be an 

appropriate  in  vitro substrate  for  NarGHI  277.  Heme content  was used to  quantify 

NarGHI as well as to calculate the PBH2:NO3
– activity (Table 6.1). Membrane vesicles 

prepared  from  E.  coli LCB79  were  used  as  a  negative  control  (∆NarGHI).  In 
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Figure  6.2:  Anaerobic  growth  assay  on 

glycerol:nitrate  media  of  E.  coli  LCB79 

complemented with pVA700 encoding NarGHI 

variants. The  growth  curves  are  fit  with  a  modified 

Gompterz  equation  (equation  6.1)  354 and  the  values  for 

maximal growth rate (µm) are given in Table 6.1.
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agreement with the in vivo growth assays, these vesicles were incapable of oxidizing 

PBH2 in  the  presence  of  nitrate  (2%  wild-type).  Vesicles  prepared  from  E.  coli 

LCB79/pVA700  supported  maximal  activity.  As  previously  reported,  the  variant 

NarGHILys86Ala exhibits  greatly  diminished  PBH2:NO3
– activity  (6%  of  wild-type)  183. 

Incorporation  of  an  addition  Lys  residue  into  wild-type  NarI  proximal  to  heme  bD 

(NarIMet156Lys)  has  minimal  effects  on  PBH2:NO3
– activity  (69%  wild-type). 

Importantly,  the  double  variant  NarGHIMet156Lys/Lys86Ala largely  rescued  the  NarILys86Ala 

variant (72% wild-type). This again supports our hypothesis that in order for quinol 

oxidation  to  occur,  a  Lys  must  be  in  hydrogen  bonding  distance  of  the  quinol. 

However,  the  reduced  activity  of  NarGHIMet156Lys/Lys86Ala relative  to  wild-type is  likely 

indicative of  non-ideal  bonding geometry, perturbed pKa values, and/or diminished 

kinetics of subsequent proton transfer steps.

Pre-steady state kinetics of heme reduction
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Variant Growth Assay a

µm (h-1)
Plumbagin:NO3

– b

µmol min-1 nmol heme-1

NarGHI 15.4 ± 0.3 3.2 ± 0.1

NarGHIM156K 13.8 ± 0.4 2.1 ± 0.1

NarGHIM156K/K86A 12.3 ± 0.6 2.3 ± 0.1

NarGHIK86A 5.0 ± 0.1 0.190 ± 0.005

∆NarGHI 4.2 ± 0.1 0.073 ± 0.006

Table  6.1: The  in vivo and  in vitro activity of NarGHI Lys86 and 

Met156  variants. The  maximal  growth  rates  (µm)  and  specific  activity  for 

PBH2:NO3
– oxidoreductase  activity.  The  background  in  the  growth  assays  was 

LCB79/pVA700-∆narI, while the background in the PBH2:NO3
– activity assays is the 

activity of membrane vesicles prepared from untransformed LCB79. There is ≥ 4 

replicates and at least biological duplicates of each variant in the growth assay. The 

PBH2:NO3
– reductase activity assays were performed in at least triplicate.  a – The 

mean ± standard error of fitting the Gompertz model to the aggregated data points. 

b – The mean ± standard deviation.



In order to examine the pre-steady state kinetics of quinol oxidation by NarGHI 

and to gain further insight into possible perturbation of quinol oxidation-associated 

pKas, menadiol mediated heme reduction of NarGHI in vesicles prepared from E. coli 

LCB79/pVA700 was monitored using a stopped flow apparatus coupled to a diode 

array spectrophotometer  279,283,331. A time zero blank was determined using oxidized 

