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Abstract 
Quinol dependent nitric oxide reductases’ (qNOR) are important enzymes of 
the denitrification pathway, which helps liberate nitrogen back into Earth’s 
atmosphere, thereby playing a critical role in the recycling of nitrogen, an 
essential element of genetic material and amino acids. qNOR catalyses the 
reduction of Nitric Oxide (NO), an important signalling molecule, to Nitrous 
Oxide (N2O), one of the major causes of ozone layer destruction. qNORs 
contribute to energy conservation, as denitrification is an alternate form of 
respiration in some microorganisms under oxygen limiting environments. 
However, qNORs are commonly found in pathogenic bacteria, such as 
Neisseria meningitdis (Nm) (a cause of meningitis worldwide) and the 
opportunistic (and also denitrifying) pathogen Alcaligenes xylosoxidans (Ax), 
as a means to combat the host immune response.  

The mechanisms by which qNOR acquires and catalyses NO are still 
unknown, and current structural data comprise an inactive crystal structure of 
Geobacillus stearothermophilus (Gs) qNOR at 2.5 Å and a ~ 4.5 Å structure 
of the electrogenic NmqNOR, which lacks sufficient detail to delineate proton 
transfer pathways and the active site (heme and non-heme iron) arrangement, 
furthermore, both structures were reported to be monomeric. 

This thesis presents efforts to obtain the first high resolution structure 
of an active qNOR, which AxqNOR is a suitable candidate owing to 
confirmation of NO reduction and correct metal content/ratios. A 
crystallographic structure at 6.5 Å was obtained, which revealed a clear 
dimeric assembly, a previously unseen state. Efforts to improve the resolution 
were not successful, and analysis by cryogenic Electron Microscopy (cryo-EM) 
ensued. A 3D reconstruction of wildtype AxqNOR also showed a dimeric 
assembly and was resolved to 3.7 Å. The active site arrangement of an active 
qNOR was revealed, showing the non-heme iron to be ligated with three 
ligands, not four as in the related cytochrome c dependent NOR (cNOR). The 
dimer interface was maintained by a conserved helix in qNOR, which is not 
found in cNOR. Cryo-EM analysis of activity enhanced mutant at 3.2 Å enabled 
new features to be gleaned in the putative proton transfer channel. In addition, 
a catalytically inert mutant was solved to 4.5 Å, the latter of which was purified 
and solved as a monomer, showing significant helical rearrangement 
compared to dimeric structures. Site directed mutagenesis revealed residues 
close to the active were important for activity, but proton entry site is still 
unknown. 

The oligomeric state of GsqNOR was re-examined and found to be a 
dimer in the crystal, which prompted questions about NmqNOR oligomeric 
state. Cryo-EM analysis of the sample used to make crystals (crystallographic 
structure which is monomeric) surprisingly revealed a dimeric assembly, 
(reconstruction at 9 Å). Based on this work, the oligomeric status of qNOR is 
likely dimeric, with crystallisation possible disrupting the assembly in NmqNOR. 
The high-resolution structures of AxqNOR enable further work on the 
importance of dimerisation and allow the potential to obtain quinol-based 
inhibitor bound structures of an enzyme of environmental and medical 
importance. 
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Respiration is a biochemical process that life simply cannot survive without. At 

the heart of it lies a myriad of metalloproteins, which make up respiratory 

chains across eukaryotic and prokaryotic life forms. Whilst this thesis is 

focussed on a bacterial redox enzyme, Nitric Oxide Reductase, part of 

anaerobic respiration where instead of molecular oxygen, less oxidising nitrate 

is the terminal electron acceptor, an outline of the electron transport chain 

(ETC) merits an introduction. For now, just bacterial respiration will be covered. 

 

1.1 The Electron Transport Chain and Aerobic Respiration 
 
The crux of respiratory reactions is based upon reduction and oxidation 

reactions, termed redox reactions, which involve reduction or oxidation of 

metal cofactors coupled with substrates. The electron transport chain harvests 

energy by reductive coupling of substrates to help create a proton motive force 

(PMF), critically across a cell membrane. Prokaryotic systems display more 

variability in electron donors (Richardson, 2000), including sulphur,  transition 

metals (Fe3+) and nitrogen oxides. This promiscuity allows bacteria to survive 

in diverse and otherwise hostile environments. PMF occurs against a 

chemiosmotic gradient, postulated by Peter Mitchell in 1961 (MITCHELL, 

1961), with transmembrane proteins translocating protons against this 

gradient. The basic organisation of the aerobic respiratory chain is shown in 

Fig 1.1. The process can be split into two parts; redox coupling (involving 

Complex I, Complex II, Complex III and Complex IV) and proton coupling, 

which involves Adenosine Triphosphate (ATP) Synthase (Complex V). Redox 

coupling involves the movement of electrons within the electron transport 

chain, whilst proton coupling is the movement of protons coupled to ATP 

synthesis (occurs in ‘spherical’ F1 subunit (Kagawa and Racker, 1966)). 
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The energy used in functioning is derived from the redox separation (i.e. redox 

potential) between the electron donating system and electron accepting 

system. NADH/NAD+ as a redox couple are classed as strongly reducing, with 

a midpoint potential (Em) of - 0.320 V, whilst ½ O2/H2O are classed as strongly 

oxidising, with a Em of + 0.816 V. The difference is 1.14 V, which can be shown 

in terms of Gibbs free energy (DG): 

 
Δ𝐺 = 	−𝑛𝐹Δ𝐸)  

DG is the Gibbs free energy change linked to electron transfer between two redox 

substrates. n is number of electrons transferred, F is Faraday’s constant and Eh is the 

redox potential difference between the substrates. 

 

 

Figure 1.1 Example of an aerobic respiratory chain. Yellow box represents the lipid 

bilayer. Dashed black arrows indicate the flow of electrons from NADH oxidation to 

oxygen reduction. Solid black arrows indicate proton translocation. ATP synthase (F0 

and F1 subunits labelled) transports protons from the negative phase (cytoplasm in gram 
negative bacteria) to the proton rich positive phase. The soluble electron donor protein, 

cytochrome c, is depicted as a red sphere. NADH/NAD+= Nicotinamide adenine 

dinucleotide (reduced/oxidised), UQ/UQH2= Ubiquinone/ubiquinol, ADP= Adenosine 
diphosphate. 
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The potential energy is stored in the form of a charge separation across a 

membrane. As shown in Fig 1.1, during the interplay between electron transfer 

and proton translocation (driven by proton gradient in enzymes), chemical 

energy can be stored as a chemiosmotic gradient. Translocation of a proton 

against a gradient requires ~ 200 mV of energy. Therefore, enzymes of the 

electron transport chain must use a redox coupled substrate with charge 

separation of > 200 mV.  

 

Charge separation is achieved by taking an electron from the negative phase 

(e.g. the cytoplasmic end) and protons from the positive phase e.g.  the 

periplasmic end in gram negative bacteria). If the energy released from a redox 

couple is higher than needed for a single charge transfer event, then pumping 

of additional charges across the membrane can take place. As electrons are 

passed along the chain, Complexes I, III and IV pump protons against the 

gradient. This helps prevent dissipation of PMF and consequently conserve 

energy. The next section will detail the core components of the aerobic (e.g. 

using oxygen as a terminal electron acceptor) respiratory chain; 

dehydrogenases, bc1 complex, terminal oxidase and redox mediators (soluble 

and insoluble). 

 

1.1.1 Dehydrogenase (Complex I) 
Dehydrogenases transfer electrons from a substrate to the lipid soluble 

electron shuttle ubiquinone, whilst translocating protons across the membrane. 

Protons for ubiquinone reduction come from the cytoplasmic side, which 

contributes to the chemiosmotic gradient. The choice of electron donating 

substrate can vary widely, with succinate (Yankovskaya et al., 2003), pyruvate, 

lactate and alcohol also used (Richardson, 2000). Complex I (known as 

NADH: Ubiquinone Oxidoreductase) is the largest enzyme of the respiratory 

chain (Fig.1.2), comprising of 16 subunits, 64 transmembrane helices and 9 

Fe-S clusters (overall molecular weight of 536 kDa) (Sazanov et al., 2013). It 

catalyses the transfer of two electrons from NADH to ubiquinone, coupled with 
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the translocation of four protons across the bacterial inner membrane (Galkin 

et al., 2006). 

 

1.1.2 Quinone/Quinol Pool 

Quinones are derivatives of 1,4 benzoquinone that exist as lipid soluble redox 

active substrates, which shuttle electrons between enzymes of the respiratory 

chain. Quinones are capable of carrying two electrons and two protons when 

fully reduced, i.e. quinol/hydroquinone form (QH2).  Two predominant forms of 

quinone exist, ubiquinone (UQ, Coenzyme Q10) or menaquinone (MK, Vitamin 

K2) (Fig.1.3). UQ is usually favoured in aerobic conditions, with UQ/UQH2 mid-

point potential of + 113 mV and MK/MKH2 mid-point potential of – 74 mV. The 

difference in mid-point potential could explain the selectivity of electron donors 

Figure 1.2 Crystal structure of Complex I from Thermus thermophilus. NADH is 

oxidised to NAD+ by flavin mononucleotide, which transfers electrons through a 
sequence of Fe-S clusters (following red dashed arrow) towards quinone (Q), which is 

reduced to quinol (QH2) in the lipid bilayer. Translocation of four protons (H+) occurs 

through antiporter like subunits embedded in the lipid bilayer, from the cytoplasmic side 

to the periplasmic side (dashed black arrows denotes proton translocation).  Solid black 
lines mark the lipid bilayer, with the periplasm and cytoplasm marked. PDB ID: 4HEA. 
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and acceptors between the two sets of quinones. UQ can accept electrons 

from a wider range of donors, with MK more suited toward lower potential 

electron acceptors (e.g. formate) (Soballe and Poole, 2008). MK is preferred 

in anaerobic environments, due to its lower redox potential. In the electron 

transport chain, quinones get reduced by dehydrogenases’ and cytochrome 

bc1 (Complex III).  

 

1.1.3 Succinate Dehydrogenase (Complex II) 
Succinate Dehydrogenase (Succinate-Ubiquinone Oxidoreductase) is a four-

subunit enzyme which is involved in both the respiratory electron transport 

chain and the tricarboxylic acid (TCA) cycle (Rutter et al., 2010). It performs 

the oxidation of succinate to fumarate, with the aid of flavin adenine 

dinucleotide (FAD) prosthetic group located in the catalytic subunit SdhA of 

the enzyme (Fig.1.4). The electrons from FAD reduction travel through several 

Fe-S clusters to reduce ubiquinone to ubiquinol within the membrane bilayer 

(Yankovskaya et al., 2003). Mutations of a conserved proline near the 

Figure 1.3 Chemical structures of quinones involved in the electron transport 
chain. Top panel shows Ubiquinone (oxidised state) conversion to ubiquinol (reduced 

state). Bottom panel shows the same for menaquinone, a derivative of napthoquinones. 

n= number of isoprenyl subunits in tail, n=10 in Ubiquinone (Coenzyme Q10). 
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ubiquinone binding site (in SdhB) can cause hereditary paraganglioma, a type 

of cancer in the neuroendocrine systems (Baysal et al., 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.4 Cytochrome bc1 (Complex III) 
The homodimeric cytochrome bc1 transfers electrons from UQH2 to the soluble 

periplasmic protein, cytochrome c. The bc1 complex is an obligate part of the 

mitochondrial respiratory chain, however some bacteria have other enzymes 

capable of reducing cytochrome c as an alternative channel for electron flow 

through the respiratory chain. The number of subunits vastly differs between 

mammalian and bacterial systems, with the former having up to 11 subunits 

Figure 1.4 Crystallographic structure of Complex II from Eschericia coli. Four 

subunits are shown as cartoons; SdhA (green), SdhB (cyan), SdhC (purple) and SdhD 

(yellow). Succinate is oxidised to fumarate, with FAD (green stick) being reduced to 

FADH2 in the process. Electrons flow through SdhB Fe-S clusters (brown and yellow 
spheres), shown by the red dashed arrow, which reduce ubiquinone (UQ) (yellow 

stick) to ubiquinol (UQH2). Cytoplasmic (Cyto’) and periplasmic (Peri’) ends marked 

by black lines. PDB ID: 1NEK. 
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(Iwata et al., 1998) and the latter usually having 3-4 (Esser et al., 2008; 

Trumpower, 1990). The minimum requirement is of three subunits (respiratory 

subunits), cytochrome b, cytochrome c1 and the Rieske Iron-Sulfur Protein 

(ISP)) to be present (Fig.1.5). 

 

 

The reaction mechanism is called the ‘Q-cycle’, where four protons are 

released into the positive phase, even though only two protons are taken from 

the negative phase (Crofts, 2004). The reaction can be split into two cycles, 

Figure 1.5 Crystallographic structure of cytochrome bc1 complex from 
photosynthetic purple bacterium, Rhodobacter sphaeroides. Shown are the three 

respiratory subunits in cartoon representation; cytochrome b (coloured in teal), ISP 
(coloured in yellow) and cytochrome c1 (coloured in pink) (Monomer of complex shown 

for clarity). Respective heme groups are shown as sticks, with iron coloured as a brown 

sphere. The 2Fe-2S cluster in ISP is shown as spheres (iron as brown spheres, 

sulphur as yellow spheres). Structure in presence of Qo site inhibitor stigmatellin 
(brown sticks) and Qi site inhibitor Antimycin A (grey sticks). PDB ID: 2QJP. 
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which focus on two quinone binding sites (Qi and Qo). First, ubiquinol and 

ubiquinone bind cytochrome b, near the heme bL (Qo site) and heme bH (Qi 

site), respectively. 2Fe-2S and heme bL accept electrons from ubiquinol, 

releasing two protons toward the periplasmic side.  One electron is passed to 

heme c and one to heme bH. Soluble cytochrome c will then accept an electron 

from the heme c in cytochrome c1 subunit and heme bH passes an electron to 

ubiquinone, forming ubisemiquinone (one electron reduced state). The first 

ubiquinol (now fully oxidised to ubiquinone) is released, whilst the 

semiquinone stays intact. A second ubiquinol binds at the Qo site and the same 

reaction occurs, which allows semiquinone to be finally fully reduced, picking 

up two protons from the cytoplasm in the process. This ubiquinol is now 

released, along with the newly formed ubiquinol (near the heme bL site) (Crofts, 

2004; Kramer et al., 2004). The ubiquinol created at the Qi site can be reused 

at the Qo site, to start the cycle again. 

 

1.1.5 Cytochrome c 
Cytochrome c in most organisms is a ~ 12 kDa freely mobile electron carrier 

protein, which harbours a type c heme that is covalently linked to the protein 

by thioether bonds mediated via cysteine residues (Harrenga et al., 2000; 

Mavridou et al., 2013), with the heme binding motif of C-X-X-C-H (Fig.1.6). 

Role of cytochrome c is to facilitate electron transfer between the bc1 complex 

and the terminal oxidase (Complex IV). Redox potentials of bacterial 

cytochrome c is usually > + 250 mV (Michel et al., 2007). Cytochrome c can 

be present within respiratory complexes/enzymes (i.e. tethered), as shown in 

the cytochrome caa3 oxidase from Thermus thermophilus (Lyons et al., 2012). 

A co-complex of cytochrome c-cytochrome c oxidase (from bovine 

mitochondria) showed cytochrome c to interact with cytochrome c oxidase via 

a few ionic interactions facilitated by a positively charged area (with previously 

speculated important lysine residues (Ferguson-Miller et al., 1978)) near the 

heme c open face (Shimada et al., 2017). A similar scenario was also found 

in the yeast equivalent co-complex crystal structure (Lange and Hunte, 2002). 
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1.1.6 Cytochrome c oxidase (Terminal Oxidase- Complex IV) 
The final stage in the redox coupling stage of the electron transport chain is 

the reduction of molecular oxygen to water, conducted by cytochrome c 

oxidase (CcO) (Koepke et al., 2009). The redox couple of O2/H2O is strongly 

oxidising, with a redox potential of + 820 mV, making oxygen an ideal terminal 

electron acceptor. The redox span between cytochrome c and O2/H2O allow 

high enough potential energy to pump protons against the chemiosmotic 

gradient. The general reaction for CcO is shown below (Blomberg and 

Siegbahn, 2014), with CcO split into three subtypes, A,B and C depending on 

the stoichiometry of proton pumping: 
𝑂+ + 4(1 + 𝑛)𝐻2 + 4𝑒4 = 2𝐻+𝑂 + 4𝑛𝐻2 

Reduction of oxygen to water by CcO, H+= proton, e-= electron. For A-type CcO, n= 
1, for B and C-type CcO, n= 0.5 

Figure 1.6 Crystallographic structure of cytochrome c552 from Paracoccus 
denitrificans. Protein molecule shown as maroon cartoon, with heme c shown as navy 

blue stick, with the binding motif residues coloured as cyan sticks. Conserved cysteines 
(covalently linked to the heme group) and histidine labelled in yellow and cyan, 

respectively. Methionine residue (maroon stick) provides the 6th ligand for the heme 

iron (brown sphere). C-terminus (COOH) and N-Terminus (NH2) labelled. PDB ID: 

1QL3. 
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A- type CcO (structure shown in Fig.1.7) pump four protons per O2, whilst B 

and C-types pump closer to ½ proton (H. Han et al., 2012) per O2. The A-type 

CcO utilise two channels for proton translocation from the cytoplasmic 

(negative phase) end, the so called the D and K- channels (Svensson-Ek et 

al., 2002; Yoshikawa et al., 2011), since these correspond to crucial amino 

acid residues (Aspartate and Lysine) at the ‘start’ of each channel. The B and 

C-type CcO however, use just one channel, a K-channel analogue. The active 

site of CcO is conserved, with a CuB and heme a3 comprising the ‘binuclear 

centre’ (discussed in ensuing chapters).  

Figure 1.7 Crystallographic structure of cytochrome c oxidase from Rhodobacter 
sphaeroides. The A-type CcO consists of four subunits (I-IV) shown in cartoon 

representation, with colour of label matching respective subunit colour. Electrons enter 
from cytochrome c (red oval) and travel via CuA (grey sphere) to the active site of heme 

a3 (salmon stick) and CuB (brown sphere), electron transfer pathway depicted by black 

dashed arrow. Protons for catalysis enter via K (red dashed arrow) and D-pathways 

(purple dashed arrow) from the cytoplasmic end and are transported to the active site to 

assist in oxygen reduction to water, with subsequent proton release to the periplasm is 
shown by green dashed arrow. PDB ID: 1M56. 
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What if an organism is deprived of oxygen as a terminal electron acceptor? 

The means of respiration under hypoxic conditions is termed anaerobic 

respiration, with the later sections discussing one such process called 

denitrification, which is part of the global nitrogen cycle and is also of 

importance in pathogenic bacteria.  

 
1.2 Global Nitrogen Cycle 
 
As mentioned previously, prokaryotes display a wide range of respiratory 

flexibility, which enables them to survive in otherwise hostile environments, 

such as hydrothermal vents (Reysenbach, 2002) (temperatures  > 85oC), 

hyper-acidic mines (Edwards, 2000) and metal rich sulphur deposits. With this 

comes an ability to use different electron accepting substrates, with the focus 

of this section on nitrogen oxides as electron accepting substrates.  

 

Nitrogen is an essential element for all life forms, with genetic material (DNA 

and RNA) and amino acids (which constitute proteins) made up with nitrogen 

atoms. Roughly 80 % of the Earths biosphere is composed of dinitrogen (N2), 

which is one of the most chemically inert molecules, due to the triple bond 

character which has a bond energy of 946 kJ mol-1. Only a select few 

microorganisms can convert nitrogen from the atmosphere into a more 

accessible form like ammonia (NH3). This process is called ‘nitrogen fixation’ 

and forms an important part of the global nitrogen cycle, whereby nitrogen 

flows through the atmosphere and various ecosystems in several forms 

(Kuypers et al., 2018) (Fig.1.8). By combining gaseous nitrogen and hydrogen 

(with the help of 16 ATP molecules), the two component enzyme nitrogenase 

(Molbydenum (Mo)-Fe type) produces ammonia using a specialised FeMo 

cofactor (FeMoCo) (Burgess and Lowe, 1996; Einsle et al., 2002). 
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Non enzymatic means of nitrogen fixation has been achieved via the industrial 

Haber-Bosch process (N2 + 3H2 = 2NH3), which is conducted at high pressure 

(15-25 MPa) and temperature (400-500oC) in the presence of an iron catalyst, 

to favour the forward reaction (i.e. NH3 production) (Appl, 2006). The Haber-

Bosch process is predicted to consume ~ 1-2 % of the worlds energy supply, 

with over 450 million tonnes of ammonia produced annually (Erisman et al., 

2008). The Earth’s relatively rapid population explosion and increased 

demand for food has placed great pressure on global agricultural land 

cultivation (Smil, 1999). The Haber-Bosch process helped to subsequently 

produce fertilizers via nitrifying bacteria (Nitrification (Beeckman et al., 2018)), 

which help produce nitrate (NO-3), a nitrogen oxide with an oxidation state of 

+5. Nitrate is highly soluble and an important component of fertilizers, 

contributing to increased agricultural efficiency. Excess levels of fertilizers can 

leach groundwater and enter marine ecosystems (e.g. coastal waters), which 

Figure 1.8 Schematic of the nitrogen cycle. Components of the nitrogen cycle are 

labelled and coloured as follows; Nitrogen (N2) fixation (teal), nitrification (red), 

denitrification (blue), assimilatory & dissimilatory NO-3 (nitrate) reduction and 
anaerobic ammonium oxidation (ANAMMOX) (orange). Nitrite (NO-2) can combine 

with ammonia (NH3) to form hydrazine (N2H4) as an intermediate to nitrogen. NH2OH= 

hydroxylamine, NO= Nitric Oxide. Numbers in parentheses indicate oxidation state of 

substrate. Figure adapted from Sparacino- Watkins et al, 2014. 
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removes a limiting factor in plant growth, with nitrogen being a limiting nutrient 

in coastal waters. This can cause ‘eutrophication’, where over-nourishment 

can promote algae to reproduce to unsustainable levels. This can stop sunlight 

reaching plants near the bottom of the water body, which causes death and 

decomposition of plant material. Dissolved oxygen levels can deplete as a 

result of this, which can cause death along the food chain (Werner, 2009; Yang 

et al., 2008). 

 

The removal of excess nitrate is clearly an important step during the nitrogen 

cycle, and the sequential reduction of the terminal electron acceptor nitrate to 

gaseous nitrogen is called ‘denitrification’ (Zumft, 1997). The process exploits 

the high redox potentials of nitrogen oxides as electron donating substrates, 

which are favoured under hypoxic environments. The next section will detail 

the macromolecular components of denitrification and how they can help 

couple reduction of substrates to the electron transport chain. 

 
1.3 Denitrification, a form of anaerobic respiration 
 
Denitrification involves four sequential reactions, catalysed by metalloproteins, 

both membrane-bound and soluble which convert NO-3 into N2, completing the 

final step of the nitrogen cycle. The steps are performed by four dedicated 

enzymes; Nitrate Reductase (NR), Nitrite Reductase (NiR), Nitric Oxide 

Reductase (NOR) and Nitrous Oxide Reductase (N2OR), shown schematically 

in Fig.1.9. As with the typical aerobic respiratory chain, additional electron 

donors/carriers come in the form of soluble proteins and/or quinone molecules. 

The complete reaction of denitrification is: 2NO-3 + 10e- + 12H+ = N2 + 6H2O. 