NarGHI at 1 mg mL-1 and the absorbance of the α peak of hemes bD and bP (559 nm) 

minus that of the background at 575 nm was measured with respect to time. Figure

6.3 depicts  representative  pH  7 

kinetic  traces  of  vesicles  containing 

wild-type  NarGHI  and  the  variants, 

where fitting to a double exponential 

equation yields two kinetic constants, 

kfast and  kslow (see  equation 6.2); the 

fitting  parameters  are  given  in 

Supplementary  Table  6.1.  Pre-

steady state activity was measured at 

pH values 6, 7, 8 and 9 and the  kfast 

and kslow parameters are summarized 

in Figure  6.4.  The  heme  reduction 

kinetics of vesicles lacking functional 

NarGHI prepared from E. coli LCB79 

vesicles at all pH values tested, and 

from  NarGHILys86Ala at  pH  6,  were 

satisfactorily  fit  with  single 

components.  We  interpreted  the 

kinetic data such that  kfast represents 

the  initial  reduction  by  the  first 

reducing  equivalents  of  menadiol: 

menadiol → menadione + 2H+ + 2e– 

331.  kslow interpretation is  complicated 
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Figure  6.3:  Pre-steady  state  kinetics  of 

heme reduction of 1 mg mL-1 NarGHI with 

0.35 mM menadiol at pH 7.0. The kinetic traces 

represent reduced minus oxidized heme spectra taken 

at A559-A570 and shifted up for clarity, initial points are all 

(-0.0012 s,  0.0).  The  traces  are  fit  with  a  two-

component  exponential  decay  (equation  6.2),  the 

NarGHI-devoid membrane vesicle control is fit with a 

single  component  exponential  decay.  Fitting 

parameters used are given in  Supplementary Table 

6.1.
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not only by subsequent electron transfer through NarGHI but also by interference of  

background cytochromes 332 and photo-reduction of the hemes 358.

In  agreement  with  the  in  vivo and  in  vitro activity  assays,  wild-type  and 

NarGHIMet156Lys vesicles exhibit maximal  kfast activity, whereas  kfast of NarGHILys86Ala is 

only marginally greater than background levels. NarGHIMet156Lys/Lys86Ala kfast levels are 

intermediate (Figure 6.4A). The kslow rates of all variants (Figure 6.4B), however, are 

drastically reduced compared to wild-type and are indistinguishable from background 

rates,  indicating that  subsequent  reactions,  i.e. active site  regeneration via  proton 

transfer  and/or  electron transfer, have become slowed.  We noted that  the double 

variant did not exhibit near wild-type activity as expected from the growth assays. This 

is likely reflects the use of high substrate levels of a non-physiological quinol analog 

(menadiol).  Further, the  in  vitro activity and growth assays report  on steady state 

activity, while  Figure  6.4 reports  pre-steady  state  kinetics.  Therefore,  the  largest 

effects on activity for NarGHIMet156Lys and NarGHIMet156Lys/Lys86Ala are seen in the earliest, 

non-rate limiting, stages of turnover, likely the initial proton and electron transfer.  

It is apparent from the trends in  kfast that the electrostatic environment within 

NarI has been changed upon mutation of Met156 to Lys. Specifically, the pKa of >10 
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Figure  6.4: pH dependence of (A)  kfast and (B)  kslow parameters for pre-steady 

state heme reduction of NarGHI by menadiol. Intensity of bars represent mean values of 

≥4 replicates with error bars representing the standard deviation. *K86A pH 6 and all NarGHI-devoid 

membrane vesicle control traces were fit to a single component, therefore the same values for these 

samples are displayed in the kfast and kslow charts for comparison.
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previously attributed to Lys86 by pre-steady state kinetics appears decreased by 1-2 

pH units 331. The double variant is more significantly affected, as wild-type activity is 

not achieved at any pH. PROPKA 3.1 analysis of NarI (PDB ID 3EGW) is roughly 

correct in predicting a Lys86 pKa of 9.63 341. The NarGHIMet156Lys variant is predicted to 

exhibit pKas for Lys86 and Lys156 of 9.62 and 7.58, respectively. The double mutant 

NarGHIMet156Lys/Lys86Ala has a similarly predicted NarGHIMet156Lys pKa of 7.88, in agreement 

with the pH profile observed for kfast. As the PROPKA predictions are based on NarI 

out  of  a  membrane environment,  these pKa values are  only  approximations.  This 

drastic difference in predicted pKa for the two positions of Lys indicates that in the 

position approximated by having a Lys at NarI156,  the terminal amine is in a more 

hydrophobic environment and more likely to be reversibly protonated 340, a key feature 

if  it  is  to take up a proton from quinol  O4.  That is,  the pKa of  Lys86 in wild-type 

NarGHI can be modulated based on its conformation and therefore function in proton 

transfer from the quinol O4 to the periplasm. 

A  functional  feature  of  many  membrane  bound  oxidoreductases  is  the 

presence of a proton transfer network or pathway 363,367,370,376. As a component of these 

proton transfer pathways, there are crucial ionizable residues that in many cases are 

conformationally flexible, going between two or more conformational states in order to 

accomplish proton transfer between the quinone/quinol and aqueous milieu, or simply 

to gate proton transfer through a proton transfer pathway. One example is His201 and 

Lys227 of the Qi site  of  cytochrome  bc1,  where both adopt  two conformations as 

observed in crystal structures of the yeast and bovine complexes 372. Upon quinone 

reduction and proton transfer, Lys227 and His201 move away from the substrate 

where  Lys227  specifically  rotates  ~180º to  accept  a  matrix  proton  372.   Similarly, 

function of the Qo site of cytochrome bc1 involves movement of Glu272 such that it 

can aid in deprotonation of the quinol then rotate ~180º to interact with heme bL to 

facilitate  proton transfer  363,371.  The origins  for  such conformational  changes lie  in 

protonation state of the residue and oxidation state of the protein. 

In NarGHI we only observe one oxidation state of the enzyme (oxidized) in the 
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crystal structures, and the Q-site is either unoccupied or has PCP bound but no other 

quinone substrates or analogs 19,183,244. In these structures, Lys86 adopts an extended 

conformation whereby Nζ is ~6 Å from the quinol O4. Yet Lys86 is critical for Q-site 

function and the defective variant NarILys86Ala can be rescued by incorporating a Lys at 

NarI156. In this variant the Nζ of Lys156 is within hydrogen bonding distance of the 

quinol O4 and thus explains the recovery of activity. Lys86 therefore does appear to 

direct  proton  transfer  from the  Q-site  to  the  periplasm  331.  Following  initial  H++e– 

transfer from the quinol, the neutral semiquinone is bound via a one-sided hydrogen 

bond to His66 168,170,359 and possibly bD propionate D as Lys86 moves out of interaction 

with the semiquinone. This one-sided hydrogen bond is expected to decrease the 

SQ/QH2 couple thereby preventing back-flow of electrons in NarI 168,364,377. What would 

drive the conformational changes of Lys86 is not known, however it is likely linked to  

the oxidation states of heme  bD (and possibly  bP), and the quinone. A possibility is 

that,  with the semiquinone being neutral,  Lys86 will  be stabilized in the extended 

conformation due to its intrinsic affinity for the negative dipole of NarI helix II. The 

changes in conformation, as well as Q-site occupancy, would in turn be associated 

with changes in pKa.

6.4.  Conclusion

In  conclusion,  we  have  demonstrated  that  a  secondary  variant, 

NarGHIMet156Lys/Lys86Ala, is able to functionally restore activity of the NarGHILys86Ala variant. 

We interpret this as evidence that  Lys86 adopts two conformations, one in which 

quinol O4 proton abstraction is allowed and one observed in crystal structures where 

Lys86 is elongated and hydrogen bonded to a conserved water. This not only has 

implications  in  PMF  generation,  but  also  semiquinone  stability  and  the  flow  of 

electrons through NarGHI.
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6.5.  Supplementary Material
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Variant Afast kfast (s-1) Aslow kslow (s-1) P