NR is the only denitrifying enzyme to translocate charge across the cell 

membrane, with other enzymes helping to generate a chemiosmotic gradient 

by electron acceptors. This allows electron flow from NADH/Complex I (not 

shown in Fig.1.9) to the cytochrome bc1 complex. 
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The proton motive force efficiency between denitrification and oxygen 

respiring system is strikingly different, due to the fact that less protons are 

translocated (6 H+ per 2e- versus 10 H+ per 2e-, if using NADH as an electron 

source). The discrepancy in efficiency can also be explained by a kinetic 

viewpoint. Denitrifiers would need additional enzyme complexes (on top of the 

core modules- Complex I, Complex III, Complex IV) and spatial limitations 

exist in the periplasm and cytoplasmic membrane. These may affect the rate 

of substrate conversion, with potentially larger distances between electron 

donors and acceptors. 

 

Denitrification is not an exclusively anaerobic process, with growing evidence 

that aerobic denitrification can also take place (Chen and Strous, 2013). 

Oxygen gradients can form in ecosystems and can impose a limitation on 

microbial growth. If NADH production outweighs the supply of oxygen, both 

nitrate and oxygen are co-respired, shown in Paracoccus pantotrophus 

(Ellington et al., 2002). Whilst aerobic denitrification rates were lower than 

Figure 1.9 Schematic of the denitrification pathway. Solid arrows display translocation 

of substrate or protons, as well reductive reactions conducted by the enzymes. Dashed 

arrows indicate electron transfer processes. UQ/UQH2 (Ubiquinone/Ubiquinol) resides in 

the plasma membrane (yellow rectangle). Az (Azurin) is a small copper containing 
electron carrier. 
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anaerobic denitrification rates, the use of aerobic denitrification could be as an 

auxiliary pathway to aerobic respiration. Taking into account that some 

denitrifiers are facultative anaerobes (i.e. can survive in oxygenic and hypoxic 

environments), the process of aerobic denitrification may be advantageous 

when needed. It should be noted that nitrous oxide reductase can be 

inactivated in oxygenic environments (Pomowski et al., 2011), which may 

contribute to increased levels of atmospheric nitrous oxide due to partial 

denitrification (Shapleigh, 2013).  

 

The next sub-sections will introduce the enzymes responsible for the 

denitrification process. 

 
1.3.1 Nitrate Reductase 

The reduction of nitrate (midpoint potential of + 420 mV) into nitrite (NO-3 + 

2H+ + 2e- = NO-2 + H2O) is performed by Nitrate Reductase, of which four 

classes exist; eukaryotic NR, assimilatory NR, periplasmic NR (Nap) and 

respiratory NR (Nar) (Einsle and Kroneck, 2004; Sparacino-Watkins et al., 

2014). The respiratory NR is a membrane bound heterotrimer, with a bi-heme 

membrane bound domain (NarI), NarH which contains five Fe-S clusters (x1 

3Fe-4S, x4 4Fe-4S) and the catalytic domain (NarG), containing the 

molybdenum pterin cofactor fused with guanidine dinucleotide (Mo-bisMGD) 

(Bertero et al., 2005; Coelho and Romão, 2015) (Fig1.9). Electrons are 

donated from menaquinol to the heme cofactors in NarI, with electron transfer 

down the Fe-S clusters, before nitrate reduction at the molybdenum active site. 

Since menaquinol oxidation takes place at the periplasmic side and protons 

are taken from the cytoplasm (to aid H2O formation), the reaction is considered 

electrogenic. Nitrate can’t permeate through the cell membrane and is 

transported by the Nitrite/Nitrate Exchanger (NarK/NarU), which may consume 

H+, cancelling out some of the energy transduction performed by NarGHI 

(Andrade and Einsle, 2013; Fukuda et al., 2015). A periplasmic form of NR 

exists in the form of the heterodimeric NapAB enzyme (Fig.1.10), which also 

uses a Mo-bisMGD cofactor as its catalytic site (Coelho et al., 2011). NapAB 
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does not produce a proton motive force and consumes periplasmic protons 

and may receive its electrons from NapC, a membrane bound tetraheme 

cytochrome c which oxidises menaquinol to donate electrons to NapB bi-heme 

c centre (Roldán et al., 1998).  

 
 
 
1.3.2 Nitrite Reductase 

NiRs represent an important class of proteins which catalyse the one electron 

reduction of nitrite to the toxic free radical nitric oxide (NO-2 + e-+ 2H+ = NO + 

H2O). This is the first committed step in denitrification, as the reaction is 

Figure 1.10 Structures of respiratory and periplasmic Nitrate Reductases’. 
Respiratory NR (Nar) consists of NarG, NarH and NarI, coloured in green, cyan and 

purple cartoon, respectively. Structure shown is in presence of quinol binding inhibitor 
pentachlorophenol (PCP) near distal heme (heme b (D)), depicting inhibitor ligation to 

His66 and heme propionate (shown in dashed box). Electrons from quinol oxidation 

traverse from NarI and flow down Fe-S clusters (yellow and brown spheres) in NarH, 

which then nitrate at the Mo-bisMGD (green sticks and sphere) site in NarG. Periplasmic 

NR (Nap) is a heterodimeric enzyme, which transfers electrons from NapB’s (salmon 
cartoon) heme c cofactors (salmon sticks) to the NapA (blue cartoon) Mo-bisMGD active 

site (blue sticks and yellow and green sphere). Nar PDB ID:1Y4Z, Nap PDB ID: 3ML1. 

Figure adapted from Coelho and Romão, 2015. 
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irreversible and is carried out by either homotrimeric copper containing (NirK) 

or homodimeric heme containing (NirS) enzymes (Horrell et al., 2017; Maia 

and Moura, 2014). Cu-NiRs can be divided into three classes, Class I and 

Class II are composed of three monomers (~ 37 kDa each) which house two 

domains. These hold an electron accepting Type 1 Cu (T1Cu) responsible for 

the blue (class I e.g. Alcaligenes xylosoxidans (Ax) NiR) or green (class II e.g 

Achromobacter cyloclastes NiR) colour of the enzymes and Type 2 Cu (T2Cu), 

which is the catalytic site at the intersection of adjacent monomers (Dodd et 

al., 1998) (Fig.1.11a).  

Two histidines from the same monomer and one histidine from an adjacent 

monomer coordinate the T2Cu (Adman et al., 1995). The two sites are linked 

by a Cys-His bridge to enable rapid electron transfer, which is triggered only 

when nitrite is bound to T2Cu (Leferink et al., 2011; Strange et al., 1999). The 

status of T2Cu is reported to the T1Cu via a ‘sensing loop’ originating from 

Figure 1.11 Two domain AxNiR and T1-T2Cu linkage. a) Homotrimeric AxNiR coloured 

by monomer (purple, yellow and cyan cartoon). T1Cu (brown sphere) is located within 

one monomer, whilst T2Cu (blue sphere) is located at the interface of two adjacent 
monomers, details of T1Cu-T2Cu linkage shown in dashed black box of b), b) All residues 

shown as purple and yellow sticks. Electron accepting T1Cu is ligated by four ligands, 

including Cys130.  T2Cu is ligated by three histidine’s, one of which is from the adjacent 

monomer coloured in yellow (His300). In resting state, a water (red sphere) bridges T2Cu 

and Asp92. PDB ID: 1OE1. 
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His94/Asp92 at the T2Cu site that links T1Cu site with His89. Upon nitrite 

binding, water is displaced at T2Cu site, which is relayed by His94 via Asp92 

to His89 (‘sensing loop’) which causes electron transfer from T1Cu to T2Cu to 

occur via Cys130-His129. Asp92 donates a proton to nitrite and His249 

donates the second proton to form NO (Fig.1.11b). 

 

Class III Cu-NiRs are so called ‘3-domain NiRs’, as they have an additional 

cupredoxin (T1Cu) or heme (cytochrome c) domain covalently attached to 

either the amino (N) or carboxy (C) terminus of the conserved two-domain core. 

A N-terminus fused cupredoxin NiR (Hyphomicrobium denitfricans (Hd) A3151 

NiR) revealed that the extra T1Cu was ~ 40 Å away from the catalytic T2Cu, 

a distance too far for an effective electron transfer (Nojiri et al., 2007). A C-

terminus cupredoxin fused NiR from Thermus scotoductus (which harbours 

both NirS and NirK genes) crystallographic structure showed that the fused 

cupredoxin T1Cu site was ~ 14 Å away from the core T1Cu site within the 

same subunit, fully consistent with electron-transfer distances (Opperman et 

al., 2019). A C-terminus fused cytochrome c domain NiR from Ralstonia 

picketti (Rp) was also structurally (Antonyuk et al., 2013; Dong et al., 2018) 

and biochemically (C. Han et al., 2012) characterised, showing a ~ 11 Å 

distance from the heme c to the T1Cu (Fig.1.12a) originating from the 

neighbouring monomers. Several waters were present at the interface 

between the tethered cytochrome domain and core domain (near T1Cu site), 

suggesting that water may mediate electron transfer, with Met92 and Pro139 

involved in interfacial electron transfer (Antonyuk et al., 2013). Interestingly, 

the tethered cytochrome domain in RpNiR has been shown to exhibit relatively 

slow and inefficient electron transfer rates to the T1Cu site (Hedison et al., 

2019), likely to arise from the need for the domain to find an optimal geometry 

for electron transfer (i.e. sampling of conformational space). This observation 

was consistent with small angle x-ray scattering (SAXS) data (in solution), 

showing the domain to be an average of 40 Å from the T1Cu site. 
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The two domains CuNiR’s can accept electrons from cytochromes (e.g. 

cytochrome c551 (Nojiri et al., 2009; Rinaldo et al., 2007)) or 

Figure 1.12 Examples of intra and intermolecular electron transfer routes 
amongst NiRs. a) 3-domain homotrimeric RpNiR has the two domain ‘core’ (coloured 

in grey, cyan and yellow cartoon, respectively) and a fused cytochrome (Cyt) domain 

(purple, green and brown cartoon, respectively) at its C-terminus. Cyt domain (e.g. 

purple cartoon) from same monomer (e.g. cyan core) extends to the adjacent core (e.g. 

yellow core). Heme c (purple stick) proposed to transfer electrons via water (red sphere) 
to P139 and M92, which can help reduce T1Cu (brown sphere) which reduces T2Cu 

(blue sphere), b) AxgNiR-cytochrome c551 co-complex. Cyt c551 (yellow cartoon) 

interacts with AxgNiR (green cartoon) via a hydrophobic patch near T1Cu. P88 is 

believed to accept electron from heme c (yellow stick) to reduce T1Cu via H89, and 
then T2Cu is reduced via conserved Cys-His bridge. RpNiR PDB ID: 3ZIY, AxgNiR-cyt 

c551 PDB ID: 2ZON. 
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azurins/pseudoazurins, which are single copper (T1Cu) containing soluble 

proteins, capable of donating one electron to their cognate partners (Barrett et 

al., 2004; Dodd et al., 1995). In the case of AxgNiR (A. xylosoxidans GIFU 

1051 strain), a complex with cytochrome c551 has been structurally 

characterised (Nojiri et al., 2009), offering direct comparison with RpNiR and 

Pseudoalteromonas haloplanktis NiR (akin to RpNiR, yet with a more 

extended cytochrome domain) (Tsuda et al., 2013). The heme c CBC methyl 

carbon is predicted to transfer an electron to the Cd of Pro88 (~ 4 Å distance), 

which can reduce T1Cu via His89 (Fig1.12b) with the total distance between 

heme c and T1Cu ~ 10.5 Å, a remarkably similar distance to the tethered 

cytochrome NiR (RpNiR) heme to T1Cu. 

 

Nitrite reduction is not electrogenic, as protons are taken from the periplasmic 

space, yet by utilising cytochromes and azurins for reduction, they indirectly 

contribute to respiratory electron flow. 

 
1.3.3 Nitric Oxide Reductase 

Prokaryotic NORs are transmembrane bi-heme enzymes that catalyse the 

reduction of nitric oxide to nitrous oxide (2NO + 2e- + 2H+ = N2O + H2O). They 

can be split into three distinct classes; the cytochrome c dependent NOR 

(cNOR) (Hendriks et al., 2000; Watmough et al., 2009a), quinol dependent 

NOR (qNOR (Cramm et al., 1999; De Vries et al., 2003) and the CuA NOR (Al-

Attar and De Vries, 2015; Suharti et al., 2007). These differ in their respective 

electron source and subunit composition, with cNOR comprising two subunits, 

NorC and NorB. NorC holds heme c as an electron acceptor, which donates 

electrons toward a binuclear centre of a high spin heme b3 and non-heme iron 

(FeB) housed within the catalytic subunit, NorB (Fig.1.13). qNORs receive 

electrons from quinol and are a single subunit enzyme (NorZ) and the CuA 

NOR receives electrons from a membrane bound cytochrome c551. 
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Crystallographic structures exist of both cNOR at 2.7 Å (Hino et al., 2010) and 

qNOR at 4.2 Å and 2.5 Å (Gonska et al., 2018; Matsumoto et al., 2012) 

(Fig.1.13), which show the homologous nature of the NorB subunit of cNOR 

to the C-terminus of qNOR. The most recent cNOR structure (at 2.8 Å) was 

Figure 1.13 Selected crystallographic structures of NORs. Left column, Overall 
structure of cNOR from Pseudomonas aeruginosa (PDB ID: 3O0R), coloured and labelled 

by subunit, NorC in cyan and NorB in green. Heme c and heme b/b3 coloured in cyan and 

green sticks, respectively. Bottom half shows active site of heme b3 and non-heme iron 

(red sphere), ligated by four conserved ligands shown in green sticks. Middle column, 
Overall structure of qNOR from Geobacillus stearothermophilus (PDB ID: 3AYF), 

coloured in brown. Heme b/b3 coloured in brown sticks. Bottom half shows active site of 

heme b3 and non-heme metal zinc (grey sphere), ligated by three conserved ligands 

shown in brown sticks. Right column, Overall structure of cNOR from Roseobacter 

denitrificans (PDB ID: 4XYD), coloured and labelled by subunit, NorC in purple and NorB 
in blue. Heme c and heme b/b3 coloured in purple and blue sticks, respectively. Bottom 

half shows active site of heme b3 and non-heme iron (brown sphere), ligated by four 

conserved ligands shown in blue sticks. 
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from Roseobacter denitrificans (Rd), which showed a new metal binding site 

in NorC, likely to be copper, based on other biochemical data (Crow et al., 

2016; Matsuda et al., 2002).  

 

The subunit homology of NorB of cNOR and qNOR C-terminus helps identify 

the NORs as part of the heme-copper oxidase (HCO) family of enzymes, which 

include Complex IV (Cytochrome c oxidase) (Sousa et al., 2012). More in-

depth analyses of NORs is covered in the next chapter, including details on 

electron and proton transfer, active site arrangement and substrate acquisition. 

 
1.3.4 Nitrous Oxide Reductase 

The final step in denitrification is the conversion of the nitrous oxide into 

dinitrogen (N2O + 2e- + 2H+ = N2 + H2O). Despite the reaction being exergonic 

(DG0’= -340 kJ mol-1), the dinitrogen molecule is extremely inert. N2OR is a 

homodimeric periplasmic protein (~ 130 kDa), which uses a unique copper 

centre to produce nitrogen (Einsle and Kroneck, 2004; Paraskevopoulos et al., 

2006; Pomowski et al., 2011) and requires specific chaperones (NosDFZL) for 

maturation of the enzyme (Bennett et al., 2019; Chen and Strous, 2013) 

(Fig.1.14). 

 

Figure 1.14 N2OR structure from Pseudomonas stutzeri. Homodimer coloured by 

chain (green and blue cartoon), with CuA center (circled in black) shown as dark blue 

spheres and CuZ catalytic site (circled in red) shown as yellow and brown spheres. 
Distance between CuA and CuZ of same monomer is 40 Å, whilst intramolecular sites 

lie 10 Å apart. Potassium, calcium and chloride ions shown as pink, green and grey 

spheres, respectively. PDB ID: 3SBP. 
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CuA accepts electrons from cytochrome c or pseudoazurin and donates it to 

the tetranuclear CuZ (4Cu-2S) site  (bridged with sulphur), of which an inactive 

form (CuZ*, 4Cu-S) can also exist (Johnston et al., 2014). N2OR preparations 

have produced several spectroscopically distinct forms, depending on whether 

the enzyme was isolated in aerobic or anaerobic environments (COYLE et al., 

1985). Anaerobic preparations yield a purple form of the enzyme, which are 

the most active, whilst aerobic preparations yield a pink form, resulting in 20-

40 % of specific activity of the active form (Zumft and Kroneck, 2006). It is 

believed that oxygen may displace a bridging sulphur (SZ2), causing the 

irreversible formation of the inactive CuZ* (4Cu-S) core and a reason for activity 

loss in oxic environments (Pomowski et al., 2011). The CuA and CuZ sites of 

opposing monomers are ~ 10 Å apart, much closer than the respective sites 

within the same monomer. Calcium is proposed to stabilise the CuA binding 

sites of protein, as its absence causes disorder of the encompassing region 

(Schneider and Einsle, 2016).  
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2.1 Chemical properties of Nitric Oxide 
 
Nitric Oxide (NO) is a diatomic, colourless gas which is a free radical, given 

that it has a single unpaired electron, akin to the dioxygen cation, O2+. The 

context of metal-NO complexes being described next are of heme and non-

heme iron centres. Metal (M) -NO complexes (‘nitrosyl complex’) change the 

character of NO, to either a cation (NO+) which can bind to the metal with a M-

NO angle of ~ 180o, or an anion (NO-) with M-NO bond angle of ~ 120o 

(Hoshino et al., 1999). The former of these is called the linear N-O geometry 

and the latter the bent N-O geometry, which was based on the work of 

Enemark and Feltham in 1974, which considered the number of electrons 

being donated by NO to the metal (Enemark and Feltham, 1974). 

 

NO can react with other free radicals and redox active metal centres (primarily 

iron). Despite its free radical nature, NO is relatively selective in what it binds 

to and reacts with. This can be explained by the energy barriers of the one 

electron reduction (-0.76 V) and oxidation (+1.2 V) of NO (Toledo and Augusto, 

2012). NO is a poor oxidant and reductant under physiological conditions and 

as a consequence, it can bind favourably to transition metals by spin pairing 

its unpaired electron. Whilst zinc and copper have been identified as targets 

for NO binding, the most common and prevalent target for NO binding is iron 

(Hoshino et al., 1999; Xu et al., 2010), with ferrous (Fe2+) adducts preferred 

over ferric (Fe3+). 

 

NO is reasonably soluble in aqueous solution (~ 2 mM) at atmospheric 

pressure and 10 times more soluble in hydrophobic solvents, due to its 

uncharged and almost nonpolar character (Shaw and Vosper, 1977). This 

allows NO to freely diffuse through the hydrophobic lipid bilayer in cells, which 

confers unique properties as a biological messenger (e.g. no requirement for 

specialised membrane transporters, not confined to cells which produced it 

and can diffuse easily to neighbouring cells).  

 

 



 27 

2.2 Biological roles of Nitric Oxide 
 

Before discussing the roles that NO plays in biology, the source of NO must 

be established. In mammals, the primary source of NO is from the oxidation of 

arginine by Nitric Oxide Synthases (NOS) (Alderton et al., 2001). NOS has 

three isoforms; neuronal NOS (nNOS), endothelial NOS (eNOS) and inducible 

NOS (iNOS), the former two regulated by calcium and interactions with 

calmodulin. iNOS is permanently bound to calmodulin and found in 

macrophages, producing NO in response to infectious agents (Tripathi, 2007). 

NOS is a homodimer, with a reductase domain housing Nicotinamide Adenine 

dinucleotide phosphate (NADPH), Flavin adenine dinucleotide (FAD) and 

Flavin mononucleotide (FMN), which act to reduce the catalytic heme and 

tetrahydrobiopterin (BH4) oxygenase domain.  The oxidation of arginine results 

in citrulline and NO being produced. 

 

One major role of NO is in vasodilation of blood vessels and concomitant 

lowering of blood pressure, which earned NO the status of the ‘Molecule of the 

Year’ in 1992 (Culotta and Koshland, 1992). Nitric oxide interacts with soluble 

guanylyl cyclase (sGC), to enhance the production of the secondary 

messenger, cyclic guanosine monophosphate (cGMP). cGMP can then act on 

downstream targets such as Protein Kinase G, which can cause a decrease 

in cellular calcium levels, leading to dilation of blood vessels (Blatter and Wier, 

1994; Buys and Sips, 2014; Ignarro et al., 1999). The role of NO in vasodilation 

and cardiovascular function and its importance as a signalling molecule was 

ultimately recognised in the form of the Nobel Prize in Physiology or Medicine, 

jointly awarded to Louis Ignarro, Robert F. Furchgott and Ferid Murad in 1998. 

 

The mammalian immune system utilises iNOS to produce NO upon exposure 

to various cytokines and bacterial pathogens, which have virulence markers 

such as lipopolysaccharide (LPS) (Xie et al., 1992) or lipoteichoic acid. iNOS 

is continuously active after expression and not dependent on heightened 

calcium levels, so NO production can continue for prolonged time periods 
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(Brown, 2001). NO is recognised as an antimicrobial agent at elevated levels, 

~ 10-20 µM, where it can be cytotoxic (Zumft, 1993). This is due in part to its 

properties to bind transition metals, which form the catalytic sites of respiratory 

enzymes, as well as the ability to form reactive nitrogen species (RNS) (Fang, 

2008). Mitochondrial aconitase which contains a 4Fe-4S cluster is inactivated  

upon NO treatment and a similar case was found with Complex I (Efremov et 

al., 2010) and Complex II (Succinate Dehydrogenase) (Brown, 2001). NO can 

combine with reactive oxygen species (ROS), such as superoxide (formed 

from incomplete reduction of oxygen to water) to form peroxynitrite (ONOO-), 

which can damage various respiratory complexes (I,II) (Riobó et al., 2001; 

Zhang et al., 2010), ATP synthase (Brown and Borutaite, 1999) and cause 

irreversible inhibition of complex IV (Sharpe and Cooper, 1998). Combinations 

of NO and hydrogen peroxide (H2O2, which can be produced in macrophages) 

can cause DNA strand breakage and depletion of the antioxidant glutathione, 

ultimately causing cell death (De Groote et al., 1995; Pacelli et al., 1995).  

 

What should be clear from above is that NO has a multitude of positive and 

negative effects in cellular systems, with the potential toxicity and its co-

operative action with ROS warranting regulation. As such, mechanisms have 

evolved to deal with potential nitrosative stress, namely enzymes capable of 

detoxifying NO (Zumft, 1993). The NO Dioxygenase (a flavohemoglobin) is 

capable of converting NO into NO-3, effectively detoxifying NO in the cell 

(Forrester and Foster, 2012; Gardner et al., 1998). Cytochrome c prime (c’ ) 

has been identified as a NO ‘buffer’ in the periplasmic space of denitrifying 

organisms, such as A. xylosoxidans and Ralstonia eutropha, acting to bind NO 

on the proximal face of the heme, not the distal side, as commonly found 

(Barbieri et al., 2008; Lawson et al., 2000). The absence of cytochrome c’ in 

some bacteria may be due to environments where NO concentrations are not 

potentially damaging. As mentioned previously in Chapter 1, the reduction of 

NO to N2O is part of the denitrification pathway and the presence of nitric oxide 

reductases in non-denitrifying bacteria points toward a role in NO 
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detoxification (Watmough et al., 2009b; Zumft, 1997), which is discussed in 

detail next. 

 

2.3 Structural and functional insights into Nitric Oxide 

Reductases  

 
Whilst the focus of this thesis is on transmembrane integrated NORs, a 

mention should be given to the soluble NOR, cytochrome P450NOR, from the 

denitrifying fungi Fusarium oxysporum (Daiber et al., 2005; Park et al., 1997). 