NarGHI
-0.0253
± 7e-4 

116 ± 6
-0.0169
± 4e-4

6.0 ± 0.4
0.0483
± 2e-4

NarGHIM156K -0.0037
± 4e-4

126 ± 32
-0.0293
± 3e-4

1.98 ± 0.06
0.0327
± 3e-4

NarGHIM156K/K86A -0.0105
± 3e-4

68 ± 4
-0.0315
± 2e-4

1.65 ± 0.04
0.0428
± 3e-4

NarGHIK86A -0.007
± 1e-3

10 ± 2
-0.0187
± 8e-4

1.3 ± 0.2
0.0249
± 9e-4

∆NarGHI -0.0116
± 2e-4

2.3 ± 0.1 N.A.
0.0149
± 2e-4

Supplementary Table  6.1: Fitting parameters for  pre-steady state heme 

reduction  by  menadiol Heme  reduction  of  NarGHI-enriched  vesicles  of  NarGHI, 

NarGHIM156K, NarGHIK86A, NarGHIM156K/K86A and  NarGHI-devoid vesicles as depicted in  Figure

6.3.  The parameters correspond to those in  equation 6.2.  Values are reported as mean ± 

standard error of fitting over a 2 s time range. N.A. = Not Applicable (single component fitting).



7.  Conclusions and Future Directions
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Over  the  last  several  years  I  have  worked  to  gain  a  more  intimate 

understanding of  E. coli nitrate reductase (NarGHI), and in particular its membrane 

subunit, NarI. The work included in this thesis focuses on two related aspects of NarI.  

The first is the electrochemical and biophysical properties of the two hemes and the 

energetics of transmembrane electron transfer. The second major theme of my work 

has  been  on  characterizing  the  Q-site  through  site-directed  mutagenesis,  EPR 

spectroscopy of the SQ, and enzyme kinetics. That quinol oxidation involves heme bD, 

and  quinone binding influences the electrochemical  and biophysical  properties of  

heme bD, unites the two themes.

So why did I study nitrate reductase? First, it is representative of a broad family 

bacterial  respiratory proteins, the DMSO reductase family of  molybdoenzymes  378, 

and  also  shares  common  elements  of  enzymes  in  mitochondrial  oxidative 

phosphorylation. For instance, the transmembrane electron transfer between hemes 

bD and bP of NarI is similar to the same process in the cytochrome subunit of complex 

III  22,379.  Furthermore,  the  Q-cycle  within  complex  III  involves  the  same  quinone 

chemistry as in nitrate reductase, or any other quinone oxidoreductases 179,380,381. The 

better we understand the processes of specific enzymes, the better able we are to 

rationalize the processes in similar but distinct systems. The second reason  E. coli 

nitrate reductase is an ideal subject to study is the ease by which it can be highly over 

expressed, and its stability in vitro 19,258,286,296,382. This has allowed NarGHI to be highly 

characterized  by  various  techniques,  such  as  crystallography,  x-ray  absorption 

spectroscopy, protein film voltammetry and EPR, where enriched vesicles are near 

spectroscopic purity 19,153,183,239,240,258,321.

7.1.  Heme Electrochemical and Biophysical Characteristics

In  the  first  section  of  this  thesis,  comprising  Chapter  2 and  Chapter  3,  I 

primarily  sought  to  better  characterize  the  thermodynamics  of  transmembrane 

electron transfer through the NarI redox system: bD, bP, and FS4. EPR is the method 

of choice for this characterization since the hemes of NarI are well resolved from each 
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other and from the other redox cofactors of NarGH (i.e. FS4). The nature of the EPR 

signal  position  (gz-value)  of  hemes  bD and  bP largely  reports  on  the  coordination 

geometry by their two axial histidine ligands 268,273. Perturbation of the interplanar His 

dihedral angle changes the position of the gz value reported by EPR. For instance, the 

heme  bD gz spectral feature is much more broad than that of  bP, a reflection of its 

greater structural variability compared to  bP because of its proximity to the Q-site. 