P450NOR catalyses the reduction of NO into N2O, using NADH as an electron 

donor, with a ferrous HNO intermediate formed due to hydride (H-) transfer 

from NADH to NO. A time-resolved, damage free crystal structure of NO-

bound P450NOR was obtained by Tosha and co-workers, using serial 

femtosecond XFEL crystallography, which revealed a bent Fe-N-O geometry, 

believed to stabilise the ferric complex and avoid reductive nitrosylation, 

before hydride transfer from NADH during the reaction cycle (Tosha et al., 

2017).  

Next is an introduction into the three classes of membrane integrated NORs 

which were touched upon in Chapter 1. Following this, an account is given for 

current understanding of the active site structures, mechanisms of electron, 

proton and substrate transfer and how the relationship between them leads to 

generation of the potent greenhouse gas, N2O. 

 

2.3.1 Cytochrome c dependent NOR (cNOR) 
The cytochrome c dependent NOR is found only in denitrifying organisms 

(which hold the full set of denitrification enzymes) and has so far been 

characterised from Gram-negative bacteria such as Pseudomonas 

aeruginosa (Pa) (also an opportunistic pathogen) (Arat et al., 2015; Kumita et 

al., 2004), Paracoccus denitrificans (Carr and Ferguson, 1990), Pseudomonas 

stutzeri (Zumft et al., 1994), Halomonas halodenitrificans (Sakurai et al., 2005), 

Roseobacter denitrificans (Matsuda et al., 2002) and Thermus thermophilus 

(Schurig-Briccio et al., 2013). cNORs represent the most studied group out of 
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the three classes of NORs, with the first crystallographic structure coming in 

2010 of the PacNOR (Hino et al., 2010). This revealed the architecture of the 

NorC (~ 17 kDa) and NorB (~ 50 kDa) subunits, with the latter catalytic subunit 

having twelve transmembrane helices (TM) and NorC globular domain being 

anchored in the membrane by a sole TM (Fig.1.13 in Chapter 1). Furthermore, 

cNOR involvement in respiratory denitrification is rational, since oxidised 

cytochrome c (cNORs electron donor) can be reduced by Complex III, 

enabling proton motive force and recycling of redox substrates. 

 

2.3.2 Quinol dependent Nitric Oxide Reductase (qNOR) in non-

denitrifying systems 
qNOR represents an important class of membrane integrated NOR, since they 

are mostly found in pathogenic organisms which lack the full denitrification 

apparatus, as in the Neisseria genus, with the obligate pathogen Neisseria 

gonorrhoeae (the causative agent of the sexually transmitted disease 

gonorrhoea (Barth et al., 2009)). Inactivating the denitrification pathway in N. 

gonorrhoeae led to hindrances in biofilm generation and anti-inflammatory NO 

steady state levels, leading to the conclusion that the NO reductase helps curb 

the inflammation response in hosts, prolonging survival (Cardinale and Clark, 

2005). N. meningitidis (Nm), a causative agent of bacterial meningitis, shows 

depleted survival in nasopharyngeal tissue (host environment) when NOR and 

cytochrome c’ are knocked out, with NOR conferring survival within human 

macrophages (Stevanin et al., 2005). NmqNOR has been structurally and 

biochemically characterised, showing a monomeric crystallographic structure 

and energy conserving properties (Gonska et al., 2018), which are discussed 

later. Staphylococcus aureus, known to harbour multidrug resistance (e.g. 

Methicillin resistant (MR) and Vancomycin resistant (VR) S. aureus), can 

cause skin infections and endocarditis. It was found that under anaerobic 

conditions, the clonal complex 30 strain (CC30) upregulates NOR expression, 

as well under NO exposure, which may be linked to bacteraemia and survival 

in mucosal tissue (Favazzo et al., 2019). The link between NOR presence and 

lack of other denitrifying enzymes, namely nitrous oxide reductase, point 
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toward a NO detoxification role, rather than a respiratory one in pathogens 

(Rock and Moir, 2005).  

 

2.3.3 Quinol dependent Nitric Oxide Reductase (qNOR) in denitrifying 
systems 

qNOR also forms an important part of the denitrification pathway, by reducing 

NO to N2O, utilising quinone as an electron source, allowing recycling of the 

redox substrate. Denitrifying organisms can be found in sediments of aquatic 

systems (oceans, lakes, rivers), which include hot springs and ocean thermal 

vents. The thermophilic Bacillus species have been shown to produce 

gaseous nitrogen from nitrate (Mishima et al., 2009), including certain strains 

of the related Geobacillus stearothermophilus (Gs) (Verbaendert et al., 2011), 

qNOR of one of the strains has been structurally determined as a monomer, 

albeit in an inactive form, as non-native zinc was incorporated in the active site 

during detergent exchange, displacing the native iron (Matsumoto et al., 2012). 

A. xylosoxidans (Jakobsen et al., 2013) and Ralstonia eutropha (Cramm, 

2009) are examples of terrestrial and aquatic microorganisms which contain a 

full denitrification apparatus. A. xylosoxidans is also an opportunistic pathogen 

with antimicrobial resistance (Yamamoto et al., 2012), involved in nosocomial 

infections targeting immunocompromised patients (Awadh et al., 2017). One 

specific case is that of patients with cystic fibrosis, where oxygen levels in the 

lungs can vary and microorganisms can survive under these hypoxic 

conditions, with A. xylosoxidans shown to produce N2O under anaerobic 

conditions and contribute to pathogenicity (Jakobsen et al., 2013).  

 

qNOR is present as a single subunit (NorZ), which has no cytochrome c 

subunit as it receives electrons from membrane soluble quinol derivatives, e.g. 

menaquinol, shown from qNORs isolated from Ralstonia eutropha (Cramm et 

al., 1999) and the archaea Pyrobaculum aerophilum (De Vries et al., 2003). 

qNOR (~85 kDa) has 14 TM and exhibits a similar active site arrangement to 

cNOR (discussed later), aside from the non-heme metal ligation (Fig.1.13 in 

Chapter 1).  
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2.3.4 CuA NOR 
A NOR from the Gram-positive denitrifying Bacillus azotoformans (Pichinoty 

et al., 1983) represents the third discovered class of membrane integrated 

NOR. It was found to be a two-subunit enzyme (overall molecular weight of ~ 

57 kDa) with a novel CuA site, similar to those in cytochrome c oxidase. 

Intriguingly, the enzyme showed a menaquinol dependence of activity, with 

reduced cytochrome c being ineffective as an electron donor (Strampraad and 

Schro, 2001; Suharti et al., 2007). This led to the enzyme being called a quinol-

dependent CuA NOR (qCuANOR) and was thought to be an ‘omnipotent’ 

precursor to the Heme-Copper Oxidase (HCO) family. The same authors later 

concluded that the results were artefactual, since upon retesting they found 

neither menaquinol nor ascorbate could reduce the enzyme. They postulate 

that traces of phenazine ethosulfate (a soluble, promiscuous electron donor) 

were in the assay chamber and that reduction of phenazine ethosulfate by 

ascorbate or menaquinol produced CuANOR NO reductase activity (e.g. a 

false positive) (Al-Attar and De Vries, 2015). The endogenous electron donor 

is a membrane bound cytochrome c551 which proved to reduce the enzyme, 

believed to be due to the lower redox potential (+ 143 mV) in comparison to 

the horse heart cytochrome c  (+ 243 mV) used previously (Heering and Vries, 

2004) .  

 

2.3.5 Active site and cofactor arrangement 
The metal cofactors and active site are well conserved amongst the HCO 

superfamily, which includes oxygen reducing enzymes such as cytochrome c 

oxidase and NOR. Six histidines are fully conserved across the family, with 

two histdines ligating a low spin heme (a or b) and one histidine ligating a high 

spin heme (a3  or b3) from the proximal side. The remaining three histidines 

ligate the non-heme metal, either CuB or FeB, with NORs ligating FeB (Carr and 

Ferguson, 1990; Zumft et al., 1994). In the case of CcO’s, a unique covalently 

linked histidine-tyrosine residue also ligates the non-heme metal (CuB) (Iwata 

et al., 1995; Soulimane, 2000a). Reduction takes place at the ‘binuclear centre 
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(BNC)’, composed of the high spin heme and non-heme metal, which are 

magnetically coupled (Moenne-Loccoz and de Vries, 1998) (Fig.2.1).  

 
In cNOR (a monomer), FeB is ligated by three conserved histidines and a 

glutamate residue, confirmed by X-ray crystallographic structures of the 

oxidised (resting state) and reduced state (Hino et al., 2010; Sato et al., 2014). 

The crystal structure of GsqNOR revealed an altered non-heme metal co-

ordination system, with the glutamate not ligating the non-heme metal (~ 5 Å 

away) (Matsumoto et al., 2012). The non-heme metal was ZnB, believed to 

have been incorporated during detergent exchange whilst purifying the 

Figure 2.1 Active site arrangements in CcO and NORs. a) GsqNOR (purple sticks) and 

b) PacNOR (green sticks) exhibit similar active site arrangements, aside from GsqNOR 

which has non-native Zn (grey sphere), with a water molecule (yellow sphere) bridging the 
non-heme metal and heme iron, contrasted to PacNOR which has a fourth non-heme 

metal (Fe, red sphere) ligand, a conserved glutamate (x3 His, x1 Glu), c) Rhodobacter 

sphaeroides CcO aa3 oxidase (salmon sticks) and d) Thermus thermophilus CcO ba3 

oxidase (grey sticks) have heme a3 , coupled with CuB (brown sphere), ligated by two 

histidine’s and one highly conserved covalently linked histidine-tyrosyl residue (x2 His, x1 
His-Tyr). 
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enzyme. Unfortunately, whilst this preparation yielded crystals worthy of 

determining a 2.5 Å structure, the enzyme was catalytically inert. Since Zn is 

more electron rich than Fe, the glutamate may not have been able to ligate, 

promoting dissociation. In place of glutamate ligation, a water molecule is 

nearby, which maintains the 5-coordinate state of the non-heme metal, as 

seen in cNOR. The co-ordination in NORs displays a distorted trigonal 

bipyramidal geometry, which varies from the distorted planar geometry for CuB 

in CcO (Iwata et al., 1995). 

 
Comparing the non-heme metal to heme iron distances reveals some disparity 

between NOR and CcO. In NOR, the resting state enzyme is proposed to have 

an oxo ligand bridging the two metals. cNOR and qNOR crystal structures 

revealed oxo ligand bridging, with the iron to iron distance being 3.8 Å and 4.6 

Å, respectively. Upon reduction of cNOR, the distance increase slightly to 4.2 

Å, with the addition of carbon monoxide (CO) further increasing the distance 

to 4.5 Å. Given the fact that in CcO, the non-heme metal to heme iron distance 

is 4.8 Å in the oxidised form and 5.1 Å in the reduced, the relatively constrained 

environment in NOR is surprising, since four atoms (x2 NO) need to be 

accommodated in the active site, as opposed to two in CcO (O2) (Yoshikawa 

et al., 1998). The reduced cNOR structure showed a loss of the oxo ligand, 

which was replaced by a chloride ion ligating only FeB, likely picked up from 

the crystallisation solution since both NaCl and MgCl2 were present. Evidence 

for a five-coordinate state of the heme b3 iron in the reduced state was also 

obtained using Resonance Raman spectroscopy in a separate study 

(Moenne-Loccoz and de Vries, 1998). 

 

2.3.6 Electron transfer in cNOR 

A key difference between cNOR and qNOR is the supply of electrons for the 

catalytic reduction of NO to N2O. cNOR contains a low spin heme c in the 

NorC subunit, with a redox potential of + 310 mV (Grönberg et al., 1999). This 

allows electron transfer to occur from physiological donors, such as 

cytochrome c550  and pseudoazurin, with redox potentials of +350 mV and 
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+230 mV, respectively (Berks et al., 1995). Electrons travel a distance of 20 Å 

from heme c toward heme b, which is ~ 14 Å apart from heme b3 (iron to iron 

distance) (Fig.2.2). Removal of the NorC subunit from the catalytic domain 

(NorB) led to differing spectroscopic properties compared to when complexed 

with NorB, with a reduced redox potential (+183 mV) being one major 

difference, possibly due to the increased solvent exposure (Oubrie et al., 

2002). 

 

 
2.3.7 Electron transfer in qNOR 
In contrast to the cNOR, qNOR receives its electrons from the membrane 

soluble menaquinol or ubiquinol (Fig.1.3, Chapter 1), preferred under 

anaerobic conditions as an electron donor. The quinol binding site in qNOR is 

fully conserved, with two residues contributing to binding (e.g. Asp746 and 

His328 in GsqNOR) and another helping to release protons to the periplasmic 

side upon quinol oxidation (e.g. Glu332 in GsqNOR) (Matsumoto et al., 2012). 

Figure 2.2 Electron transfer in PacNOR. Structure of PacNOR, with NorC and NorB 

subunit coloured in blue and green cartoon, respectively. Electron input is derived from 

soluble electron donors like cytochrome c551 (red oval) or pseudoazurin (PAZ, blue oval), 

which donate an electron to heme c (blue stick). Electrons are transferred to heme b and 
heme b3, with propionates bridged by a calcium ion (green sphere). 
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This was confirmed by the co-crystallisation of GsqNOR with a quinol-based 

inhibitor, (2-n-heptyl-4-hydroxylquinoline-N-oxide, HQNO), which revealed the 

quinol binding site configuration (Fig.2.3). The three amino acids 

aforementioned are not found in cNOR, indicating their role in quinol binding. 

Glu332 is thought to accept a proton from His328 and release it to the 

periplasmic side, also predicted to occur for NrfHA, a membrane bound 

cytochrome c dehydrogenase (Rodrigues et al., 2008).  

 
qNOR also contains a calcium ion bridging the low and high spin hemes. Site 

directed mutagenesis of two calcium ligands (Tyr93 and Glu429, Fig.2.3) led 

to ~ 90 % activity loss in GsqNOR and a similar phenomenon was observed 

in cNOR, across three different model systems; P. aeruginosa (Yamagiwa et 

al., 2018), P. denitrificans (Ter Beek et al., 2016) and Thermus thermophilus 

(Schurig-Briccio et al., 2013). This has been interpreted where calcium 

maintains the heme stability and facilitates electron transfer between the heme 

groups. 

Figure 2.3 Electron transfer in GsqNOR. Structure of GsqNOR (purple sticks), with 

quinol-based competitive inhibitor HQNO (green stick) bound. HQNO hydrogen bonds 
with fully conserved D746 and H328 near the periplasmic face of the membrane, with 

H328 proposed to pass a proton to E332 which releases it to the periplasmic space. 

Electrons travel 10 Å to heme b, then 14 Å to the heme b3 iron and 4.6 Å to Zn (all shown 

by dashed red lines). Calcium (green sphere) is ligated by three fully conserved residues 
shown as purple sticks, E429, Y93 and G93 (O from carbonyl). 
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2.3.8 Proton transfer in cNOR 
The supply of protons in cNOR has been determined to originate from the 

positive phase, the periplasmic space, which would indicate that the reduction 

of NO in cNOR is non-electrogenic (Berks et al., 1995; Blomberg and 

Siegbahn, 2013; Kumita et al., 2004). Analysis of the PacNOR structure led to 

a proposal of two hydrophilic channels helping to supply protons via interlinked 

water molecules, leading to the binuclear centre (Hino et al., 2010). A 

molecular dynamics (MD) simulation study served to provide more information 

about the water dynamics and identify water channels/hydrogen bonded 

networks within cNOR. The all-atom MD simulation (with cNOR embedded in 

a lipid bilayer, surrounded by solvent) located a potential third channel 

(Fig.2.4), involving conserved residues (not only in cNOR but also CcO) 

Glu135, Glu138 and Arg57, with Asn54 and Asn60 of cNOR acting as a 

potential gate to allow water molecules access into the cavity and extend 

toward Glu135 and Glu138 (Pisliakov et al., 2012). These two residues have 

been previously implicated in proton transfer via site directed mutagenesis 

experiments (Butland et al., 2001), yet since Glu135 is a calcium ligand and 

its role in active proton transfer is debatable. Glu138 mutants were inactive 

and the Glu135Asp mutants caused a shift in pKa of a nearby proton donor, 

which could be Glu138 (Flock et al., 2008b). Arg57 helps form this hydrophilic 

cavity with Glu135 and Glu138, which are conserved and show similar spatial 

locations in the microaerobic cbb3 oxidase (a C-type CcO) (Buschmann et al., 

2010), which can also catalyse NO in addition to its natural substrate oxygen. 

Given that cbb3 oxidase also utilises periplasmic protons for NO reduction, this 

pathway in cNOR may serve a similar role (Lee et al., 2011). The functionality 

of other periplasmic channels has also been tested, with Glu57 in NorC subunit 

site directed variant (Glu57Ala) showing ~ 15 % activity of wildtype and 

severely stunted bacterial growth under anaerobic conditions (Yamagiwa et 

al., 2018). 
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Closer toward the binuclear site, Thr330 and Ser277 may be involved in proton 

transfer, as bacteria also show stunted growth when the residues were 

mutated to hydrophobic residues. Water molecules between the heme b3 

propionates, FeB and His259 (FeB ligand closest to the periplasmic proton 

pathway) have been proposed to act as a protonic connection to the active 

site, with similar waters found in the T. thermophilus ba3 CcO (Tiefenbrunn et 

al., 2011). 

 

Figure 2.4 Proton pathways in PacNOR. Potential proton transfer routes are 

indicated by blue, red and black dashed arrows on the overall structure (top left), with 
the number represented by the same coloured box around the perimeter. Route 3 

identified by MD simulation as another potential route by Pisliakov et al, 2012. 

Residues shown as cyan sticks for NorC subunit and green sticks for NorB. Calcium 

shown as a green sphere, FeB shown as a red sphere. Crystallographic water 

molecules shown as yellow spheres. PDB ID: 3O0R. 
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2.3.9 Proton transfer in qNOR 
Conversely to cNOR, the protons for the reduction of NO are believed to 

originate from the negative phase, the cytoplasmic end. Despite the similarities 

in structure, qNOR has no periplasmic proton pathways, with polar residues 

replaced with hydrophobic ones. One striking difference is the presence of a 

hydrophilic channel, lined with several waters leading from the cytoplasm to 

the active site (Matsumoto et al., 2012) (Fig.2.5). 

The location of the channel was similar to the K-Pathway found in cytochrome 

c oxidases’, including the aforementioned C-type cbb3 oxidase (Lee et al., 

2012a; Sharma et al., 2012). Despite the incorporation of zinc in the 

crystallisation preparation (switched from n-dodecyl-b-maltoside to b-octyl 

glucoside), mutagenesis on GsqNOR with reduced zinc content (~30:70 ratio 

Zn/Fe) revealed the critical role of conserved glutamates, namely Glu512 and 

Glu581 (analogous to Glu211 and Glu280 in PacNOR), with alanine variants 

abolishing steady state activity (Matsumoto et al., 2012). Lys597 was 

proposed to form a salt bridge with Glu281 based off the structural analysis, 

and Lys597Ala mutants were also inactive, whilst Glu281Ala variants couldn’t 

be expressed. An all-atom MD simulation was carried out to assess proposed 

proton transfer pathways within GsqNOR showed a continuous distribution of 

Figure 2.5 Putative proton transfer pathway in GsqNOR. Proposed entry point is 
E281 and K597 salt bridge, with water molecules (yellow spheres) lining the channel 
toward the active site. E512 is not ligating Zn, instead a water molecule takes its place. 
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water molecules from the cytoplasmic end to the active site. The hydrogen 

bonds between the water molecules were forming and breaking on a 100 

picosecond (1x 10-12 second) time scale, indicative of a dynamic hydrogen 

bonded water chain (Olkhova et al., 2004). After 75 ns MD simulation had 

passed, Glu512 was shown to ligate Zn and the structural re-arrangement 

could be facilitated by a conserved glycine downstream of Glu512, which could 

induce further flexibility of Glu512 (Matsumoto et al., 2012). 

 

The implications of cytoplasmic derived protons would lead to the suggestion 

that qNORs are in fact electrogenic enzymes, as oxidation of quinol, which 

releases two protons to the periplasm, and proton uptake from the negative 

phase leads to contribution to a proton motive force. Further investigations 

were carried out using the qNOR from N. meningitidis (since active forms could 

be obtained) to probe proton transfer mechanics and elucidate if qNOR was 

indeed electrogenic. As such, liposome reconstituted qNOR was tested for 

observation of a respiratory control ratio (RCR), in the presence (uncoupled) 

or absence (coupled) of uncoupling agents, such as carbonyl cyanide m-

chlorophenyl hydrazine (CCCP) or Valinomycin, which can cause membrane 

permeability, dissipating the proton motive force. NmqNOR in liposomes was 

found to have a RCR of 2, indicative of an electrogenic reaction (Gonska et 

al., 2018). The same was done for Paracoccus denitrificans cNOR as a control, 

and the RCR was 0.7. It is likely that a proton-chemical gradient is built up 

during NO reduction. A similar finding was observed in the CuANOR, which 

receives electrons from a membrane bound cytochrome c, with the enzyme 

likely using a K-pathway analogue, akin to that in T. thermophilus ba3 (Al-Attar 

and De Vries, 2015). 

 

Further mutational analysis found that Glu498Ala caused ~ 90 % loss of 

activity in NmqNOR, a more drastic effect compared to the cNOR equivalent 

of Glu215 (~ 60 % loss). Mutations further down the channel (toward the 

cytoplasmic end) didn’t cause activity changes, with residues in this region 

generally showing weaker conservation amongst qNORs. A structural-
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functional analysis into NmqNOR was hampered by the relatively limited 

resolution of the crystal structure (~ 5 Å), which only permitted helix modelling 

into the electron density map (Gonska et al., 2018). 

 

Despite both cNOR and qNOR catalysing the same reaction, the lack of 

electrogenicity in cNOR has been subject to investigation. Even though the 

reaction is exergonic, the re-reduction of the enzyme is deemed to be 

endergonic and a rate limiting step. If cNOR was electrogenic, then it is thought 

that re-reduction would become even more endergonic, possibly slowing down 

reaction rates (Blomberg and Siegbahn, 2013). In the case of qNOR, however, 

the quinol binding site is located at a similar level to heme b (adjacent to one 

another) and since menaquinone has a lower redox potential (- 80 mV) than 

cytochrome c, the electron transfer can occur perpendicular to the gradient (i.e. 

no extra energetic cost is paid). Coupled to the release of protons to the 

periplasmic side upon quinol oxidation, this amounts to similar cost of moving 

electrons from the periplasm to the active site (as done in cNOR). Coupling 

proton uptake from the negative phase (cytoplasm) and protons leaving from 

the positive phase (periplasm) basically equates to moving charges across the 

membrane and against a chemical gradient (Blomberg and Siegbahn, 2013). 

These findings help redefine the role of qNOR in energy conservation in 

denitrification, since NiR and N2OR do not directly contribute to energy 

conservation. 

 

2.3.10 Generation of N2O by NORs 
The reaction mechanism of NOR, where two NO molecules are combined with 

two protons and electrons to form nitrous oxide is still under debate, with 

contributors fielding several potential mechanisms. These depend on how NO 

binds to the binuclear centre either to FeB alone (cis-FeB), heme b3 alone (cis-

heme b3) or to both metals (trans) (Fig.2.6). It should be noted, all studies have 

thus far used cNOR as a model for quantum mechanics calculations and 

experimental work (spectroscopy). One unifying feature is that N-N bond 
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formation must take place. At the resting state (fully oxidised) of NOR a µ-oxo 

ligand acts to bridge the FeB and heme b3 iron (Moënne-Loccoz et al., 2000).  

 

The trans mechanism, by which both NO molecules bind to both metal centers, 

has been proposed by Kumita and coworkers, on the basis of freeze quench 

Electron Paramagnetic Resonance (EPR) study. This reported to find both 

heme b3-nitrosyl and FeB-nitrosyl species within a single turnover event 

(Kumita et al., 2004). This has been used to piece together the structural 

information available on PacNOR, with the CO bound adduct crystal structure 

showing occupation of both irons (Sato et al., 2014). This was also shown with 

Fourier Transform Infrared (FTIR) spectroscopy of the CuANOR (Lu et al., 

2004). One contentious point with the trans mechanism is the presence of two 

dinitrosyl species would result in so called antiferromagnetic coupling, which 

leads to an EPR silent signal, which may in turn mean the sample itself is of 

mixed species (i.e. irons not simultaneously occupied) (Moënne-Loccoz, 

2007).  

 

The cis-FeB mechanism is believed to occur due to the unfavourable 

energetics of a ferrous heme NO complex. The heme b3 redox potential is 

surprisingly low (+ 60 mV), leaving a roughly 200 mV gap between itself and 

heme b. It was proposed that reduction of FeB occurs first, before heme b3, 

leaving a semi reduced state of the BN. Proponents of the cis-FeB argue that 

the six co-ordinate heme b3 (ferrous form) may weaken any affinity for NO and 

promote binding of NO solely to the FeB site, since a ferrous heme-NO 

complex forms a potential dead-end product (Cordas et al., 2013; Timóteo et 

al., 2011). Another factor could be the steric constraints of the FeB co-

ordination sphere, which may hinder dinitrosylation (Kurtz, Jr., 2007).  

Additionally, many studies have shown that the heme b3 is involved in ligating 

NO during turnover, which would rule out cis-FeB mechanism (Kahle et al., 

2019; Kapetanaki et al., 2008; Kumita et al., 2004; Pinakoulaki and Varotsis, 

2008; Sakurai et al., 2005). 
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Figure 2.6 Proposed scheme of NO reduction in cNOR. (1) FeB (ligated by 4 ligands 

(glutamate (E) and three histidines (H) is reduced first based on redox potentials, with 
NO molecules binding (2) either to both irons (trans), FeB (cis-FeB) or heme b3 (cis-heme 

b3). (3) If going by the trans mechanism, the heme b3 is reduced next, (4) protons 

facilitate N=N bond formation, whilst electrons are donated to the NO molecules from 

the iron centres. N2O and H2O leave as products, leaving an oxo ligand bridging the 

irons. 
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The cis-heme b3 mechanism draws support due to calculated energetics from  

density functional theory (DFT), which propose that the reaction intermediates 

of a cis-heme b3 mechanism are more favourable, whereby the hyponitrite (O-

N=N-O-) oxygens bind FeB and the nitrogens bind the heme b3. Blomberg et 

al  suggest that a trans mechanism, where both nitrogens bind the iron ions 

would be prohibitively high in energy, leading to a slower reaction (Blomberg 

and Ädelroth, 2017; Blomberg and Siegbahn, 2012), ruling out the trans 

mechanism. Cytochrome P450NOR however operates using the cis-heme b3 

system, where it reduces NO in a six co-ordinated ferric heme nitrosyl complex 

(Obayashi et al., 1998). 

 

The FeB co-ordination sphere is also subject to investigation, as structural 

details of PacNOR in oxidised, reduced and CO-bound forms all show Glu211 

ligating FeB, implying that glutamate continually ligates the iron. The structural 

rearrangement of the active site to increase iron-iron distance is proposed to 

occur, but no NO bound crystallographic structures of membrane integrated 

NOR are currently available to see whether this is true. 

 

The four-electron oxygen reduction mechanism in CcO relies on several 

intermediate steps involving heme a3 (analogous to heme b3 of NOR), CuB 

(analogous to FeB) and a covalent tyrosine-histidine residue. It begins in the 

reduced (R) state, with the heme a3 and CuB being in ferrous and cuprous 

states, respectively (Fig.2.7). Here, the heme can bind ligands, such as O2, 

which causes a high to low spin transition of the heme a3 iron (Ferguson-Miller 

and Babcock, 1996). O2 binds to the heme iron, seemingly when the CuB is 

reduced (Lindsay and Wilson, 1974). O2 ‘end-on’ binding forms the adduct (A) 

state of the catalytic cycle (Kitagawa and Ogura, 2007). The P state has two 

forms, PM and PR. The PM state is formed by oxidation of the electron accepting 

CuA and heme a centres (forming a mixed valence state- hence ‘M’). O-O bond 

splitting occurs via ferrous to ferryl (Fe4+) transition, cuprous to cupric (Cu1+) 

transition and oxidising the covalently bound tyrosine to a neutral tyrosyl 

radical. The PR state is formed when the enzyme is fully reduced (i.e. CuA and 
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heme a are reduced, upon O2 binding to heme a3). The structure of the PR 

state is Fe (IV)= O2- Cu(II)-OH- Tyr-O- (Rich, 1995). The F (ferryl) state is 

formed by protonation of the PR state, which allows H2O formation.  The ferryl 

heme is reduced to ferric heme in the transition from the F state to OH state. 

Further electron and proton input cause the release of H2O and reduction of 

cuprous CuB to the cupric form, with reformation of the tyrosyl hydroxyl radical 

(EH state). A final electron and proton input cause water loss and ferrous heme 

a3 to form, reinstating the reduced state (R) (Wikström et al., 2018). 

 

 

Figure 2.7 Proposed scheme of O2 reduction in CcO. The fully reduced state (R) can 
bind O2 via the heme a3 iron. O-O bond scission is aided by ferrous (Fe(II)) to ferryl 

(FeIV)) heme iron transition, cuprous (Cu(i)) to cupric (Cu(II)) transition and oxidation of 

the tyrosine residue (Tyr), to form the PM state. During PM to F state transition, protons 

are pumped across the membrane (H+ P, dashed red arrow). F to OH transition causes 

ferryl to ferric iron transition. H2O leaves during OH to EH transition, which causes 
Cuprous copper to reform. A final electron and proton input reforms the tyrosine hydroxyl 

and ferrous heme iron. Scheme adapted from Wikstrom et al, 2018. 
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2.4 N2O and its pivotal role in global warming 
 
The Earth’s atmosphere (more precisely the stratosphere) is protected by 

Ozone (O3), which helps to absorb the majority of the Sun’s harmful ultraviolet 

(UV) radiation. Whilst greenhouse gases are important to maintain a life 

sustaining environment on Earth, excessive emissions caused by 

anthropogenic means such as combustion of fossil fuels, deforestation and 

increased horticultural (livestock) and agricultural production to feed an 

expanding population has led to global warming in the past 150 years (Mora 

et al., 2013). The warming of oceans has led to significant ice cap melting in 

the Earths poles and fluctuating seasonal weather events (which can affect 

crop yields), has knock-on effects to terrestrial and marine ecosystems, 

including rising sea levels which put low lying territories at risk of catastrophic 

flooding (Mengel et al., 2016). 

 

Whilst carbon dioxide (from combustion of fossil fuels) and methane (produced 

by livestock during enteric fermentation of foodstuff) are recognised as 

damaging greenhouse gases, N2O is regarded as one of the major causes of 

ozone layer destruction (Ravishankara et al., 2009). N2O contributes ~ 0.03 % 

of total greenhouse gases, yet, it's ~ 300x more potent than carbon dioxide, 

due to its global warming potential (i.e. longer half-life of ~ 114 years). With 

increased nitrogen fertilizer use, the incomplete denitrification pathway can 

lead to release of N2O into the atmosphere, with fungi known to harbour no 

nitrous oxide reductase and some bacteria which are only partial denitrifiers, 

both culminating in increased N2O leakage (Maeda et al., 2015; Shapleigh, 

2013). N2O can react with O3 to form nitrite and O2, and has been in the 

spotlight, taking over hydrochlorofluorocarbons (HCFC’s), which were in air 

conditioning and refrigeration, as one of the main ozone depleting substances 

(Ravishankara et al., 2009). It is unfortunate that the Montreal Protocol, a 

treaty signed by countries in 1987 to reduce ozone depleting substance 

production, overlooked N2O and that its impact will likely strengthen over the 

years. This was corrected in the Kyoto Protocol signed in 1997, but support to 

it has been recently waning due to changing political landscapes. 
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2.5 Evolutionary Difference of NORs from CcO 
 
The HCO can be split into either the oxygen respiring CcOs or the related 

NORs. CcO’s are further divided into three subtypes, A, B and C-type CcOs 

(Sousa et al., 2012). From a phylogenetic perspective, these can be split into 

distinct clades, as shown by Gribaldo and coworkers (Gribaldo et al., 2009) 

(Fig.2.8). 

 
 

 

 

 

The distribution of the HCO enzymes is somewhat murky across bacterial and 

archaeal lineages, which means that finding the common ancestor or root 

enzyme is not trivial. It was once thought that the A-type CcO was a root 

enzyme, but, delving into the palaeogeochemical conditions of an early Earth 

(~ 3 billion years ago) provided a different insight. The Last Universal Common 

Ancestor (LUCA) is believed to have lived in conditions predating oxygenic 

photosynthesis/the oxidation event. This led to the possibility that the low 

oxygen conditions and limited bioavailability of copper (present in CcO) in 

reducing conditions may have allowed a NOR to be a progenitor (Nitschke et 

al., 2013). Nitrogen oxide levels would have promoted by volcanic eruptions 

Figure 2.8 Unrooted phylogenetic tree of HCO’s. Arrow indicates a potential rooting 

position which stems from NOR, O2-Red refers to CcO. Figure taken from Gribaldo et al, 
2009. 
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and thunderstorms, whereby dinitrogen and oxygen are combined utilising the 

energy of such events (Schoepp-Cothenet et al., 2013). 

 

The A-type CcO may have existed in an oxygen-rich environmental pocket, 

which is consistent with the affinity of A-type CcO for O2 being lowest out of 

the three types. Horizontal gene transfer events between bacteria could have 

led to higher affinity subtypes. NOR, specifically qNOR, could have evolved 

first  based on the fact that a cytochrome c containing enzyme may have been 

hard to come by at first, given the need for complex heme c maturation 

systems. 

 

2.6 Structural Conservation across CcO and NOR 

 

Alongside phylogenetic evidence, the increasing structural knowledge has 

helped piece together the possible conversions between NOR and CcO. The 

location of heme groups and metal cofactors is relatively well conserved 

amongst NOR and CcO (Fig.2.9), with subunit I of Rhodobacter sphaeroides 

aa3 is analogous to NorB subunit of cNOR. This catalytic domain of A-type 

CcO is well conserved in NOR, with the major difference in electron input, with 

the binuclear copper (CuA) residing where heme c resides in NorC. A and B-

type CcOs lack the bridging calcium ion between the heme propionates, whilst 

in the microaerobic cbb3 oxidases, the calcium is retained (Buschmann et al., 

2010; Ouyang et al., 2012), which is essential for activity in NOR as well 

(Matsumoto et al., 2012; Ter Beek et al., 2016).  
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Comparing the Pseudomonas stutzeri cbb3 oxidase with NOR structures 

reveal that cNOR may have been the template for cbb3 oxidase, with the 

cytochrome c fold in subunit O similar to NorC (Fig.2.10). Subunit N (12 TMH) 

Figure 2.9 Structural comparison between A-type CcO and NORs. Rhodobacter 

sphaeroides aa3  (R.s CcO) catalytic subunit (Subunit I, salmon cartoon) compared to a) 
PacNOR NorB (green cartoon) and NorC (cyan cartoon) subunits and b) GsqNOR NorZ 

(purple cartoon). Electron accepting cofactors of R.s CcO is dinuclear copper (CuA, blue 

spheres), which is in similar location to electron accepting heme c of cNOR. High spin 

heme b3 replaced with heme a3 in CcO, with Cu (brown sphere) occupying active site, 
unlike in NOR, whereby Fe (red sphere) resides (GsqNOR has non-native zinc (grey 

sphere) occupying active site). Mg (purple sphere) is ligated by Sub’I and Subunit II (not 

shown) of R.s CcO. 
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has 24 % and 27 % sequence identity to NorB (12 TMH) and NorZ (14 TMH), 

respectively. 

The proton pathways also have similarity between CcO and qNOR. A-type 

CcO harbours two channels from the cytoplasm, the D and K-pathways, whilst 

B and C-type use a K-pathway analogue (Lee et al., 2012b; Sharma et al., 

Figure 2.10 Structural comparison of a C-type CcO with NORs. Pseudomonas 

stutzeri cbb3 (PDB ID:3MK7) subunit N (Sub’N, gold cartoon) and subunit O (Sub’ O, pink 

cartoon) compared to a) PacNOR NorB (green cartoon) and NorC (cyan cartoon) 

subunits and b) GsqNOR NorZ (purple cartoon). Sub’ N and Sub’O are homologous to 
NorB and NorC of PacNOR, with electron accepting heme c’s (cyan and pink sticks) in 

an identical position. Calcium (green spheres), heme b and heme b3 locations are similar 

amongst cbb3 oxidase of NORs. As with all CcO, Cu (brown sphere) occupies active site, 

not Fe (red sphere) like in NORs (or non-native zinc (grey sphere) found in GsqNOR).  
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2012; Soulimane, 2000b). The K-pathways of CcO overlap with qNOR’s 

proposed proton transfer channel, providing some evidence that proton 

pumping may have originated from qNOR (Fig.2.11).  

 

 

 

Considering that CcO can also convert NO to N2O and that NOR can 

reduce oxygen (Lee et al., 2011; Salomonsson et al., 2012), the 

interconversion of these enzymes is plausible with the evolutionarily 

landscape and structural data available on the two sets of enzymes. cNOR 

from P. denitrificans has been shown to reduce oxygen (~ 2 e-/s-1) with a 

Km for O2 = 0.9 mM, compared to a Km for NO (natural substrate)= 0.25 

mM (Fujiwara and Fukumori, 1996). NmqNOR also shows a similar oxygen 

Figure 2.11 Comparison of proton conducting K-pathway in cbb3 oxidase and 
its analogue in qNOR. Overall structure of catalytic Subunit N of cbb3 oxidase (gold 

cartoon) aligned to GsqNOR NorZ (purple cartoon), on the left with black star 

indicating the rough position of proposed proton entry site of GsqNOR. Hydrophilic 

channel of GsqNOR and Subunit N of cbb3 oxidase on the right (after 90o rotation), 
with residues depicted as purple and gold sticks. Thicker gold sticks (S240, N289, 

Y223, H243, Y317 and T215) are critical to activity of cbb3 oxidase. K597 of GsqNOR 

is believed to be proton entry point by way of interaction with E281. p denotes peroxide 

ligand (pink spheres) ligated to heme b3 of cbb3 oxidase. 
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reduction capacity (Salomonsson et al., 2012). O2 does not inactivate 

NORs, and mutational analyses of P. denitrificans cNOR (Glu125Ala, 

Glu202Ala and Glu198Ala) showed effects on both NO and O2 reduction 

(Thorndycroft et al., 2007).  

One possible reason for the differences in oxygen reduction in NORs is the 

non-heme metal present in the binuclear centre. An engineered myoglobin 

mimicking the cNOR active site (non-heme FeB with 3-histidine and 

glutamate ligands) was purified without the non-heme metal and had CuI 

or FeII titrated into the enzyme. Oxygen reduction was almost double with 

CuI present and the redox potential of the Cu ion was ~ 387 mV, compared 

to 259 mV for Fe (Bhagi-Damodaran et al., 2017). This is comparable to 

CcO and NOR measurements of non-heme metal redox potentials. The 

increased redox potential of Cu provides a higher driving force for electron 

transfer to O2. The increased O2 activation with CuII could be attributed to 

the d-electron configuration (d9), compared to FeIII (d6). CuII can push more 

d-electron density toward O2 for O-O bond activation. 
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3.1 X-ray Crystallography 
 
3.1.1 X-ray Sources 

X-rays are a form of electromagnetic radiation, discovered by Wilhelm 

Röntgen in 1895. They have a wavelength (l) in the range of 0.01 nm – 10 

nm, equating to 0.1 Å – 100 Å. X-rays can be divided into the ‘soft’ and ‘hard’ 

energy regimes. Hard X-rays have properties that allow them to pass through 

Beryllium windows and are used in air due to their penetrating ability, i.e. 

transmission loss is minimal. It covers a range between 4- 100 keV (0.3- 0.01 

nm) and due to their penetrating ability, have found applications in medical 

settings (e.g. radiography, Computational tomography scans (CT)). A key 

characteristic of hard X-rays is their wavelength and the fact that is on the 

same scale as the dimensions of atoms (~ 0.2 nm). Before explaining the 

potential uses, I would first introduce how X-rays are generated. 

 

Traditionally, an X-ray tube (in vacuum) (the early renditions were called 

Crookes tubes) was used to generate X-rays by conversion of electrical power 

into high energy X-rays. This worked by heating a cathode (Crookes tubes 

were ‘cold’, meaning no heating of a cathode took place) to generate electrons, 

which are accelerated toward an anode, often a metal target, such as copper 

or tungsten. The collision of electrons with the anode causes a release of a 

continuous spectrum of X-ray radiation. X-rays of a certain wavelength get 

generated when the electrons hitting the anode knock off an electron from the 

inner shell of the anode material, causing a higher energy shell electron to fill 

the gap, resulting in X-ray emission (photons). Since the anode is stationary, 

a large amount of heat is produced on one focal point, which can cause wear 

of the anode over time. A rotating anode helps spread the electron beam over 

a larger area of the anode, allowing higher intensity of emitted radiation 

coupled with less damage to the anode. This method of X-ray generation, 

whilst relatively accessible is not as energy efficient or intense compared to X-

rays emitted from synchrotron radiation. 
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Synchrotron radiation is produced by injecting electrons at relativistic speeds 

(speed of light) into a storage ring, where magnets are used to bend the 

trajectory of the electrons, causing release of electromagnetic radiation in a 

continuous spectrum (including X-rays). The storage ring circulates the 

electrons, and these can get fed towards bending magnets, wigglers and 

undulators (Fig.3.1), the latter two being called insertion devices. Bending 

magnets purpose is to bend electrons to keep them on the circular trajectory, 

causing electrons to emit a spray of X-rays tangentially to the plane of the 

electron beam trajectory. Radiation from electrons in bending magnets is 

usually less focussed and intense compared to those from electron bunches 

in insertion devices. Undulators consist of an array of dipole magnets in a 

straight line, which forces the electron in a sinusoidal path, causing an 

‘undulation’ of the electrons. Radiation emitted from each bend overlaps and 

interferes constructively, allowing a more focussed and intense beam to be 

created. X-rays can be selected from the synchrotron white light (all 

wavelengths are present, hence called white light source, like the sun) by way 

of a monochromator (‘one colour’), which can filter out wavelengths which 

aren’t required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Basic layout of a synchrotron radiation source. Electrons are injected 

into a booster ring by an injection system (often called a Linac (linear accelerator)). The 
booster ring (also called a booster synchrotron) accelerates electrons up to relativistic 

speeds and only operates a few times a day (i.e. injecting electrons into the storage 

ring). The storage ring circulates electrons (orange circles) and pass them through 

different magnet systems, based on dipole magnets (blue and red squares). Synchrotron 

radiation is produced (green tube) and fed to experimental beamlines for users to utilise 
how they wish. 
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Synchrotron facilities can be vast science infra-structures providing many 

instruments with a multitude of uses including materials science, archaeology, 

high energy physics, X-ray imaging and infrared spectroscopy. Synchrotrons 

are found on each continent (aside from Africa and Antarctica), with around 

60 storage-ring based synchrotron radiation sources operating around the 

globe. Towards the end of the last century, synchrotrons grew larger and more 

powerful to deal with user demands for energetic intense X-ray beams 

including ESRF in Grenoble, Advanced Photon source in Chicago and the 

largest with the highest energy, Super Photon Ring -8 GeV (SPring-8) in Japan. 

With the advancement of technology, particularly in-vacuum undulators and 

Radio frequency (RF) cavities, similar brilliances have been achieved on much 

smaller sources, such as DIAMOND (Oxfordshire), SOLEIL (Paris) and NSLS 

II (New York). More recently new lattice design with increased focussing 

magnets have led to the realisation of ‘electron-diffraction limited sources’ in 

Sweden with MAX IV (Eriksson et al., 2014)  and Brazil (SIRIUS) with an 

electron energy of 3 GeV and circumference of ~ 500 m (Liu et al., 2019). 

  

Another source of X-rays comes from an X-ray free electron laser (XFEL), 

which produces highly intense bursts of photons, which last for a matter for 

femtoseconds (10-15 seconds). Several hard X-ray XFEL facilities are 

operational, including the European XFEL (Germany), Linac Coherent Light 

Source (U.S.A) and SPring-8 Compact LAser (SACLA). These generate X-

rays by the method of self-amplified spontaneous emission (SASE) (Emma et 

al., 2010). Electrons are initially accelerated by a Linac (linear accelerator) to 

bring them up to relativistic speeds. These are injected into a long (>100 m) 

undulator array, which helps emit X-ray radiation (photons). X-ray radiation 

interacts with the electrons in an amplifying way. Since X-ray radiation is 

travelling quicker than the undulating electrons, X-rays overtake these 

electrons and can interact with electrons upstream, causing them to gain or 

lose energy, depending on the phase of the electrons relative to the photon. 

As such, quicker electrons (higher energy) catch up to slower ones, the 
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electrons begin to bunch together (microbunching) and emit light in sync with 

one another (Kim, 2007), a ‘self-amplified emission’ of photons (Fig.3.2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These intense bursts of light are over 10 orders of magnitude times more 

‘brilliant’ and also exhibit coherence (Geloni et al., 2017) (Fig.3.3). The advent 

of this technology allows users to probe structures and dynamics on the 

femtosecond time scale, allowing visualisation of chemical dynamics, which 

are discussed later. XFEL differs from storage ring in a fundamental way that 

each pulse of X-rays originates from a different bunch of electrons, whereas 

in storage ring stored electrons can last for over 24 hours giving stable 

intensity in X-ray beam. 

 

One exploitation of high energy, intense X-rays is that of X-ray crystallography, 

which can determine the positions of atoms of a structure, be it relatively small 

molecules (e.g. catalysts, pharmaceutical agents) or a large, complex system, 

such as the ribosome, responsible for protein synthesis in all living cells. To 

Figure 3.2 Schematic of producing a XFEL. Electrons are injected into a linac, which 

accelerates the electrons to relativistic speeds. These are fed into a long undulator, 

causing transverse electron movement and emittance of X-ray radiation. Electrons 

eventually bunch together (red lines) further down the undulator, causing the bunches to 

emit radiation in sync with each other (SASE process). The electrons are dumped near 
the end, allowing the short, intense pulses of X-ray laser (purple lines) to travel onwards 

toward experimental hutches. 
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carry this out, crystals of the target need to be produced, the methods of which 

are described next. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
3.1.2 Protein Crystallisation 

The most common method to crystallise a protein molecule is by mixing an 

aqueous solution of homogenous protein solution with a precipitating agent 

and equilibrating it against bigger volume of reservoir solution with 

precipitating agents. These typically include salts (e.g. Ammonium Sulfate 

(NH4SO4) or polyalcohol’s, like glycerol or polyethylene glycol (PEG) of varying 

molecular weights. The removal of water from the solution causes the 

concentration of protein to increase, and precipitation of the protein occurs. In 

ideal conditions, small nuclei of ordered, crystalline material can form, which 

promotes the layering and stacking of protein molecules to create a protein 

crystal, usually, but not exclusively in 3-D (McPherson and Gavira, 2014). This 

method of crystallisation is called ‘vapour diffusion’ and is represented by two 

major techniques; sitting drop and hanging drop vapour diffusion (Fig.3.4). 