Furthermore, binding of Q-site inhibitors alters the peak position of the bD EPR signal, 

as the binding slightly alters the axial His ligand (His66) angle with respect to the 

second  His  (His187)  183,268,275.  In  as-is  prepared  NarGHI,  heme  bD exhibits 

heterogeneity in its gz EPR feature, where in Chapter 2 I showed that the degree of 

heterogeneity can be correlated with the degree of aeration by which overexpression 

occurred  321. Specifically, I demonstrated that one of the heme conformations (gz = 

3.34) is associated with a quinone-bound state, and the other (gz = 3.18) is a result of 

a Q-site devoid of quinone. Even more significantly, I demonstrated that the binding of 

quinone  influences  the  heme  bD redox  characteristics,  such  as  Em and  pH 

dependence. In the quinone-free state, heme bD exhibits an Em,8 of +25 mV and a pH 

dependence of -59 mV pH-1. When quinone is bound, the Em,8 shifts to -35 mV and the 

pH dependence drops to -40 mV pH-1. The presence of the quinone clearly modulates 

the  heme  bD properties  and  this  therefore  serves  to  caution  future  studies  –  to 

account for both components when looking at heme bD redox properties.

With  the issue of  heme  bD heterogeneity  clarified,  it  was possible  to  more 

thoroughly  characterize  the  energetics  of  transmembrane  electron  transfer.  In 

Chapter 3 I addressed some issues of the “redox weirdness” of the bD,  bP and FS4 

system. The hemes either require two ideal components in redox titration fitting or 

electron  stoichiometries  (n)  of  <  1;  and  FS4 also  requires  two  ideal  components 
132,213,278.  Also,  the  binding  of  Q-site  inhibitors,  HOQNO  in  particular,  drastically 

modulates the redox characteristics of  both hemes,  despite  HOQNO only binding 

adjacent heme bD 
132,183,270. I developed a model whereby the electrostatic interactions 

between redox cofactors is accounted for and this not only yielded improved fits, but 

also revealed a more reasonable origin for the redox behaviour of HOQNO-bound 
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NarGHI  132. The interaction between FS4 and heme  bP was found to be strongest, 

being  approximately  -50 mV,  and  while  it  seems  likely  that  a  similar  interaction 

between the two hemes occurs in as-is NarGHI, the separation of their  Em values 

precluded  my  elucidation  of  their  interaction.  Also  as  a  result  of  this  model,  are 

revised microscopic Em values for bD,  bP and FS4. This results in a new perspective 

on the thermodynamics of transmembrane electron transfer through NarGHI as well 

as the effect of Q-site inhibitor binding to NarI. The main functional feature of this 

revised model  is that upon becoming increasingly reduced, electron flow across the 

membrane is expected to slow, and electron equilibration between the two hemes 

ensures  a  greater  extent  of  heme  bD reduction.  This  in  turn  ensures  enhanced 

stabilization of SQ intermediate. This has implications in E. coli respiratory control and 

NarGHI activity.

With regards to this section there are two main aspects that require future 

work. First, in order to better understand the thermodynamics and kinetics of electron 

transfer through the entire NarGHI system, an extended redox interaction model will 

need to be applied to every other cofactor, including Moco and quinone transitions. 

For instance, data now shown in this thesis indicates that the oxidation state of the 

quinone has significant effects on the heme  bD redox properties. Furthermore, the 

presence  of  very  low  potential  FeS  clusters  along  electron  transfer  relays  is  a 

common feature of integral membrane oxidoreductases 2. Is the very low potential of 

NarGHI FS2 (Em,8 = -420 mV) just a consequence of redox anti-cooperativity 213, or is 

the  Em of FS2 deliberately tuned that low by the protein environment  258,265,296,375? In 

either case, what is the physiological effect of having such low potential FeS clusters 

along an electron transfer relay, in general? A similar question is why do electron 

transfer relays have to be so long? Could not Nature just couple the quinone subunit 

and the catalytic subunit  directly, or  is long distance separation a requirement for 

optimal activity of such enzymes?
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7.2.  Quinol Oxidation by NarI

In Chapters 4-6, I sought to determine the mechanism by which NarI catalyses 

quinol  oxidation.  Quinol  is  a  2e–/2H+ carrier, and as such there are two separate 

electron  transfer  steps  and  two  deprotonation  events,  which  may  or  may  not  be 

concurrent with the electron transfers. Generally, quinol oxidation proceeds through 

an anionic SQ intermediate, where the first step involves double deprotonation and a 

one electron oxidation 2,383,384. However, there are examples where a neutral SQ is the 

intermediate  329, where only one proton and one electron are transferred in the first 

step. I needed to determine which was the case for NarGHI, and also determine what 

role conserved residues play in quinol oxidation, and how the protons get from the 

quinol to the periplasm.