 

Figure 3.3 Comparison of light source brilliance. Graph depicts the increased 
brilliance (units are photons/s-1/mrad2/mm2) of XFELs (e.g. FLASH, SACLA, LCLS) 

compared to synchrotron radiation sources (e.g. ESRF, SPring-8, APS). Figure adapted 

from Geloni et al, 2017. 
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The vapour diffusion method has been the go-to method in protein 

crystallography, owing to its accessibility and relatively cheap equipment 

needed. Both soluble and membrane bound proteins can be crystallised in this 

manner, with screening of conditions taking place in high throughput manners, 

such as 96 well screening plates, with the assistance of crystallisation robots, 

which use ~ 10 µL protein (in a typical setup) to screen against 96 unique 

conditions.  

 

3.1.3 Membrane Protein Crystallisation 
Membrane protein crystallography is often (traditionally) regarded to be more 

difficult, owing to the nature of the samples. Often detergent is used to 

solubilise the protein out of the native membrane, which keeps it soluble in 

aqueous solutions. Yet, this can cause loss of native lipids, which are known 

to be critical for function and stability in some protein complexes. Depending 

Figure 3.4 Vapour diffusion crystallisation setup. a) Hanging drop setup, which 

involves hanging the crystallisation drop (protein with reservoir solution) over a reservoir 

solution of just reservoir, using a siliconized coverslip, which seals the well from the 
atmosphere (sealed with vacuum grease), b) sitting drop setup, where the crystallisation 

drop is not directly over the reservoir solution. Water (H2O) exchange (dashed black 
arrow) occurs from the crystallisation drop to the reservoir solution (dehydration). 
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on the detergent used, a large micelle can surround the protein, which 

although useful, can hinder tight protein-protein crystallisation contacts (Privé, 

2007). Different solubilising agents, based on polymers of styrene maleic acid 

(SMA) have been gaining prominence, since they do not strip off native lipids 

and offer solubility in aqueous solutions (Jonas M Dörr et al., 2016). Whilst 

their use has been primarily in cryo-Electron Microscopy (in terms of structure 

determination) (Parmar et al., 2018; Postis et al., 2015; Qiu et al., 2018), it can 

also be exploited for crystallographic purposes (Broecker et al., 2017).  

 

A revolutionary technique to crystallise membrane proteins in a native lipid 

environment emerged in the 1990s’, by which a protein solution is 

mechanically mixed with a molten lipid solution to reconstitute the protein into 

the lipid, at a ratio which helps form a lipidic cubic phase (LCP) (Landau and 

Rosenbusch, 1996). The cubic phase is bi-continuous, so the aqueous and 

bilayer are continuous in all dimensions. Protein molecules can freely diffuse 

and upon addition of precipitant (sealed in a glass sandwich plate) to the LCP-

protein mixture, which can cause local changes in the phase property. This 

can induce nucleation and proteins can diffuse from the LCP bulk phase and 

into the growing crystal in a sheet like domain, through ‘portals’ that connect 

the two phases. Importantly, the protein is surrounded by lipid and additives 

(e.g. cholesterol), if necessary, at all times. This technique has been prolifically 

used in G-protein coupled receptor (GPCR) structure determination and is a 

mainstay in the field (Yin et al., 2014). Difficulties can arise in sample 

dispensing and crystal harvesting from glass crystallisation plates, though 

more convenient plates have recently been designed to facilitate crystal 

harvesting.  

 

It is also worth mentioning the use of lipidic bicelle systems to crystallise 

membrane proteins. Bicelles behave as a halfway house between LCP 

crystallisation and standard vapour diffusion techniques (Ujwal and Bowie, 

2011). Bicelles are formed by mixing an amphiphile (e.g. detergent or short 

chain lipid) with a long chain phospholipid, essentially mixing micelle and 
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bilayer structures together. These form a disc shaped aggregate, the central 

portion of which is phospholipid, with the rim encompassing the amphiphile. 

Mixing of detergent solubilised protein and bicelles is performed and 

crystallisation trials can take place similar to vapour diffusion methods. Whilst 

the number of structures determined using bicelles is limited, it offers a simpler 

and cheaper way to attempt crystallisation, compared to LCP. 

 

Since some membrane proteins lack large polar surfaces for crystallisation 

contacts, a workaround has been to produce epitope specific antibodies 

against a specific portion (e.g. extracellular domain), which can be then co-

purified and co-crystallised to essentially extend the surface of the target 

protein (non-covalently) for crystallogenesis (Hunte and Michel, 2002). This 

has been used for the structure determination of several respiratory enzymes, 

namely bovine cytochrome c oxidase (Iwata et al., 1995) yeast cytochrome 

bc1 complex (Hunte et al., 2000) and Pseudomonas aeruginosa cNOR (Hino 

et al., 2010). Single chain antibody fragments from camelids (nanobodies) 

have also been used to stabilise protein complexes, an example being the 

GPCR-Gs protein complex of the b2 Adregenic receptor- Gs protein-nanobody 

complex allowed visualisation of an active receptor-complex for the first time 

(Rasmussen et al., 2011).  

 

Another variant is the covalent attachment (i.e. fusion) of a soluble protein to 

the termini of the protein, or in-between a specific loop, like done in GPCR 

structures, fusing the likes of bacteriophage T4 Lysozyme in-between 

intracellular loop 2 and 3 (Thorsen et al., 2014). 

 

The relationship between X-rays and protein crystals, namely scattering of X-

rays and how it is enhanced by perfectly formed arrays of molecules in a well-

ordered crystal, is paramount to protein crystallography and its description 

follows.  
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3.1.4 Scattering from crystals 
Crystals are simply an ordered array of molecules, arranged in a 3D lattice, 

whereby the smallest repeating unit of this lattice is called the unit cell (Fig.3.5). 

The arrangement of the molecules inside the unit cell confers the internal and 

external symmetry of a crystal. The dimensions of the unit cell can be defined 

by edge lengths (a,b,c) and cell angles (a,b,g).  

 
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
Scattering of X-rays by a single macromolecule, like a protein, is weak and 

thus, by arranging the macromolecules into a regularly repeating system 

(which is composed of thousands of macromolecules) allows amplification of 

scattering. X-rays interact with the electrons of the atoms in question and upon 

interaction, a change in their direction is propagated and if the energy of the 

scattered ray is equivalent to the incident ray, it is called elastic scattering. The 

scattered rays diverge in several directions and can cancel each other out by 

way of being out of phase, e.g. the crest of one wave meets a trough of another 

wave, which also means the amplitude is equivalent to the difference in 

individual amplitudes (destructive interference). Some waves however interact 

in a constructive manner, where the crest of two waves (with same frequency 

(1/l)) meet at the same point, leading to amplitude being the sum of the 

individual amplitudes (constructive interference). Constructive interference 

with crystals is determined by Bragg’s law, which describes how crystals can 

Figure 3.5 Crystal lattice and representative unit cell arrangement. The 3D lattice is 

composed of regular array of repeating unit cells. The unit cell shown is of the 

orthorhombic system, where a≠b≠c, a=b=g=90o. 
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produce intense peaks (diffraction spots) at specific wavelengths and incident 

angles (Fig.3.6). A crystal will have lattice planes, which are separated by 

distance (d). If scatterers are arranged symmetrically (separated by d), the 

scattered waves will constructively interfere in directions where the path length 

(i.e. distance they have travelled) is equal to an integer (n) of the wavelength 

of the incident wave (l). The path difference is given by 2dsinq, where q is the 

scattering angle. This is combined to achieve Bragg’s law: 

 

2𝑑sinθ = nλ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The cumulative constructive interference at different scattering angles gives 

rise to diffraction spots (reflections). X-rays are a suitable probe for crystal 

structure determination, since the wavelength is similar to interatomic 

distances in protein molecules. The typical carbon-carbon single bond length 

is ~ 1.54 Å and X-rays used for protein crystallography range from 0.5 to 3 Å, 

most recently at synchrotrons typically between 0.9-1.2 Å due to the Se K-

edge and at home sources, Cu Ka at 1.54 Å. Similar dimensions of X-rays 

make them a suitable probe to gain structural information on atomic scales. 

Figure 3.6 Bragg diffraction schematic. Two incident waves with same wavelength 

and phase hit a scatterer (blue sphere) on lattice planes (black lines), which are 
separated by interplanar distance d. The lower wave travels a longer distance (path 

length) of 2dsinq. When this length is equivalent to a whole integer (n) multiple of the 

wavelength, constructive interference occurs. 
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3.1.5 Diffraction data to structure 
A typical diffraction experiment is shown in Figure 3.7, whereby a suitable X-

ray source is used to direct an intense beam of X-rays toward a protein crystal. 

If Bragg’s law is met, beams will diffract at certain angles (high angle= high 

resolution, low angle= low resolution) and produce distinct spots recorded by 

a detecting system, which traditionally was photographic film, but are now 

more sophisticated photon counting electronic detectors. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Diffraction patterns are related to the crystal lattice via reciprocal space. The 

position of each spot is determined by the crystal’s internal symmetry. The 

intensity (I) of each spot is recorded, which is directly proportional to the 

structure factor amplitudes (F) squared: 
𝐼(ℎ	𝑘	𝑙) = |𝐹(ℎ	𝑘	𝑙)|+ 

h,k,l represent scattering position in reciprocal space, which correspond to real 

space plane co-ordinates (a,b,c). The structure factor takes into account the 

scattering factor of each atom and the positional co-ordinates of each atom in 

the lattice. It contains information on the amplitude and phase of the scattered 

wave, but the phase angles cannot be directly obtained from diffraction data 

Figure 3.7 Typical protein crystallography diffraction experiment. An X-ray source 

(rotating anode, synchrotron, XFEL) produces monochromatic X-ray beam, which strikes 

a protein crystal. If Bragg’s law is satisfied, diffraction occurs at varying angles, with 

photons deposited onto a detector. Only the amplitude (intensity) of the scattered wave 
is recorded, phase angles are lost during the experiment. 
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alone, leading to the phase problem in crystallography. The processing of data 

involves assigning h,k,l  to each reflection and Fourier Transforms are used to 

search for real space vectors. Spots from multiple diffraction images (usually 

the crystal is rotated along one or two axes to sample sufficient areas of 

reciprocal space) are merged together and scaled, helping make the data 

internally consistent and put on the same relative intensity scale. Intensities 

are converted to structure factor amplitudes |𝐹| . To be able to generate 

electron density maps, the phases can be obtained by several methods, the 

most common now being molecular replacement (MR), due to the vast number 

of structures available in the Protein Data Bank (PDB). Here, a homologous 

model of the protein under study for the whole or part of the molecule 

(preferably > 30 % sequence identity) is placed into the unit cell by rotation 

and translation functions, with phases ‘borrowed’ from the search model to 

calculate a new set of structure factors, with phases for the experimental data 

(Evans and McCoy, 2008). In cases when MR does not provide sufficiently 

good phases, alternative experimental methods are available and used,  

including isomorphous replacement (Perutz, 1956) or anomalous dispersion 

methods (Hendrickson, 2014).  

 

Once a map is obtained, protein model building into the map can take place, 

using automated methods or manual building using a variety of software. High-

resolution maps (where diffraction spots can extend to the edge of the detector 

when placed at the nearest possible distance to the crystal (~ 100 mm), due 

to high angle scattering off the lattice plane) will be more detailed, allowing 

visualisation of electron density for each atom (including some hydrogens) at 

resolutions better than 1.0 Å. Even at resolutions between 1.5- 3.0 Å, sufficient 

detail can (usually) be gleaned from maps, including inhibitor binding and 

active site arrangements, allowing detailed structure-function relationships to 

be perused. To ensure that data is not over-fitted/over-modelled, the R-factor 

is used to compare the observed structure factors (|Fobs|) (from diffraction 

data/experimental data) with the calculated ones (|Fcalc|) (incorporating phase 

information), with a percentage difference between them called the R-factor: 
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𝑅 =
Σ|𝐹CDE| − 	Σ|𝐹FGHF|

Σ|𝐹CDE|
 

Refinement of the model against the map using geometric constraints can also 

improve phases and improve the map, so, an iterative process occurs, taking 

into account the R-factor (Rwork) as well as the Rfree, which uses the same 

formula but on a small subset of the data (e.g. 5 %), which hasn’t been 

included in refinement. The two R-values should be ideally be within 3 to 5%, 

higher differences are normally indicative of overfitting the model against the 

experimental data. 

 

3.1.6 Trends in Protein Structure Determination using Electron 
Microscopy 

X-ray crystallography has paved the way for protein structure determination, 

with ~ 90 % of the 143,664 deposited protein only structures in the Protein 

Data Bank (PDB) solved by X-ray crystallography (15th August 2019) (Fig.3.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Deposited protein structures in PDB distributed by experimental 
method. PX= Protein X-ray crystallography, EM= Electron Microscopy, NMR= 

Nuclear Magnetic Resonance. Data doesn’t include protein-nucleic acid complexes. 
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Despite Electron Microscopy (EM) derived structures constituting only 2 % of 

all protein structures deposited in the PDB, the recent trends (from 2016 till 

presently) have shown a rapid growth of structures per year, especially 

between 2017 (552 new structures) and 2018 (846 new structures) (Fig.3.9). 

The use of cryogenic transmission EM (cryo-EM) to determine 3D structures 

of macromolecules has risen in the past few years, due to several factors 

concerning developments in the areas of sample holders, image processing 

software, microscope technology and detector technology. The resolutions 

attainable as such have also increased, with the technique capable of 

providing atomic detail (< 3 Å) for many proteins and complexes, a feat that 

was thought unachievable for many years (Muench et al., 2019). The next 

section covers the application of transmission electron microscopy in acquiring 

detailed 3D structures of macromolecules and its importance in membrane 

protein structure determination. 

 
 

 

 

 

 

Figure 3.9 Trend in EM derived structures between 1997 and 15th August 2019. 
Data taken from PDB, showing the deposition of EM derived structures per year and 

the accumulative total. Between 2017 and 2018, structures solved by EM methods 
grew considerably in size, almost exponentially. Colour key is given below the graph. 
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3.2 Transmission Electron Microscopy 
3.2.1 Layout of a Transmission Electron Microscope (TEM) 

An electron microscope works on the same principles as a light microscope, 

except for the fact that the radiation source differs in their resolving power. 

Whilst optical microscopes are limited to resolutions of ~ 200 nm, electrons 

have a wavelength of ~ 0.04 nm, when accelerated at 100 keV. This permits 

electrons to be used as a probe for atomic level structures, much like X-rays. 

The basic setup of a transmission electron microscope (TEM) is shown in 

Fig.3.10, which includes an electron source, lens systems, sample/specimen 

holder, apertures and a detection system, all held under a vacuum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The electrons for imaging emanate from an electron gun, housed at the top of 

the microscope. These typically involve heating a metal filament (e.g. 

tungsten) to sufficient temperatures to produce thermally emitted electrons 

Figure 3.10 TEM layout schematic. Electron beam path shown in grey passing 

through electromagnetic lenses and apertures before hitting the specimen, with 

transmitted electrons passing down to hit a detection system. 
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(thermionic emission), which are accelerated by an electric field between the 

filament and the anode. A crystal of Lanthanum Hexaboride (LaB6) can also 

be used in place of tungsten, since it requires a lower temperature to emit 

electrons and provides a brighter electron source. The most advanced source 

is the field emission gun (FEG) (Oxley et al., 2017), which uses a finely 

sharpened tungsten tip (radius of ~ 10-25 nm), covered in zirconium oxide 

(ZrO2), allowing an electric field to be concentrated at the apex of this tip. This 

allows minimal heating to the filament to pull electrons off, with no heating of 

the tip called a ‘Cold FEG’. In theory a more stable, electron beam is produced 

by applying some heat (still 10x lower less compared to a standard tungsten 

filament), called a ‘Schottky FEG’, at the expense of loss of some beam 

brightness. 

 

Unlike in optical light microscopy, lenses in TEM are electromagnetic. The 

condenser lens acts to collect the electrons from the electron source and 

refocus them onto the specimen, in a parallel manner. The condenser aperture 

will limit the angle of the electrons coming from the condenser lens and 

ultimately what hits the specimen. The specimen is between the objective lens 

and condenser lens. The objective aperture prevents high angle scattered 

electrons from arriving at the image plane, helping improve image contrast. 

The image is projected onto a detection system by projector lens system, with 

some microscopes having intermediate lens in addition to a projector lens.  

 
3.2.2 Electron interactions with the specimen 
In TEM, an image is formed from a projection of the sample, which is made by 

electrons which have transmitted through the sample and scattered (Orlova 

and Saibil, 2011). Since electrons are charged particles, they can be deflected 

upon passing by electrons and nuclei of other atoms, inducing so called 

Coulombic (electrostatic) interactions. These cause scattering events, which 

allow TEM to be useful for interrogating structures of material. Scattering 

events can be split into two groups; elastic or inelastic, which describe no loss 

of energy or some loss of energy, respectively. The incident electron beam 
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can undergo multiple scattering events upon hitting a sample, as depicted in 

Fig.3.11.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Since electrons have comparatively large atomic cross sections compared to 

X-rays and neutrons (Henderson, 1995), they have a better chance of being 

scattered (cross sections decrease with increases in electron acceleration 

voltage). Of most use in TEM are the elastically scattered electrons, yet, it is 

predicted that per elastic scattering event, 3-4 inelastic events may occur 

(Henderson, 1995). Inelastic events deposit energy into the sample (proposed 

to be an average of ~ 20 eV per event (Henderson, 1995; Langmore and Smith, 

1992)), which can cause ionization, free radical formation and ultimately 

Figure 3.11 Electron scattering events in TEM. Top panel depicts several types of 

‘forward’ scattering, labelled i)-v) (label names to the right). Incident beam depicted by 

black lines, with elastic scattering characterised by a change in angle and retention of 

original beam energy (solid black arrow). Inelastic scattering is characterised by loss of 

beam energy (red arrows). Incident electrons (yellow) can be deflected by electrons and 
nuclei (N) of an atom. Inelastic scattering (red arrows) can cause secondary electron 

emission and ‘backscattering’. 
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damage to the sample through bond breakage (Baker and Rubinstein, 2010; 

Glaeser, 1985). Radiation damage is one of the key limitations of TEM, 

specifically to biological samples. Given the exposure times needed to form a 

useable image, radiation damage can cause loss of high-resolution features 

over time, hampering image analysis. Multiple scattering events can often 

cause noise to be amplified and are therefore undesirable, meaning the 

sample should be sufficiently thin to reduce the likelihood of these events. The 

resolving power of TEM is sufficient to determine structures of 

macromolecules, of which the next section will describe how samples are 

prepared for preliminary analysis using a heavy metal stain, the procedure 

being called ‘negative staining’. 

 

3.2.3 Negative Stain EM 

Often the simplest method to assess sample homogeneity and suitability for 

further high resolution imaging is by covering the sample solution with a heavy 

metal salt solution (Brenner and Horne, 1959). The procedure is shown in 

Fig.3.12, where sample solution is applied to an negative stain EM grid, which 

has a continuous layer of carbon film on top of the metallic support. This 

sample is blotted with filter paper and a heavy metal salt solution is added. 

Typical salts include uranyl acetate or formate, yet molybdenum and tungsten 

salts can also be used, each with varying levels of contrast and grain size, 

affecting the attainable resolution (De Carlo and Harris, 2011). The heavy 

metal stain deposits as a dense coat around the sample in question and the 

scattering difference between the electron rich heavy metal and sample 

creates a high level of amplitude contrast. As the sample excludes the stain 

(doesn't bind it), the method is called negative staining. Negative staining can 

give important information of the heterogeneity of the sample, the overall 

shape and symmetrical features present (if any). The advantages of negative 

staining are the low concentrations of sample needed (nM range depending 

on the molecular weight of the sample) and relative speed and ease with which 

it can be carried out. Some drawbacks include the fact that certain samples 
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can deform or disintegrate upon staining and air drying, and that the stain may 

not cover the molecule in its entirety.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Macromolecules (e.g. protein complexes) and cells more often than not are 

surrounded by aqueous solution, with hydration often necessary for 

maintaining the structure. Imaging of macromolecules in a native, hydrated, 

solution using TEM was realised with the advent of cryogenic-Electron 

Microscopy, pioneered by 2017 Nobel Laureate Jacques Dubochet (Lepault 

et al., 1983) with his imaging of virus particles in vitrified ice (Adrian et al., 

1984). The method to vitrify samples and their importance in high resolution 

imaging of biological material is explained next.  

Figure 3.12 Negative stain procedure in EM. 1) Sample is applied to a EM grid which 

has been made hydrophilic by glow discharging, 2) sample is blotted to remove excess 

liquid, protein molecules (grey hexagons) should absorb to the carbon film, 3) a heavy 

metal stain is added and blotted away (4). The grid is allowed to air dry. Bottom panel 
shows a cross section of the carbon support film, with protein molecules surrounded by 

the heavy metal stain. Wash steps (in water or buffer) are sometimes introduced between 

step 2) and 3). Multiple rounds of step 3) and 4) can also be done to increase the stain 

depth. Adapted from Orlova and Saibil, 2011. 
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3.3 Cryogenic Electron Microscopy (Cryo-EM): Single Particle 

Analysis Sample Vitrification and Contrast Generation 
Cryo-EM encompasses a range of different techniques, all unified by the 

maintenance of the sample at cryogenic temperatures. The most common 

method to gain atomic level detail of macromolecules is Single Particle 

Analysis (SPA), which involves averaging thousands of identical molecules, in 

different orientations in 2D, to eventually computationally reconstruct a 3D 

volume based on these projections (Grassucci et al., 2009; van Heel, 1987; 

Vinothkumar and Henderson, 2016). Other uses of cryo-EM involve cryo-

Electron Tomography (cryo-ET), which takes thin sections of cells and records 

tilt series to generate a tomogram of the environment (Lučić et al., 2013) and 

electron crystallography, which uses 2D crystals to extrapolate atomic co-

ordinates in real space, exploiting electrons’ superior atomic cross section 

compared to X-rays (Henderson et al., 1990; Kühlbrandt et al., 1994). The 

focus will be on SPA, from sample vitrification to 3D model refinement and 

validation of volumes. 

 

3.3.1 Sample vitrification 

The main aim in sample vitrification is to create a thin film of vitreous ice, 

covering the whole EM grid evenly, though in practice this can be difficult. 