In  Chapter 4, redox titrations of the SQ, by EPR, over a range of pH values 

revealed that the MSQ bound to NarGHI is neutral (protonated), with a pKa1 of ~8.7. 

This work also determined that Q-site occupancy is pH dependent, where maximal 

occupancy is at high pH (pKaNar ~7). This agrees with a similar finding for the pH 

dependence of heme heterogeneity in Chapter 2, where I observed that the Q-bound 

form of heme bD is favoured at high pH 321. I reasoned that pKaNar is likely attributable 

to heme bD propionate D, and His66 is expected to have a higher pKa, and so does 

not  undergo  deprotonation  during  turnover.  The  model  used  to  determine  these 

values agrees with previously published Em values for MSQ and indicates that, while 

NarGHI preferentially binds MQH2 over MQ, this is preference is marginal (Kdred/Kdox 

= 0.5) 45. We also found that, contrary to previous findings, the stability of the MSQ is 

actually in line with similar enzymes (Kstab ~ 2.3) 45.  Less physiologically relevant, we 

also  probed  the  SQ bound  to  NarI(∆GH)  and  determined  that  the  bound  DMSQ 

exhibits similar, but different, electrochemical properties to MSQ bound to NarGHI. 

This is likely due to the combined effect of NarI being in an altered conformation in the 

absence of NarGH, and that DMQ and MQ have slightly different intrinsic properties 
38.  Importantly, however, I found that the pH dependence of Q-site occupancy is the 

same in the two systems (pKaNar ~ 7). Thus, the two major findings of this chapter 
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were that quinol oxidation progresses through a protonated SQ intermediate, and that 

quinone binding is pH dependent.

In  Chapter 5, the focus was on what role the Q-site residue Lys86 plays in 

quinol  oxidation and binding.  That  Lys86 is  critical  for  these processes has been 

known for several years now 183,284. However, it was not previously determined what 

role Lys86 played exactly. It does not interact with the SQ, and in crystal structures its 

orientation  seems  inappropriate  for  interacting  with  the  quinol  170,183.  It  had  been 

suggested  that  Lys86  was  involved  in  the  initial  stages  of  quinol  binding  and 

deprotonation, but there was no experimental evidence to support this claim 183. By 

using a variety of NarI86 variants, I was able to show that as long as NarI86 is an 

ionizable residue (Lys, Asp, Glu, His), quinol oxidation is catalysed. Thus, Lys86 is 

indeed involved in quinol deprotonation, exhibiting a pKa of  ≥ 10, and that changing 

this residue to His or Glu modified this pKa (>10 and 8.9, respectively). It was also  

found that the pH dependence of heme reduction by menadiol follows a bell-shaped 

curve, where the second pKa of ~6 is attributed to heme bD propionate D. In the first 

section of this thesis I suggested that heme bD propionate D is likely responsible for 

the  pH  dependent  binding  of  quinone  to  NarI,  which  is  further  supported  here. 

However, in  Chapter 4 the pKaNar determined is 7, and in  Chapter 5 it is 6. This 

moderate  discrepancy  is  due to  the  different  methodologies  used,  especially  that 

pKaNar of 7 is thermodynamically derived, while the pKa of 6 is kinetically derived. In 

either  case,  bD propionate  D  is  suited  to  maintaining  a  neutral  SQ  and  only 

deprotonating the oxidized quinone. Taking together these data has allowed me to 

assemble a mechanism for quinol oxidation (see Figure 5.5), where Lys86 abstracts 

the first proton from the menaquinol O4, followed by a conformational change where 

Lys86  swings  away  from  the  SQ  and  points  towards  the  periplasm.  Heme  bD 

propionate D is a component of a hydrogen bonding network leading from the Q-site 

to the periplasm, and thus transfer of the second proton from quinone to propionate 

D, facilitates proton transfer to the periplasm. 