Crucially, the freezing has to be quick enough to prevent formation of 

crystalline ice. A typical workflow for vitrifying samples for cryo-EM is displayed 

in Fig.3.13. A cryo-EM grid (Fig.3.13a) is formed of a metal support (Cu, Au, 

Ni), with a film of carbon usually laid on top. The carbon is perforated with 

holes, which can vary in diameter and shape (e.g. Quantifoil R1.2/1.3 grids 

have hole diameters of 1.2-1.3 µm) (Passmore and Russo, 2016; Quispe et 

al., 2007). The sample is applied to glow discharged grids (at higher 

concentrations than used during negative staining) and blotted with filter paper 

to achieve a (hopefully) uniform, thin layer of protein. The sample is then 

rapidly plunged (Fig.3.13b) into a cryogen, commonly liquid ethane (freezes 

quicker than liquid nitrogen due to use near its freezing point, not boiling point), 

to cool the sample by 200 K (-73oC) in less than 10-4 seconds. Water 
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vitrification requires a drop in temperature faster than 105-106 K/s, which 

requires the sample to be < 3 µm in thickness (Dubochet et al., 1988).  The 

resulting grid should (ideally) have protein particles evenly distributed in 

multiple orientations within the vitreous ice layer covering the hole. The 

process is largely automated in an attempt to increase reproducibility, with 

commercial plunging robots available from several companies. The user can 

control the force of the blotting step and the duration of blotting to find an 

‘optimum’ condition for vitrification. The grid is then stored at liquid nitrogen 

temperatures till further use. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Cryo-EM sample vitrification workflow. a) Example of a holey carbon grid 

(Cu support), showing the regular arrangement of holes within the grid. Hole diameter 

can vary depending on grid type used. b) Vitrification of protein particles (black dots) 

within a solution (green) involves blotting of excess liquid and then plunge freezing into 

liquid ethane. c) Vitrified ice layer (blue) in grid hole, with protein particles (black 
hexagons) ideally adopting several distinct orientations in the ice. Adapted from Sgro et 

al, 2018 and Orlova and Saibil, 2011. 



 75 

Other methods of vitrification and blotting exist, which include ‘Spotiton’, which 

can dispense 20-50 nL of sample in an ‘inkjet’ manner and implements self-

blotting nanowires to wick away excess liquid (Wei et al., 2018). The grids are 

plunged into liquid ethane in < 400 ms (Dandey et al., 2018). A recent 

microfluidics approach (‘cryoWriter’), which used 1 µL of cell lysate to isolate 

20S proteasomes from HeLa cells, used only 25 nL of eluate to make several 

grids for successful structural determination (Schmidli et al., 2019). 

 

3.3.2 Contrast Generation 
Images simply represent variations in intensity, which are generated by 

variations in how the specimen transmits electrons. The image contrast 

(Contim) is defined by the ratio of the difference between the brightest (rmax) 

and darkest (rmin) points in an image and the average intensity of the image: 

𝐶𝑜𝑛𝑡LM =
𝜌OPQ4	RSTU

�̅�
 

In SPA, achieving suitable contrast of biological material is a challenge. Two 

types of contrast exist, amplitude contrast and phase contrast. Amplitude 

contrast arises through the sample absorbing some of the incident beam. The 

high scattering angle from heavy metals (in negative stain) results in loss of 

electrons, which results in amplitude contrast dominating.  

 

In unstained, biological material however, most of the atoms are lighter (H, C, 

N, O) which means there is little absorption (more deflection occurs), resulting 

in little amplitude contrast. The specimens still change the direction of the 

incident beam, resulting in scattering at varying angles. Biological specimens 

are ‘weak phase objects’, as the scattering angle is directly proportional to 

electron potential of the atom (higher atomic numbers). Interference between 

the unscattered beam (direct beam) and elastically scattered beam results in 

phase contrast. Being weak phase objects, the phase shift between the waves 

is relatively small, so the phase contrast itself is small. This poses an issue, 

which can be overcome by altering the phase of the scattered wave. One 

method is to deliberately underfocus the objective lens (‘defocus’), which 
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causes phase shifts in the scattered wave and helps produce contrast. A 

phase plate can also be utilised to achieve the same effect, without adjusting 

the focus, with several technological advancements leading to the Volta Phase 

Plate (VPP), which has been successfully used to determine structures at low 

dose (Danev and Baumeister, 2017; Khoshouei et al., 2017). 

 

The electron beam can cause damage to specimens, which can limit the final 

resolution of the images (Glaeser, 1971). To limit this, maintaining the sample 

at cryogenic temperatures (~ -170oC) has been demonstrated to reduce the 

rate of fading of images for all resolutions in both 2D and 3D crystals (Baker 

et al., 2010; Hayward and Glaeser, 1979; Unwin and Henderson, 1975). Since 

SPA cryo-EM suffers from generally low signal to noise ratios and poor 

contrast, the use of higher electron exposures (50-100 e-/Å2) may be 

necessary, but, should be controlled and optimised where possible (Baker and 

Rubinstein, 2010; Grant and Grigorieff, 2015) for each specimen.  

 

3.3.3 Data Collection 

Once a suitable area of the grid has been found by searching at a low 

magnification, the desired areas for data collection are chosen by the user. 

Automated data collection software exists, such as EPU (Thermo Fisher’s 

proprietary software), Leginon (Suloway et al., 2005) and SerialEM 

(Mastronarde, 2005) and provides a high throughput means to image samples. 

Templates can be used to select multiple holes in an array and then proceed 

to image them at a given exposure time, dose and varying levels of defocus. 

Single images (micrographs) can be collected one by one, which requires a 

longer exposure time. Instead of recording a single image, a movie can be 

recorded, which is split into multiple frames and combined during image 

processing (Campbell et al., 2012; Li et al., 2013). Movie recording coincided 

with the advent of new detectors, driven by Richard Henderson (another 

recipient of the 2017 Nobel Prize), has enabled high resolution single particle 

imaging and contributed to the ‘resolution revolution’ of SPA cryo-EM 

(Kuhlbrandt, 2014).  
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3.3.4 Detectors 
There have been three methods to record images, using film, charged-coupled 

device (CCD) cameras and direct electron detectors (DED) (Fig.3.14). Film 

was composed of silver halide, which interacted with the scattered electron 

and caused a chemical rearrangement on the surface. Whilst film had to be 

digitized for processing, it was the method of choice for high resolution imaging 

due to its finer sampling, which allowed for lower magnification imaging. 

 

CCD cameras work by converting the electrons to photons via a scintillator. 

These photons are carried by fiber optics cables to the CCD sensor and read 

out as a signal. CCD main disadvantage was that the Detector Quantum 

Efficiency (DQE, ratio of Signal (S) to noise (N) in the output against the input, 

equation below) was less than that of film, particularly at higher resolutions (G. 

Ã. Mcmullan et al., 2009). 

𝐷𝑄𝐸 = 	
(𝑆𝑁)

+𝑂𝑈𝑇

(𝑆𝑁)
+𝐼𝑁

 

The introduction of monolithic active pixel sensor (MAPS) and Complementary 

Metal Oxide Superconductor (CMOS) technologies helped bring direct 

electron detection to the fore (Faruqi et al., 2005; McMullan et al., 2016; G. Ã. 

Mcmullan et al., 2009). Their reduced noise (owed to back thinning of the 

material to prevent backscattered electrons contributing noise), robustness 

and resistance to radiation damage have made them desirable for high 

resolution image analysis. The higher SNR (signal to noise ratio) is attributed 

to an enhanced DQE of the MAPS against film or CCD (G. Mcmullan et al., 

2009). A higher frame rate allows direct counting of electrons as they hit the 

detector, meaning reduced loss of information from the images (Li et al., 2013). 

This enhanced frame rate also enable collecting of movies, which can help to 

correct for beam induced motion of the sample/grid, whilst also retaining high 

resolution features in the images from a lower exposure. 
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Current DED’s work in either integrating or counting mode. Integrating mode 

detectors (like Falcon II from Thermo Fisher) combines all the signal from the 

electrons that hit the detector, which allows for shorter exposure times and 

higher dose rates (Kuijper et al., 2015). Counting mode detectors (like K2 

Summit from Gatan) count individual electrons as they hit the detector, which 

can offer less noise. The drawback for counting mode is that lower dose rates 

are required, to prevent multiple electrons hitting the same pixel at the same 

time. This adds on more exposure time to compensate, possibly adding to 

specimen drift. ‘Super resolution’ modes also exist on some detectors, which 

allows sub-pixel localisation, allowing further improvements in DQE. Falcon III 

and K3 Summit detectors are now available, with the former now able to 

operate in either integrating or counting mode (Song et al., 2019) and the latter 

having a x4 higher frame rate compared to its predecessor (Gatan webpage). 

Figure 3.14 Comparison between CCD and direct electron detectors. Top panel 

shows a layout of a typical CCD detector, with electrons (red arrow) hitting a scintillator, 

which converts it into a photon (blue arrow) and traverses down fibre optic cables to the 
sensor, which registers the signal. Bottom panel shows a direct electron detection system, 

with a thin detection layer (purple) allowing electrons to be counted as they hit the pixels, 

without need for conversion to photons. 
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The sample size (molecular weight of protein(s)) can influence the choice of 

detector, with structures of large complexes (> 1 MDa) preferably determined 

with the Falcon II, whilst the counting ability of the K2 Summit at high exposure 

rates are an asset for < 500 kDa complexes. 

 

3.4 Cryogenic Electron Microscopy (Cryo-EM): Single Particle 

Analysis Image Processing 

 
3.4.1 Image Processing Workflow 
After images have been collected, several processing steps are required to 

evolve from low contrast, noisy micrographs to hopefully a detailed 

macromolecular structure of the target of interest. Generally, the process 

involves extracting identical single particles in multiple orientations from the 

data, aligning and averaging them to form reconstructions in 3D space. The 

flow chart below shows the rough procedure, which may differ depending on 

the sample or end goal (Fig.3.15). A description of the steps involved are given 

in the ensuing sections. 

 
3.4.2 Motion Correction 

The use of DED’s has allowed movies to be recorded, which are composed of 

several frames, rather than one single exposure. Upon beam exposure, the 

specimen and grid support undergoes motion, due to deformations in the ice 

layer and radiolysis, which can cause blurring of the image and high resolution 

information (Brilot et al., 2012; Glaeser et al., 2011). The use of more stable 

supports and foil, such as gold, which has superior conductivity and radiation 

resistance compared to amorphous carbon, has been shown to limit beam 

induced motion to only 1-2 Å of in-plane motion during the first exposures, 

which potentially contain the most high-resolution information (Russo and 

Passmore, 2014). 
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Methods to correct for this motion include whole frame motion correction, 

which essentially brings all the frames into register with each other, by 

translational movements. This can use one frame as a reference to align 

others to, or by calculating a cross correlation between all frames and 

determining the relative shifts and translations. Variations include repeatedly 

aligning frames to an average, possibly producing better alignments. Several 

software packages exist to carry this out on the whole frame level, including 

Figure 3.15 Typical image processing workflow of SPA cryo-EM images. Brown 

arrows indicate the minimum workflow for structural determination, with the dashed 
black arrows indicating additional steps sometimes implemented to improve final 
reconstructions. CTF= Contrast Transfer Function. 



 81 

MOTIONCORR (Zheng et al., 2017), Unblur (Grant and Grigorieff, 2015) and 

alignframes_LMBFGS (Rubinstein and Brubaker, 2015). 

 

Later collected frames will have accumulated more dose, and these can be 

discarded at a later stage. Radiation dose weighting can also be performed, 

which uses a standard curve of radiation damage, determined from analysis 

of crystalline material (Baker et al., 2010) and SPA (Grant and Grigorieff, 2015), 

which weights each frame according to how much dose it received at that point 

in time during data collection (Fig.3.16). Per particle motion correction 

methods are described later. 

 

 

 

 

 

 

 

 

 

 

 

3.4.3 Contrast Transfer Function (CTF) Estimation 
The real image formed by the microscope is often distorted, due to the object 

image (specimen) being convoluted with the microscopes point spread 

function (PSF). The PSF in Fourier space is the CTF, which describes how 

contrast is transferred to an image in terms of spatial frequencies. CTF 

describes the effect of imaging imperfections of the microscope, such as 

spherical aberration (Cs) of the objective lens, as rays passing near the edges 

of the lens refract stronger than those closer to the middle. This is necessary 

to create phase contrast, along with defocus (DZ). The CTF is an oscillatory 

function, plotting amplitudes against spatial frequencies. As such, this leads to 

Figure 3.16 Whole frame motion correction and damage weighting. Beam induced 

motion and radiation damaged frames (blue squares) are subsequently aligned and 

weighted during motion correction, and finally averaged to yield motion-corrected 

micrographs ready for the next stage of processing. 
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several spatial frequencies having zero amplitude (contrast), with an ideal 

CTF/optics producing a line with no zero cross points (Fig.3.17).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This essentially results in loss of contrast transfer to the image, meaning 

information at those frequencies is missing, which will severely affect further 

processing. To restore the image, so it corresponds to the projected electron 

potential, the image must be corrected for these effects i.e. CTF 

correction/estimation.  

 

During the experiment, the spherical aberration and acceleration voltage are 

assumed to be constant, with the defoci varying across images. Therefore, 

information that was previously lost at zero cross points can be retrieved, as 

certain waves which weren’t detected earlier will now be detected (and vice 

versa). Averaging of these data means no zero points remain, which is a form 

of phase flipping, a common mode of CTF correction. Amplitude correction is 

Figure 3.17 CTF Curve examples at a single defocus value. Top, the oscillating nature 

of CTF, which crosses at zero at several points, note the decaying amplitudes at higher 
resolutions. Bottom, an ideal CTF, with no zero cross points. 
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more complex, which accounts for the decay of high resolution amplitudes as 

well as the CTF oscillations, but can lead to amplification of noise (Orlova and 

Saibil, 2011).  

 

CTF estimation determines the defocus and CTF parameters of the data, with 

programs such as CTFFIND (Mindell and Grigorieff, 2003; Rohou and 

Grigorieff, 2015) and gCTF (Zhang, 2016) estimating the defocus of each 

micrograph and calculating a power spectrum (diffraction intensity) and 

amplitude profile (square root of intensities), which is compared to a model 

CTF. Model defocus is then varied to best match the profiles. 

 

3.4.4 Particle Picking 

Picking particles can be done in manual or automated manners. Typically, the 

user will manually pick ~ 1,000 - 2,000 particles to generate templates for the 

software to use for automatic picking of particles from the rest of the 

micrographs. Parameters can be adjusted to decrease the amount of 

carbon/aggregates picked during the process. Care must be taken with 

template-based approaches, as this could introduce bias, usually if the 

template isn’t filtered to a low resolution (e.g. 20 Å) or taken from existing 

structures, the ‘Einstein from noise’ case of the HIV-1 envelope glycoproteins 

from 2012 & 2013 exemplifies this (Henderson, 2013; Mao et al., 2013; van 

Heel, 2013). Ideally, a range of different views should be present in the 

templates to prevent orientation bias in the resulting reconstructions. Fully 

automated particle picking has been implemented in RELION 3.0, using a 

‘Laplacian of Gaussian’ filtering method (Zivanov et al., 2018), joining 

Gautomatch (dedicated particle picking software, developed by Dr. Kai Zhang 

(MRC LMB)). 

 

3.4.5 2D Classification 

In crystallography, the protein molecules are already aligned by way of the 

lattice and rotation around an axis, coupled with diffraction peaks allows 

sampling of reciprocal space. In SPA, the molecules are preferably lying in 
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multiple orientations within the ice layer, thus alignment and averaging of 

these particles must be performed computationally. Averaging is fundamental 

to SPA, as the low SNR and low contrast of each particle necessitates 

averaging of thousands of particles to extract high resolution information. 

Crucially, each particles orientation and its angular relationship to other 

particles in the dataset must be determined.  

 

2D clustering (classification) is fundamentally based on the ‘K means 

classification’, of which other similar methods such as ‘Maximum Likelihood 

(ML) (Sigworth et al., 2010)’ approaches originated from. In the ML approach, 

a set of ‘reference’ images (particles) is used to calculate probabilities of all 

other particles rotation and translation with respect to the reference images 

(Sigworth, 2016), after which their 2D Fourier transforms are combined to form 

a new image. The comparisons of alignment parameters are determined by 

the correlations of each raw image with a reference image. The cross 

correlation (CC) between references and images are compared, and particles 

are placed into classes with the highest matching CC function.  

 

Class averages should contain particles with similar in and out of plane 

orientation (different views). The process is iterative, so the new averages 

formed serve as references for the next iteration (typically 25 iterations). The 

ML approach deals with heterogenous data well, as particles are compared to 

all classes, and should contribute strongly to a few classes, which should help 

discard contaminants (Scheres, 2012). The user can select the best class 

averages, which show a range of orientations and possibly at this stage, 

elements of secondary structure. 

 

3.4.6 3D Model Generation 
To calculate a 3D map from a set of 2D projection views, the relative 

orientations of the projections must be determined. The Random Conical Tilt 

method is preferred for particles that have a preferred orientation in the grid. 

Images are taken at high tilt angles (45-60o) and then one with no tilt. Simply, 
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all particles in the untilted image should differ by in plane rotations and the 

titled image will correspond to projections lying on a ‘cone’ of orientations. The 

position on this ‘cone’ is determined by the in-plane orientation angle of the 

corresponding untilted view (Radermacher et al., 1987), which helps 

determine the orientation of the tilted particles. This method is seldom used in 

cryo-EM now but was commonly used in negative stain EM to generate a 3D 

model. 

 

More commonly, the Fourier Slice Theorem is exploited to generate a 3D 

model from 2D projections. This states that the Fourier transform of a 2D 

projection represents a central slice through the Fourier transform of the 3D 

object (van Heel, 1987). In essence, there are relationships between the 

projections that can be used to determine their relative orientations. A pair of 

2D projections should have at least one 1D line in common, corresponding to 

planes passing through the origin in Fourier space. The intersect of these lines 

is the ‘common line’. With only two images, the angle between the intersecting 

lines can’t be determined (only one common line). Addition of more images 

means more common lines in Fourier space, which means angles between 

the common lines can be found. As such, obtaining particle sets with different 

viewing angles (orientations) is crucial for faithful reconstruction of 3D space. 

Generation of an initial model from the dataset is recommended, yet, solved 

structures can be filtered and used as an initial model, though, template bias 

can also occur. After a 3D model is generated, further classification takes 

place in 3D space. 

 

3.4.7 3D Classification 
In the ML approach (as used in RELION software package), the user selects 

the number of classes (K) for the particles to be placed into. The initial model 

generated beforehand serves at the reference. Through multiple iterations, the 

particles are compared to the model and put into representative classes. This 

allows the dataset to become more homogenous, with lowly populated classes 

identified, which represent possible junk particles. Within RELION, this step 
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contributes to selecting particles for high resolution refinement and those with 

structural heterogeneity, as the algorithm marginalizes over both the 

orientational and class assignments (Scheres et al., 2007), as in 2D 

classification, distinguishing between orientational and conformational 

classification is difficult. One can also apply a solvent mask around a region of 

interest, to assess differences in the region between different classes (Roh et 

al., 2017; von Loeffelholz et al., 2017). 

 

3.4.8 3D Refinement 
In previous steps, the single particles have been centred and aligned and the 

projections have been assigned Euler angles, which define its position in 

space, relative to its origin from the original model. A common approach to 

refine 3D reconstructions is that of projection matching/ backprojection, which 

is the inverse function of projection- ‘smearing’ of projections back onto each 

other. A 3D structure can be used to generate reprojections at all possible 

orientations. The Euler angles of the reference image that give the best 

correlation to the raw image is assigned. Thus, the starting model is back 

projected onto the experimental data, which is used to create a new model 

(Penczek et al., 1994). The process moves away from the reference model 

gradually, and the angular assignment is ‘smeared’, to account for any 

uncertainty in the estimation of Euler angles. Ideally, an even distribution of 

experimental projections is desired, yet, sometimes it can be skewed, resulting 

in the reconstruction looking ‘smeared’ in certain directions. 

The data is split into two independent subsets, which are refined separately. 

The agreement between the two halves is used to monitor the resolution of 

the model. The starting model can again contribute to noise in the final 

reconstruction, so a sufficient low-resolution filter must be applied to the 

reference, to allow high resolution features to emanate from the experimental 

projections only.  

 

Upon convergence of refinement (which is not user determined), the 3D map 

can be further improved. The simplest method is by applying solvent mask 
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around the whole molecule or different parts of the molecule, which serves to 

remove background noise. This allows the Fourier Shell Correlation (FSC) to 

compare regions of the sample only. The map is also filtered to an average 

resolution determined by the FSC (discussed later).  

 

3.4.9 Map Sharpening 
The refined map may lack certain features at a given resolution (e.g. no density 

for side chains). These features can get lost due to the imperfect imaging and 

blurring, which causes B-factor decay of structure factors. High resolution 

signal can be boosted by map sharpening/postprocessing of maps, which 

uses masking as discussed above. Automated B-factor value for sharpening 

is implemented, which seeks to fit the structure factor decay to a scattering 

curve, which uses a weighting function to determine the B-factor used for 

sharpening (Rosenthal and Henderson, 2003). Users can provide their own B-

factor for sharpening, but care must be taken to prevent over-sharpening, 

where noise is amplified. 

 

3.4.10 CTF Refinement 

A new module within RELION 3.0 is the addition of CTF refinement, distinct 

from CTF estimation of whole micrographs (Zivanov et al., 2018). Here, re-

estimation of the CTF parameters is performed using the 3D structure 

generated. This exploits the phases and amplitudes of the experimental 

images, not just the power spectra (intensities) as done in CTF estimation 

earlier on. A higher SNR and more stable CTF fitting allow per-particle defocus 

values to be estimated. This is important as the ice thickness varies across 

the micrographs, with particles at different heights within the ice layer. This is 

also implemented in other software, such as CisTEM (Grant et al., 2018). 

 

3.4.11 Particle Polishing 

Also called movie refinement, this step is often used to boost SNR of the 

particles to render them ‘shiny’- hence the name ‘particle polishing’. Whole 

frame motion correction was implemented earlier in processing stages, whilst, 
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the movements of particles in the ice layer during collection hasn’t been 

corrected for yet. To ‘track’ the motions of particles, this approach is based on 

the observation that neighbouring particles often move in similar directions to 

each other. By fitting lines through the most probable translations from the 

original movie processing and including groups of particles, the often noisy 

levels in movement tracks could be reduced (Scheres, 2014). To model the 

effects of dose and resolution dependent effects of radiation damage, a B-

factor is calculated for each frame in the movie. The motion tracks are aligned 

from each frame and 3D reconstructions from each frame are used to estimate 

a B-factor for each frame. The weighting of different spatial frequencies in each 

frame varies, which helps to retain useful information from each frame, since 

later frames may have lost high resolution information, but can contribute to 

lower resolution information input (Zivanov et al., 2019). The resulting particles 

can be refined again (either before or after CTF refinement) to produce maps 

of higher resolution. 

 

3.4.12 Map Validation 

The FSC is often a surrogate for resolution estimates in EM. The suboptimal 

approach used reconstructions from two halves of data, using a single model 

to determine the relative orientation of the particles. Bias toward the noise in 

the single model can inflate the resolution and cause fitting of noise 

(overfitting). To overcome this, a ‘gold standard’ was devised (Henderson et 

al., 2012), whereby two models, one from each half of the data, are refined 

independent of one another (Scheres and Chen, 2012). The value of where 

the ‘gold standard’ FSC measured is 0.143. This helps to estimate the true 

signal level, filter projections used for orientation determination and produce 

maps which have reliable resolution estimates, whilst preventing overfitting of 

noise. The resolution estimate refers to the whole map, but often regions within 

proteins are better resolved/more stable, which led to the necessity of tools to 

calculate the local resolutions of maps. A popular tool is ResMap, which tests 

for the presence of spatial frequency above a noise level calculated from the 

pixels in the map (Kucukelbir et al., 2014). These can be visualised within 
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software such as UCSF Chimera (Pettersen et al., 2004), where maps can be 

coloured according to local resolutions, providing a quick and useful visual 

representation. 

 

If all references and templates were heavily filtered during processing, the 

chances to introduce high resolution noise should be minimised. Additionally, 

if references and templates were manifested from the dataset itself (e.g. no 

crystal structures used for templates), this reduced the chance of model bias, 

assuming a faithful representation of particle views. 

 

Simply comparing the final map with the 2D and 3D classes can offer a simple 

form of reliable validation, if the map resembles what was present in the 

micrographs, then the reconstruction is likely a true representation. A tilt pair 

validation test is used for maps at lower resolution (15 Å) (Rosenthal and 

Henderson, 2003). A micrograph is collected at 0o and then at ~ 30o, with the 

particles at 0o compared to projections of the reconstruction to assign angles. 

The same is done again with the 30o tilt pair. The tilt pair test aims to show if 

the orientations assigned to the particles in the images agree with the known 

tilt angle and axis of the experiment (Henderson et al., 2011).  

 

If atomic co-ordinates exist of a homologous structure (or existing one), simply 

docking the co-ordinates into the 3D map can provide a means of validation, 

with some arguing that comparison between the co-ordinates and the 3D map 

serves as a better tool to validate a map, yet, it is not always possible due to 

lack of a model or low resolution maps. 

 

3.4.13 Model Building & Refinement 
Multiple tools exist for model building, either manual or automatic, many of 

which are also used in crystallographic model building, since the principles are 

essentially identical. The crystallographic community has used suites such as 

the popular Computation Collaborative Project Number 4 (CCP4) (Potterton et 

al., 2018) and Phenix (Adams et al., 2010) for model building and refinement, 
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and the EM community has benefited from the crossover, with the advent of 

CCP-EM (Wood et al., 2015) providing a suite of crystallographic tools tuned 

for EM model building and refinement. 

 

As EM maps include the phases of the structure, the map quality is often 

superior at lower resolutions (3-4 Å) when compared to some X-ray derived 

electron density maps. Rigidly docking an existing structure, or a homology 

model into the EM map using Chimera ‘Fit in Map’ function serves as the basis 

to manually change the model in protein manipulation software such as Coot 

(Emsley and Cowtan, 2004). Flexible fitting of atomic co-ordinates into a map 

can also be performed, when the map shows densities at the side chain level. 

Software include Molecular Dynamics Flexible Fitting (MDFF), which applies 

a weighting to the density and remove solvent contribution, whilst flexibly fitting 

the co-ordinates into the map, using secondary structure restraints in an 

attempt to prevent overfitting (McGreevy et al., 2016). FlexEM delivers a 

similar output, yet it incorporates a refinement procedure, which splits the 

model into several rigid bodies for maximising cross-correlation fits to the map 

and then employs secondary structure restraints and geometric restraints to 

refine the atomic co-ordinates (Joseph et al., 2016). 

 

If the map has sufficiently high-resolution features (e.g. < 3.5 Å), a model can 

be built de novo. Automated protein chain tracing can also be implemented, 

with Buccaneer (Cowtan, 2006) and ARP/wARP (Langer et al., 2008) shown 

to reliably trace main chain atoms. The latter is also capable of side chain 

tracing, given an amino acid sequence and now has a dedicated EM module 

on their website (www.arpwarp.embl-hamburg.de). 

 

Ab initio techniques also exist, driven by Rosetta software, which breaks the 

amino acid sequence into short, overlapping segments. The conformations of 

each segment are predicted and the EM map is searched for a best fit of the 

segment (DiMaio and Chiu, 2016). Phenix’s ‘Map-to-model’ module also 

performs a similar role. 
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Essentially, the principles of refinement are the same- optimising the model 

(which is a mathematical construct describing the experimental data) to best 

fit the experimental data (map), whilst maintaining the stereochemical and 

geometric restraints of protein structure (e.g. torsion angle restraints, 

secondary structure restraints). The link between the refineable model 

parameters (atomic co-ordinates and B-factors) and the experimental data is 

the target function, which scores the model-to-data fit, essentially driving 

refinement. If the target function is expressed by structure factors/diffraction 

intensities (like in X-ray crystallography), the refinement occurs in reciprocal 

space. Real space refinement is the method of choice in cryo-EM, since the 

map is the output of a SPA reconstruction and won’t change even after model 

improvement, unlike in crystallography, where all the phase information must 

be indirectly obtained.  

 

Real space refinement within Phenix (Afonine et al., 2018) is a popular way to 

refine atomic co-ordinates against the EM map using an optimised weighting 

of restraints, with correlation coefficients between the map and model often 

used to assess the quality of the fit. Refinement can also be performed using 

half maps from processing, with the refined model from one map, used against 

the other to assess the consistency between them by computing the FSC 

between them, somewhat analogous to the Rfree in crystallography. 

 

The recent trends and successes in cryo-EM SPA have been astonishing, with 

several breakthroughs over recent years. One of which is structure 

determination of proteins < 100 kDa using a 200 keV microscope (Herzik et 

al., 2019) with no phase plate (however some of the proteins had high 

symmetry point groups), which offers hope for users who don’t have access to 

high end 300 keV microscopes (e.g. Titan Krios G3i). The plethora of high 

resolution membrane protein structures (Cheng, 2018; Liao et al., 2013) and 

complexes (Lu et al., 2014; Sun et al., 2018) once unsolvable by 

crystallographic methods is also ground-breaking, especially those below 100 

kDa (Sun and MacKinnon, 2017a; Wang and MacKinnon, 2017). The use of 



 92 

minimal sample concentration and removing the need to crystallise offer 

distinct advantages, with resolutions < 2 Å being achieved for some well-

studied, robust proteins (Kim et al., 2018). The use of cryo-EM SPA is so 

profound, that drug discovery using EM is feasible alongside crystallographic 

methods, opening new avenues for drug design of once unsolvable protein-

drug complex structures (Ceska et al., 2019; Johnson et al., 2019; Muench et 

al., 2019; Subramaniam et al., 2016). 

 

3.5 Research aims of the thesis 
In the NOR field, substantial effort has gone into characterising cNORs, 

whereas the qNOR have typically received less attention. Despite high 

resolution structure of GsqNOR at 2.5 Å, the enzyme is catalytically inert due 

to non-native zinc insertion into the active site and the electrogenic NmqNOR 

suffered from low resolution (~ 4.2 Å) structure. As a result, this has hampered 

structure-function relationship studies of qNOR, an enzyme which is found in 

both denitrifying systems and pathogenic microbes. The qNOR from the 

denitrifying, opportunistic pathogen A. xylosoxidans is the basis of this 

research, which aims to obtain the first high resolution structure of an active 

qNOR. A. xylosoxidans holds a full denitrification apparatus and several 

denitrifying enzymes/redox partners have been characterised from this 

organism (Barbieri et al., 2008; Dodd et al., 1995; Strange et al., 1999). It is 

also associated with respiratory infections (Swenson and Sadikot, 2015) and 

cystic fibrosis patients (Lambiase et al., 2011), with increased reports of 

antibiotic resistance (Wittmann et al., 2014).  By utilising X-ray crystallography 

and SPA cryo-EM for structural analyses, it is hoped to obtain sufficient detail 

to delineate the effects of site-directed mutagenesis on proposed substrate, 

electron and proton pathways. The putative proton transfer channel in qNOR 

is believed to overlap with the K-pathway of oxygen respiring enzymes and 

mutagenesis of conserved residues in qNOR will be undertaken to find the 

proposed proton entry point, and compare that with CcO proton pathways, 

helping to understand more about the evolutionarily conservation of such 

enzymes. Furthermore, qNOR’s presence in several pathogenic bacteria is 
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deemed to enhance survival (Cardinale and Clark, 2005; Favazzo et al., 2019; 

Stevanin et al., 2005) offer a potential platform to design quinol-based 

inhibitors of qNOR. 
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4.1 Methods & Materials 
4.1.1 Cloning 

Expression constructs were ordered from GenScript (Hong Kong). The gene 

encoding for qNOR (NorZ) from Alcaligenes xylosoxidans (UniProt ID: 

A0A0D6H8R3) was ligated into a pET 26b (+) plasmid, using XhoI and NdeI 

as restriction enzyme sites (Appendix I).  

 

4.1.2 Transformation 
Plasmids were then transformed into the relevant competent cell strain, using 

the protocol of Froger and Hall (Froger and Hall, 2007). Briefly, 1 µL of plasmid 

DNA was mixed with 25 µL of competent cells, incubated on ice for 30 mins 

and then heat shocked at 42oC for 30 s. Cells were incubated with LB media 

(Merck) for 1 h at 37 oC before plating onto LB-Agar plates supplemented with 

50 µg/mL Kanamycin. 

 

4.2 The Amperometric Assay for NO Reductase Activity 

 
Before detailing efforts to obtain pure, fully metallated, active qNOR, an 

introduction to the enzymatic assay set-up is necessary. An amperometric 

assay for NO was used. Such assay is based upon producing current when a 

potential is applied between two electrodes. The most common and simplest 

type of electrode is a Clark-type electrode. This consists of a platinum cathode 

(working electrode) and a reference anode made of Ag/AgCl which is 

surrounded by electrolyte solution (KCl). The original use of Clark-type 

electrodes was for O2 detection, but the electrode supplied from World 

Precision Instruments (WPI) is reverse-polarised where Platinum electrode is 

the anode. This confers selectivity to Nitric Oxide (Pouvreau et al., 2008). The 

electrodes are surrounded by a metal sheath and a 5 µM Teflon membrane 

covers the tip of the electrode. Despite a 5 µM membrane thickness, the 

minimal response times for the electrode range between 3-10 s. This will allow 

analysis of only steady state kinetics of NOR. NO oxidation at the surface of 

the electrode, coupled with NO oxidation with any residual O2 means there is 
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often a basal level of NO consumption. This has to be taken into account when 

calculating the final NO consumption rates. 

 

4.3 Heterologous Expression of AxqNOR 

 
4.3.1 Over-expression Cell Strain 
The heterologous over-expression of membrane proteins has long been the 

most difficult hurdle to overcome for high resolution structural determination. 

Firstly, membrane proteins are in naturally low abundance in the cell and the 

over-expression can cause deleterious effects in the host cell, including 

accumulation of cytoplasmic aggregates, proteases and downregulation of the 

Tricarboxylic Acid Cycle (TCA), resulting in inefficient ATP production (Wagner 

et al., 2007). These causes are believed to be due to saturation of the 

Secretory (Sec) translocon, which is responsible for integrating proteins into 

the cytoplasmic membrane. A common issue is achieving suitably folded 

protein, embedded in the lipid bilayer and not inside inclusion bodies. The yield 

of membrane proteins is often lower than that of soluble proteins and many 

efforts have been focussed on monitoring expression (e.g. Green Fluorescent 

Protein fused to C-terminus of target protein (Drew et al., 2005)) and improving 

yield (e.g. tunable expression with lysozyme inhibition of T7 RNA Polymerase 

(Wagner et al., 2008)) to name a few. All of the above is discussed in the 

context of Escherichia coli, the most common expression host for prokaryotic 

proteins due to its relatively simple growth conditions, robust yields and variety 

of strains optimised for difficult targets. 

 

The strategy for optimising overexpression of AxqNOR in E. coli was focussed 

on finding a suitable expression strain. BL21 (DE3) cells have long been used 

in protein over-expression and their derivative strains, C43 (DE3) and C41 

(DE3) have been utilised in ‘toxic’ protein and membrane protein over-

expression (Miroux and Walker, 1996). Several methods could have been 

used to assess qNOR over-expression, which include SDS-PAGE and 

Western Blotting, yet these methods would not inform us on the relative activity 
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of the membrane fractions. As such, the aforementioned amperometric assay 

was used in conjunction with the BCA (bicinchoninic acid) assay, to attain a 

relative consumption rate against total protein amount (mg-1). The NO 

reductase assay was conducted in an anaerobic glovebox flushed with a 5% 

hydrogen/ 95% nitrogen mixture (BOC).  The assay vessel contained 50 mM 

Na-Citrate pH 6, with 1 mM Sodium Ascorbate (Sigma Aldrich) and 10 µM 

Phenazine Methosulfate (PMS) (Sigma Aldrich) acting as redox mediators. To 

scavenge any residual O2 in the vessel, 100 mM glucose, 10 µg/ ml glucose 

oxidase (Sigma Aldrich) and 10 µg/mL catalase (Sigma Aldrich) were also 

added. NO buffer was made by bubbling NO gas (Argo Intl’) through 5 M 

NaOH and into 50 mM Tris-HCL pH 7.0, for 15 mins at room temperature, to 

achieve a ~ 2 mM concentration. NO calibration curves were determined prior 

to conducting the assays. Assays were conducted by addition of (x2) 10 µL 

injections of NO buffer, and then after plateau of the curve, addition of sample. 

Assay contents were constantly stirred with a small magnet. 

 

Out of the three cell types initially tested (which were grown in 2xYT media; 

recipe in Appendix II), C41 (DE3) cells gave the highest relative NO 

consumption rate (Fig.4.1). The so called ‘Walker’ strains, C41 (DE3) and C43 

(DE3) strains harbour a mutation compared to the original BL21 (DE3) strain, 

yet they still rely on the T7 RNA polymerase expression system, controlled by 

the lacUV5 promoter. ‘Toxic’ protein expression is thought to occur by 

transcription outrunning translation, which causes unstable RNA stretches to 

form, with destruction of ribosomal RNA’s ensuing (Dong et al., 1995). These 

derivative strains are able to express toxic proteins more efficiently than BL21 

(DE3), due to transcription rates being lower and more target protein 

synthesised (preventing uncoupling of transcription and translation) (Miroux 

and Walker, 1996). Less saturation of the Sec translocon system can aid in 

protein folding and insertion into the membrane. It is also believed they may 

harbour a higher level of cytoplasmic membrane compared to its progenitor.  
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Upon finding a suitable expression strain, efforts were then made to optimise 

the expression by systematically varying several parameters that affect protein 

overexpression. 

 

4.3.2 Optimising over-expression conditions 

According to the original condition, used to screen the competent cell strain, 

the cells were growing to an OD600 of 1, followed by over-expression induced 

with 500 µM IPTG and temperature reduction from 37oC to 18oC. Iron/heme 

supplements were also added in the form of FeCl3 and the heme precursor, 5-

aminolevulinic acid (5-ALA), both at 200 µM final concentration, to aid in heme 

incorporation and potentially improve protein yields. The exclusion of the iron 

supplements slightly hindered the relative NO consumption rate, when grown 

under the same conditions (Fig.4.2). 

 

 

 

 

Figure 4.1 Comparison of AxqNOR activity from isolated membrane fractions from 
over-expression in C41 (DE3), C43 (DE3) and Rosetta2 (DE3) competent cells. [NO] 

trace obtained using ISO-NOP electrode under anaerobic conditions, performed at pH 

6.0 (Na- Citrate). 
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The optical density at which over-expression is induced can influence whether 

the protein of interest is produced in a functional state. By altering which stage 

of the cell growth cycle to induce at (monitored by optical density at 600 nm 

(OD600)), different levels of expression can be obtained. Often, an earlier 

induction point, e.g. OD600 0.4-0.6 is favoured as the cells are in the mid-log 

phase of growth, yet, examples exist of inducing expression at OD600 of 0.1 

(early log phase). Induction at OD600 0.5 and OD600 2 were tested in addition 

to the control of OD600 1. For AxqNOR, a later induction point of OD600 2 was 

favoured (Fig.4.3). Interestingly, an earlier induction point (0.5) gave 

practically a similar effect to higher OD’s. 

 

 

 

 

 

 

Figure 4.2 Comparison of AxqNOR activity from isolated membrane fractions from 
over-expression in C41 (DE3) competent cells, grown in the presence or absence 
of 5-aminolevulinic acid and FeCl3. [NO] trace obtained using ISO-NOP electrode 
under anaerobic conditions, performed at pH 6.0 (Na- Citrate). 
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The pET-based vector system relies on the use of the T7 promoter, located 

upstream of the gene of interest. The DE3 strain carries a copy of the phage 

T7 RNA Polymerase gene, which is under control of the lac promoter. The lac 

repressor is bound upstream of the gene of interest, until lactose binds to the 

repressor, allowing RNA polymerase to bind to the DNA operator sequence 

which was once blocked by the repressor (Dubendorf and Studier, 1991). 

Since lactose is present in the growth medium, ‘leaky’, uncontrolled 

expression of the target protein can take place. To counter this, glucose can 

be added to cell culture which acts to decrease cellular levels of cyclic 

Adenosine Monophosphate (cAMP), which in turn supresses activation of the 

lac operon. 1% addition of glucose to the growth medium didn’t increase 

relative NO consumption rates (Fig.4.4). 

 

 

 

 

Figure 4.3 Comparison of AxqNOR activity from isolated membrane fractions from 
over-expression in C41 (DE3) competent cells, induced at different values of OD600. 
[NO] trace obtained using ISO-NOP electrode under anaerobic conditions, performed at 
pH 6.0 (Na- Citrate). 
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The temperature for cell growth was kept constant at 37oC, up until the point 

of induction. It is often common to screen various temperatures during 

expression trials, as a change of a few degrees can result in drastic changes 

in target protein production. Dropping the temperature to 18oC is commonly 

done upon induction, the rationale being that lower temperatures allow the 

proper folding of protein and lessens the formation of inclusion bodies. For 

AxqNOR, the best temperature tested was 18oC. Growth of the cells took place 

in 5 L baffled flasks, with 1 L of media present. In an effort to maximize protein 

yield, a test was conducted using 2 L of media in a 5 L baffled flask, to see if 

aeration would be hampered with larger volumes. This was found to be the 

case, with reduction of the NO consumption relative to protein content, 

possibly due to insufficient aeration (Fig.4.5). 

 

 

 

 

 

Figure 4.4 Comparison of AxqNOR activity from isolated membrane fractions from 
over-expression in C41 (DE3) competent cells, grown in the presence or absence 
of glucose. [NO] trace obtained using ISO-NOP electrode under anaerobic conditions, 
performed at pH 6.0 (Na- Citrate). 
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A final optimisation was performed to assess whether the addition of the 

iron/heme supplements at different points during the cell growth would affect 

both protein yield and NO consumption rates. Addition of the supplements at 

the start of cell culture failed to increase the relative NO consumption rates 

compared to when added at the point of induction, as previously conducted 

(Fig.4.6). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Comparison of AxqNOR activity from isolated membrane fractions 
from over-expression in C41 (DE3) competent cells, grown with the addition of 
iron/heme supplements either at the start of the culture, or at the point of 
induction. [NO] trace obtained using ISO-NOP electrode under anaerobic conditions, 

performed at pH 6.0 (Na- Citrate). 

Figure 4.5 Comparison of AxqNOR activity from isolated membrane fractions 
from over-expression in C41 (DE3) competent cells, induced at different 
temperatures. [NO] trace obtained using ISO-NOP electrode under anaerobic 

conditions, performed at pH 6.0 (Na- Citrate). 
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4.3.3. Isolation of Membrane Fraction 
All steps carried out at 4oC, unless stated otherwise. Cells were resuspended 

in ice cold lysis buffer (50 mM Tris-HCL pH 8.0, 150 mM NaCl, 2 mM EDTA, 

2.5 mM MgCl2, 1 mg/mL Lysozyme (Sigma), cOmpleteTM Protease Inhibitor 

Tablets EDTA-free (Roche)) at a ratio of 5 mL to 1 g cells. The suspension 

was sonicated (Branson Sonifier) to lyse the cells (amplitude of 14, six cycles 

of 20 s pulse, 20 s off). Unbroken cells and debris were collected by 

centrifugation at 22,515 x g (R13A rotor, Hitachi). The remaining supernatant 

was subject to high speed centrifugation at 185,000 x g (RP45T rotor, Hitachi) 

for 2 h. The supernatant was discarded, and the remaining membrane pellet 

was re-suspended by homogenisation using 50 mM Tris-HCL pH 8.0, 150 mM 

NaCl. The resuspended membrane was stored at -80 oC till further use. 

 

4.4 Purification Optimisation 

 
4.4.1 Choice of Solubilising Detergent 
Upon reaching suitable over-expression of functional AxqNOR, the focus 

turned toward optimising the purification procedure to obtain pure, active 

qNOR that was suitable for structural characterisation. The first step was to 

screen several detergents that could be suitable for solubilising AxqNOR from 

the cytoplasmic membrane (Seddon et al., 2004). The solubilisation detergent 

is one of the crucial parameters that will influence the stability, homogeneity 

and functionality of the membrane protein in question. It must fulfil a range of 

requirements, ideally mimicking the native bilayer to retain the integrity of the 

protein upon extraction. Often a screen of detergents which harbour different 

characteristics (e.g. alkyl chain length, head group charge) is tested to assess 

which ones perform best. As such, 10 detergents were tested for their 

solubilisation capacity on membrane fractions (Fig.4.7). 

 

 

 

 



 104 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AxqNOR membranes were collected from disrupted cells, using the protocol 

in section 4.3.3, and aliquoted into 150 µL (at 5 mg/mL concentration). The 

detergents were added at final concentrations that were at least 10x their 

respective CMC and then gently mixed by rotation (at 4oC) for 1 h. The 

resulting solution was spun down at 185,000 x g for 1 h to pellet the 

unsolubilised material. The material prior to and after solubilisation was then 

mixed with SDS-Loading buffer and run down a SDS- polyacrylamide (12 %) 

gel in Tris-Glycine running buffer (Fig.4.8) (all recipes in Appendix II). 

 

 

Figure 4.7 Solubilisation detergent structure and properties. The 10 detergent’s 
chemical structures are shown (collated from Anatrace company website), with their 

critical micelle concentrations (CMC) in H2O in parentheses, with the amount used in 

the solubilisation assay shown in red. 
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The resulting gel showed that DDM and UDM provided similar levels of 

recovery, with Na-Cholate, CHAPS and TDM being poor solubilisers of 

AxqNOR, indicated by little to no presence of bands at 100 kDa and 75 kDa. 

This was also shown in the presence of brown/red membranes post 

solubilisation, indicative that qNOR was still mostly present in the membrane 

fraction. Strikingly, the lengthening of the alkyl chain by one carbon drastically 

reduced the solubilisation capacity of TDM, compared to DDM. The decision 

was made to trial DDM as the solubilising detergent and purification detergent, 

since it often provides a good starting point to optimise the purification due to 

its mild, non-denaturing properties, relative cost effectiveness and proven use 

in membrane protein crystallisation (Privé, 2007). 

 

4.4.2 Immobilised Metal Affinity Chromatography Purification 

Having optimised the expression and selected a detergent for solubilisation, 

optimising the metal affinity purification steps were undertaken.  A 2 L culture 

under the best expressing condition was grown for an initial test purification. 

Figure 4.8 SDS-PAGE of AxqNOR membrane fractions subjected to detergent 
solubilisation. Red dashed boxes indicate AxqNOR band. M= Protein ladder marker, B= 

Before solubilisation, A= After solubilisation (supernatant). Molecular weights of the 

marker are in kDa, depicted by numbers along the side. Na-Cho’= Sodium Cholate, 
FC12= Fos-Choline 12. 
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The membranes were solubilised using 1 % (v/v) DDM for 1 h at 4oC. After a 

high-speed spin (185,000 x g) to separate the insoluble material, the 

supernatant was mixed with Ni-NTA resin (Qiagen) for 1 h at 4oC.  The qNOR 

loaded resin was then poured into a gravity flow column, with a diameter of 25 

mm (Bio-Rad). The presence of AxqNOR can be easily observed due to the 

absorbance in the Soret region, which emits a red colour (Fig.4.9). 