Chapter 6 built on the work in  Chapter 5 by further probing proton transfer 

from  quinol  O4  by  Lys86  to  the  periplasm.  Using  software  (Caver)  to  map  any 
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channels leading from the Q-site  373, the Lys86 proton transfer pathway was indeed 

found. A residue that shares similar conservation to Lys86, Met156, also lines this 

pathway and so mutagenesis studies on it were conducted. Importantly, mutation of 

Met156 to Lys significantly restored activity of the inactive NarIK86A variant, though the 

pH dependence was effected – likely tied to changes in heme bD Em. I suggest that 

this is evidence for an alternative conformation of Lys86, or at least further evidence 

in support of the Lys86 proton pathway. 

The work conducted in Section 2 has contributed greatly to our understanding 

of quinol oxidation and binding in NarGHI. The mechanism proposed is consistent 

with previous observations and is similar to that of other quinol oxidases. The findings 

reported here can be applied to further increasing our understanding of NarI function 

and also to other quinone-binding proteins. Though, I  completely neglected UQ in 

these studies, so future work will need to be done on USQ and UQH2 oxidation to 

determine if  it is similar to MQ. Moreover, in order to confirm the protonation states 

and pKa values for the various residues involved in quinol oxidation requires other  

biophysical methods.  Fourier Transform Infrared (FTIR) spectroscopy has previously 

been  used  to  determine  the  protonation  states  of  acidic  residues  and  heme 

propionates 186,385–387. It would be wise to do similar studies on NarI to determine the 

protonation  states  of  heme  bD propionate  D,  His66  and  Lys86  under  various 

conditions (pH and  Eh). Similar studies using FTIR can be conducted on the SQ to 

confirm its protonation 388. EPR studies on the heme and SQ properties of the various 

NarI variants also needs to be conducted, though these experiments are expensive. 

Further biophysical work and QM/MM simulations should also be conducted on NarI 

to  determine the validity  of  Lys86 undergoing conformational  flexing during quinol 

binding and oxidation,  as well  as to determine the likely  routes for  proton egress 
369,389,390. These simulations would also be valuable in determining whether QH2/SQ/Q 

exhibit alternative binding modes. Though, this is unlikely given the near identical Kds 

for  the  reduced  and  oxidized  forms  of  quinone.  Finally,  much  more  detailed 

thermodynamic  and  kinetic  analysis  should  be  conducted  on  quinol  binding  and 

oxidation.  Temperature  dependence  of  quinol  oxidation  can  provide  insight  into 
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transition state energies, for instance 6,334. Also, I had intended to look at what role the 

isoprenoid tail of quinol plays in binding to NarI. Such experiments would also help 

clarify the origin of the splittings in the DMSQ EPR signal, which I hypothesize is due 

to the isoprenoid tail Cβ hydrogens. 

In  conclusion,  this  thesis  has  shed  light  on  the  complexity  of  NarGHI, 

specifically with regards to the mechanisms of transmembrane electron transfer and 

quinol oxidation in NarI. While much work needs to be done on the molecular details, 

we also need to think more about NarGHI in the context of the cell. Does it comprise 

respiratory supercomplexes  29? Is  NarGHI spatio-temporally  regulated,  as recently 

proposed  29? What are the exact mechanisms by which it matures  244,290,391? But for 

me, the holy grail of NarGHI would be a full kinetic and thermodynamic model for  

quinol oxidation, electron transfer, and nitrate reduction. Much more characterization 

of the entire enzyme will need to be done, but the shear intellectual rewards of this 

highly difficult and laborious endeavour would be supremely satisfying.
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