 

 

 

 

 

 

 

 

 

 

 

 

Several wash steps were included, at 20 mM imidazole (4 column volumes), 

40 mM imidazole (4 column volumes) and 80 mM imidazole (2 column 

volumes) to help remove weakly bound proteins from the resin. The 80 mM 

imidazole wash step begun to elute AxqNOR, as judged by UV-Visible 

spectroscopy measurements, measuring the absorbance (A) ASoret/A280nm, (the 

Reinheitzahl (Rz) value) and SDS-PAGE (Fig.4.10). The sample was eluted 

with 150 mM imidazole, collecting 5 mL incrementally until the column ran 

clear. Despite the predicted molecular weight of AxqNOR being ~ 85 kDa, the 

SDS-PAGE analysis shows a band at ~ 75 kDa. This faster migration may be 

due to the hydrophobic nature/ high number of transmembrane helices of the 

sample, which can affect the expected binding ratio of SDS to protein (1.4 g 

SDS/ g protein). This can lead to anomalies in molecular weight estimation by 

SDS-PAGE (Rath et al., 2009). 

 

Figure 4.9 AxqNOR membrane fraction and Ni-NTA loaded with solubilised 
AxqNOR. The left panel shows membrane fraction after cell lysis, with the red colouring 

indicating over-expression of AxqNOR. The right panel shows solubilised AxqNOR 

(1 % (v/v) DDM) flowing through the Ni-NTA resin packed into the gravity flow column. 
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Sample ASoret A280nm Rz 

Value 

W3 0.133 0.182 0.73 

1 0.154 0.206 0.75 

2 0.184 0.235 0.78 

3 0.591 0.799 0.74 

4 0.174 0.233 0.75 

 
Figure 4.10 SDS-PAGE and UV-Visible Spectroscopy analysis of Ni-NTA purified 
AxqNOR. M= protein ladder marker, with numbers corresponding to molecular weight (in 

kDa), Mbr= Membrane fraction, S= Solubilised material, FT= Flowthrough. Wash steps 
(1-3) indicated by W1-3. Elutions listed as 1-4. The right-hand table shows absorbance 

values at Soret and 280nm regions, using a U-3010 UV-Visible Scanning 

Spectrophotometer (Hitachi) with AxqNOR samples diluted 20-fold prior to scanning. 

 

The eluted fractions were combined and concentrated using 100 kDa 

ultracentrifugal concentrators (Amicon) to a volume of ~ 1 mL. The Rz value 

of this solution was 0.75. The sample was subjected to size exclusion 

chromatography (SEC) to separate out any large aggregates from the sample 

to create as monodisperse a sample as possible. ~ 500 µL of sample was 

injected into a pre-equilibrated Superdex 200 10/300 Increase (GE 

Healthcare) column, running at 0.25 mL/min. The resulting chromatogram 

showed a largely monodisperse trace, with a slight shoulder appearing later 

on during the run (Fig.4.11). 

 

Activity measurements were carried out for each chromatographic peak (peak 

1= 2-5, peak 2= 6-7) and confirmed that NO reductase activity was present in 

both peaks, with peak 2 showing significantly higher (40 %) activity compared 

to peak 1 (Fig.4.12). The pre-SEC sample showed lower activity compared to 

both peaks after SEC. 
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Figure 4.11 Chromatogram and SDS-PAGE from AxqNOR SEC run. Sample run in 

50 mM Tris-HCL pH 8.0, 150 mM NaCl, 0.05 % (v/v) DDM down a Superdex 200 10/300 

Increase gel filtration column, connected to an ÅKTA Pure system. P1 and P2 on the 

chromatogram refer to peak 1 and peak2, elutions (1-7 marked along x axis) were 

analysed by SDS-PAGE (inset left), L= Load (pre-SEC sample), M= protein ladder marker, 
with numbers corresponding to respective molecular weights in kDa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 NO consumption assay conducted on purified AxqNOR samples 
(0.05 % DDM) at pH 6.0 (Na-Citrate). Assay conducted using a Clark-type electrode. 
Final protein concentration in assay was 0.4 µM. 
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Subsequent purifications excluded the 80 mM imidazole wash step, as this 

was deemed to prematurely elute pure AxqNOR from the Ni-NTA column. 

Instead, just two wash steps were implemented, one at 20 mM Imidazole and 

one at 35 mM imidazole.  

 

4.4.3 pH and buffer optimisation 
Since the predicted isoelectric point (pI) of AxqNOR is 8.3 (ExPASy), several 

pH’s were assessed for their ability to minimise aggregation upon exposure to 

heat stress. AxqNOR was diluted into several buffers and subjected to 50oC 

heat for 10 mins before measuring the A320/A280 ratio by UV-Visible 

spectroscopy. By monitoring the absorbance at 320 nm against that of 280 nm, 

a quick assessment of aggregation can be gleaned. Scattering from large 

particulates is attributed to absorbance at 320 nm, so comparison against the 

aromatic residues absorbance at 280 nm is one simple measurement of 

sample quality (Raynal et al., 2014). Tris-HCL pH 8.0 gave the lowest A320/A280 

(Fig.4.13), which considering how close it is to the isoelectric point is 

somewhat surprising. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 UV-Visible spectra of AxqNOR in several buffers after heat exposure. 
Sample was diluted into 50 mM of new buffer, 150 mM NaCl, 0.05 % (v/v) DDM and was 

heated at 50oC for 10 mins. Bracketed values indicate the A320/A280 of each respective 

buffer. 
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4.4.4 Detergent Exchange via Size Exclusion Chromatography   
Although DDM is an efficient solubiliser of most membrane proteins, those 

very properties can often hamper high resolution structure determination via 

X-ray crystallography. The comparatively large micelle (65-70 kDa) can be 

detrimental during crystallogenesis, yet, DDM is the most common detergent 

used in crystallisation (though the mean resolution of structures obtained is 

amongst the lowest at ~ 3 Å, compared to Octyl-ß-glucoside (OG) mean 

resolution of 2.5 Å) (Parker and Newstead, 2016; Stetsenko and Guskov, 

2017). Considering that PacNOR and NmqNOR were crystallised in Decyl-

thio-maltoside (DTM) and GsqNOR in OG, several detergents were selected 

for screening via UV-Visible Spectroscopy. AxqNOR in 0.05 % (v/v) DDM was 

used as a control and detergent was added to concentrations either at CMC 

or 2x CMC. The samples were incubated for 1 h at room temperature by gentle 

mixing and then spun down prior to measuring the UV-Visible spectra 

(Fig.4.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14 UV-Visible spectra of purified AxqNOR diluted into detergent exchange 
buffer. Sample was diluted with 50 mM Tris-HCL pH 8.0, 150 mM + new detergent. 
Spectra recorded after ~ 1 h incubation at room temperature. UDM= Undecyl Maltoside, 

UTM= Undecyl-thio-maltoside, NM= Nonyl Maltoside, NG= Nonyl Glucoside, OM= Octyl 

Maltoside, OG- Octyl Glucoside. Bracketed values indicate the A320/A280 ratio for each 

respective detergent. OG and NG exchange caused an increase of the baseline spectra 

(between 450-600 nm). 
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The most noticeable observation was the sensitivity toward the detergent head 

group. Glucose moieties caused higher amounts of aggregation compared to 

their maltose counterparts, which showcases the importance of the detergent 

head group in stabilising the protein. Interestingly, GsqNOR was purified and 

crystallised in 1% OG (solubilised in Triton X-100). The shorter chain 

maltoside based detergents showed similar A320/A280 values compared to 

DDM, so, detergent exchange via gel filtration was explored for several of the 

detergents. AxqNOR was purified in 0.05 % (v/v) DDM up until gel filtration, 

whereby the detergent was exchanged to DTM, DM, UTM, NM and NTM for 

crystallisation trials. The resulting gel filtration traces are shown in Fig.4.15, 

compared to the original 0.05 % (v/v) DDM condition. 

 

The chromatograms of the detergent exchanged samples showed varying 

degrees of monodispersity. Exchange to the eleven chain UTM caused a more 

pronounced shoulder to appear at ~ 12 mL, though the chromatogram was 

largely similar to DDM. Exchange to ten chain detergents (DM and DTM) 

caused a split peak profile (peak 1 and 2), which may be indicative of 

monomer/ dimer mixture, which was more evident in 0.05 % (v/v) DTM. To 

assess the oligomeric state of the P1 and P2 samples from the 0.05 % (v/v) 

DTM, each of the concentrated samples were run down a non-reducing and 

non-denaturing gel. 3 µg of each sample was loaded onto a NativePAGETM 

Novex Bis-Tris gel at pH 7.5 (Thermo Fisher), run at 4oC. The Coomasie 

stained gel showed that the sample may be in equilibrium between monomeric 

and dimeric species (Fig.4.15f). The predicted molecular weight of AxqNOR is 

~ 85 kDa, so a dimeric species would be ~ 170 kDa. The increased molecular 

weight of the higher band (at ~ 242 kDa) could be due to detergent micelle 

and lipid contribution. 
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Figure 4.15 Gel filtration traces of detergent exchanged AxqNOR. Samples run 
down a two-column volume (48 mL) equilibrated Superdex 200 10/300 Increase in 

respective new detergent, running at 0.45 mL/min, connected to an ÅKTA Pure 

system. A= UTM exchange, B= DM exchange, C= DTM exchange, D= NM exchange, 

E= NTM exchange. Traces shown are A280, with the inset showing SDSPAGE of 

the resulting fractions from gel filtration (indicated by the red numbers along the 
elution volume axis). The blue dashed line indicates the split between P1 and P2 

(peak 1 and peak 2) of the chromatogram. The peak between ~ 8-9.5 mL is not 

included in any elutions, since this has a low Rz value and is likely aggregate since 

it’s near the void volume of the column. L= Pre-SEC sample (i.e. AxqNOR in 0.05 % 
DDM from IMAC), M=Protein ladder marker, numbers indicate molecular weight (for 

DTM exchange SDS-PAGE, a different manufacturers protein marker was used), F) 

Blue Native-PAGE of DTM peak 1 (p1) and peak 2 (p2) samples, with M indicating 

native protein ladder marker, with number corresponding to molecular weights in 

kDa. No SDS-PAGE was run for condition ‘E’ elutions. 
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Since the sample was extracted with DDM and then incubated with DTM 

during SEC, a mixed micelle would contribute to > 50 kDa (DDM micelle is ~ 

50 kDa, no data on DTM micelle size) (Lipfert et al., 2007). A 170 kDa dimer 

with at least 50 kDa micelle and potential lipid molecules, would bring the 

molecular weight to close to ~ 242 kDa. The same would hold true for a 

monomeric species (85 kDa) with the 50 kDa micelle and potential lipids bring 

the molecular weight to ~ 146 kDa. P1 shows a slightly higher proportion of 

the higher molecular weight species compared to P2, with the former showing 

a more intense lower molecular weight band. The split peak behaviour and 

proximity of peaks is symptomatic of equilibrium between two species and has 

been observed in other qNORs, like Neisseria meningitidis qNOR (NmqNOR) 

(personal communication by Dr. Takehiko Tosha), which also shows a two-

peak behaviour. 

 

Interestingly, use of NM and NTM showed differing SEC separation 

behaviours, with NM exhibiting a split peak profile, with NTM showing a similar 

behaviour to DM, despite both NM and NTM being nine chain detergents. 

Shorter chain detergents tend to be more disruptive to protein stability due to 

the shorter alkyl chain, which provides less of a hydrophobic environment to 

protect the lipid bilayer. The peaks were separated as best as possible and 

concentrated for enzymatic assays (Table 4.1). The substantial loss of activity 

in the nine chain maltoside based detergents (NM and NTM) may be due to 

several reasons, one being instability of the protein in that detergent or 

possible loss of metal co-factors. The Rz values of the shorter chain detergent 

exchanged samples were slightly lower compared to those of longer chain 

detergent exchanged samples, though, batch to batch variability of the cell 

culture may have contributed as well. 
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Table 4.1 NO consumption of various detergent exchanged sample 
AxqNOR compared against DDM solubilised AxqNOR. 

 

 

 

 

 

 

 

 

 

 
 

Assays were conducted at pH 6.0 (Na-Citrate) under anaerobic conditions using a 
Clark-type electrode, with protein concentration at 0.2 µM. P1= first peak from gel 

filtration, P2= second peak from gel filtration. Standard deviations from n= 3 
experiments (technical replicates) also reported. 

 

Since varying levels of monodisperse protein were isolated from these 

preparations, use of a larger gel filtration column was implemented. By 

increasing the height of the column, the eluent can separate out into distinct 

species, thus providing better resolution of the peaks. AxqNOR was detergent 

exchanged into DM and DTM (mutually exclusive) on a HiLoad 26/600 

Superdex 200 pg (GE Healthcare) (Fig.4.16). The elution profile of the 

samples was monodisperse, with no secondary peak. The NO consumption 

activity and Rz values were comparable to the previous samples that were 

purified on the smaller column, in that the monodisperse elutions activity was 

an average between peak 1 and peak 2 activities. The SDS-PAGE analysis 

revealed earlier elutions to migrate as a single band, with later elutions (e.g. 

elution five onward) showing a faint second band near ~ 58 kDa (Fig.4.16 

inset). This may be due to slight degradation or differences in lipid content in 

elutions from the column. 

Sample Rz Value % Activity vs 
0.05 % DDM 

P1 UTM 0.72 100±12 

P2 UTM 0.72 105±8 

P1 DM 0.74 110±15 

P2 DM 0.75 120±10 

P1 DTM 0.77 110±16 

P2 DTM 0.76 115±12 

P1 NM 0.62 30±6 

P2 NM 0.65 32±4 

P1 NTM 0.66 35±8 

P2 NTM 0.7 36±5 
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Figure 4.16 Gel filtration traces of AxqNOR detergent exchange into DTM and 
DM, on a HiLoad 26/600 Superdex 200 pg column. Traces shown are of A280. 

Samples were run at 1 mL/min on an ÅKTA Pure system. Inset gel is from the DM SEC 

run elutions (marked along x axis), M= Protein ladder marker, numbers indicated 
molecular weight of marker in kDa.  
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5.1 AxqNOR Crystallisation Trials 
 
5.1.1 Sparse Matrix Screening 
The first sample deemed suitable for crystallisation trials was protein 

solubilised in DDM, which was then exchanged via gel filtration to 0.1 % (v/v) 

DM. This sample had a Rz value of 0.8. The reasoning to exchange the 

detergent was two-fold, firstly, active PacNOR (Hino et al., 2010) and 

NmqNOR (Gonska et al., 2018) structures had been obtained in DTM (after 

solubilisation in DDM) and secondly, the comparatively large micelle of DDM 

can often hinder tightly packed crystal lattices, limiting the diffraction limit of 

the crystal. Following purification of 0.1 % DM exchanged sample, 15 mg/mL 

of qNOR was applied for screening. Screening was carried out in 96 well MRC-

2 sitting drop plates (Hampton) at two temperatures, 4oC and 20oC. The 

reservoir solution was mixed with the protein solution 1:1 (200 nL final volume, 

dispensed using a Mosquito (TTP Labtech). Sparse matrix screens from 

Molecular Dimensions (MemGold™, MemGold2™) were initially tested. After 

~ 3 days, pale brown crystals appeared in several conditions at 20oC (Fig. 5.1). 

Considering the activity and purity of the sample (judged by SDS-PAGE and 

Rz value) and the brown colouring, it’s likely that these crystals were of protein 

AxqNOR (though a Western blot would provide further evidence). 

 

 

 

 

Figure 5.1 Initial crystallisation hits from 0.1 % (v/v) DM exchanged AxqNOR 
sample (15 mg/mL) grown at 20oC. Crystallisation condition of each crystal is 

given underneath each respective picture. Scale bar inset= 50 µm. 
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These crystals were then subjected to X-ray diffraction experiments at the 

microfocus beamline at SPring-8, BL32XU. This micro-crystallography 

beamline can achieve a 1x1 µm beam size with high photon flux to target 

crystals < 10 µm in size (Hirata et al., 2013; Yamamoto et al., 2017). Since 

smaller crystals have lower diffraction volumes, the diffraction intensities are 

generally weaker than those from larger crystals, thus background scattering 

from crystal can become relatively large making diffraction spots invisible. The 

use of higher brightness beamlines can prove helpful in data collection as 

exposure to X-rays can be reduced. 

 

The crystals were harvested using Dual Thickness Micromounts/Microloops 

(MiTeGen) and flash frozen in liquid nitrogen (LN2). Since the concentration of 

precipitant (PEG 400 and PEG 200) was above 30 % in this case, crystals 

weren’t subjected to cryo-protection. The crystals showed limited diffraction, 

diffracting between 15-20 Å (Fig.5.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 X-ray diffraction experiment conducted at BL32XU beamline, SPring-8. 
The left-hand panel shows a mounted AxqNOR crystal from the perspective of the 

incoming X-ray beam, the right panel shows the associated diffraction pattern, with 

spots extending to ~ 20 Å (denoted by dashed black circle). Beam size of 20x20 µm and 
detector distance of 500 mm. 
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Before attempting to scale up any of these conditions, a purification with 

detergent exchange to 0.1 % (v/v) DTM was performed. Considering that both 

PacNOR and NmqNOR were successfully crystallised in DTM, crystallisation 

trials in DTM seemed sensible to carry out. The 0.1 % (v/v) DTM exchange 

showed a similar split peak behaviour (Fig.5.3) compared to 0.05 % (v/v) DTM, 

and both peaks were concentrated separately. NO reduction was confirmed 

for both peak 1(Rz of 0.72) and 2 (Rz of 0.7) of 0.1 % (v/v) DTM sample. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Both peaks were used for crystallisation set-up at 10 mg/mL at 20oC, yet the 

screening was expanded to include other commercial screening kits, including 

Wizard, PEG Rx, Crystal Screen and Index (all from Hampton Research). The 

switch to DTM proved fruitful, with multiple hits, both old and new with regards 

to the initial screening conducted using 0.1 % (v/v) DM sample (Fig.5.4). The 

majority of crystals grew in low molecular PEG’s, with PEG 350 Monomethyl 

Ether (MME) and PEG 400 being the most common precipitant, a seemingly 

well observed behaviour with alpha helical membrane proteins (Parker and 

Figure 5.3 Gel filtration profile and associated SDS-PAGE of 0.1 % (v/v) DTM 
detergent exchanged sample. Sample run on a Superdex 200 10/300 Increase, 
connected to an ÅKTA Pure, with A280 and A410 traces in blue and red, respectively. SDS-

PAGE of SEC elutions 1-6 (red numbers 1-6 labelled on x axis of chromatogram) is 

shown inset (M= Protein ladder marker, numbers correspond to molecular weight in kDa). 
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Newstead, 2016). A preference for divalent cations was also observed, with 

CaCl2 and MgCl2 being present in many conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since SPring-8 had a shutdown period between January 2017 and March 

2017 (inclusive), crystals from DTM screening and new crystals from DM 

screening were frozen and taken to Photon Factory, Tsukuba (Japan). 

Crystals were mounted on the BL-5A beamline, one of five macromolecular 

crystallography beamlines at the Photon Factory. Several crystals showed 

better diffraction properties compared to the previous screening (Fig.5.5), with 

some weak diffraction seen to ~ 10 Å. Despite the Rz value of the sample 

being slightly lower than the original DM sample (0.8), the crystals produced 

from DTM screening diffracted better. Despite the resolution limit being 

increased, the spread of diffraction is uneven throughout the crystal. This 

anisotropic characteristic is often seen in membrane protein crystals (Robert 

et al., 2017), often attributed to fewer crystal contacts within the crystal lattice 

in certain spatial directions, which leads to an uneven distribution of diffraction 

intensities (Popov and Bourenkov, 2003; Sheriff and Hendrickson, 1987). 

 

 

Figure 5.4 AxqNOR crystals grown from 0.1 % (v/v) DTM exchanged sample at 20oC. 
Scale bars= 50 µm. Conditions from MemGold™ and MemGold2™. 
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0.05 M Tris pH 9 
0.3 M Ammonium Formate 
33 % (v/v) PEG 500 MME 
Peak 2 (0.1 % (v/v) DTM)  

15 Å 

0.1 M MES pH 6 
0.2 M CaCl2 

26 % (v/v) PEG 350 MME 
Peak 1 (0.1 % (v/v) DTM)  

10 Å 

0.1 M MES pH 6 
0.1 M NaCl 
0.1 M MgCl2 
30 % (v/v) PEG 300 Peak 1 
(0.1 % (v/v) DM) 

10 Å 

Figure 5.5 Diffraction images from screening of AxqNOR crystals at BL-5A, 
Photon Factory. Beam size of 50x50 µm was used at 1 Å wavelength, with an 

exposure time of two seconds per image. Detector (PILATUS 3M, [Dectris]) distance= 
249 mm. Resolution limits indicated by white dashed circle. 
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5.1.2 Optimisation of Crystallisation Conditions 
After the diffraction trials at Photon Factory, optimisation was carried out to 

obtain better diffracting crystals. Since the conditions have some overlap in 

terms of salts/ precipitant, a broader screen in 96 well plates were created to 

sample varying concentrations of salts, pH and precipitant (Fig.5.6). 
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Figure 5.6 Optimisation 3D screening in 96 well sitting drop plates using AxqNOR 
0.1 % (v/v) DTM exchanged sample, 10 mg/mL at 20oC. M= MES, T= Tris, H= HEPES, 

G= Glycine buffers (value underneath specifies respective pH, all used at 0.1 M final 

concentration), PEG concentration is (v/v).  
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Several larger crystals grew out of these plates after ~ 2 weeks and were 

subjected to x-ray diffraction trials at BL32XU, SPring-8 (Fig.5.7).  

 
 

 

 

 

An increase in pH and decrease of salt concentration improved the diffraction 

limit of AxqNOR crystals to ~ 7.2 Å. Since the crystals were derived from 96 

well plates, with a final drop volume of 0.2 µL, the amount of available protein 

to form larger crystals (> 50 µm) is somewhat limited in comparison to a drop 

volume of 2 µL. Increasing the protein concentration from 10 mg/mL to 15 or 

20 mg/mL in the 96 well plates resulted in more precipitation and fewer crystals, 

Figure 5.7 Diffraction trials at SPring-8 (BL32XU) on optimised AxqNOR crystals. 
Beam size= 10x15 µm, detector (EIGER 9M) distance= 400 mm, wavelength= 1 Å. 

Resolution limits indicated by dashed circles. 
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compared to crystallising at 5-10 mg/mL. Scaling up the crystallisation drops 

was achieved using microbridges (Hampton Research) in 24 well plates, with 

a reservoir of 500 µL. The diffraction of these crystals obtained from higher 

concentration was not better than the original conditions. A further screen of 

low molecular PEG’s (PEG 200, PEG 300, PEG 400 and PEG 500 MME) 

against 0.1 M MES pH 6.0 and 0.1 M CaCl2 resulted in no crystal growth.  

 

The Superdex 200 10/300 column samples chromatogram usually displayed 

a two-peak behaviour, indicating that the sample was not monodisperse. To 

address this, AxqNOR was detergent exchanged to 0.1 % (v/v) DM (shown in 

Fig.4.16) using the HiLoad 26/600 Superdex 200 column and exhibited a 

single, monodisperse peak (Fig.5.8), the Rz of the sample being 0.78 (activity 

of ~ 190 µM NO/min-1/µM qNOR). The greater length of the column (240 mL 

vs 25 mL) may have enhanced resolution of the peaks, despite the separation 

range being equivalent between the Superdex 10/300 and HiLoad 26/600. 

 
 

 

 

 

Re-screening of conditions took place and after ~ 3 months, one crystal 

appeared in 0.1 M Glycine pH 9.0, 0.05 M MgCl2, 22 % (v/v) PEG 400. The 

Figure 5.8 Gel filtration profile of AxqNOR exchanged in 0.1 % (v/v) DM. Sample run 

down a HiLoad 26/600 Superdex 200 pg (GE Healthcare) gel filtration column connected 

to an ÅKTA Pure at a flow rate of 1 mL/min. 
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subsequent diffraction extended to ~ 7 Å (Fig.5.9) in one direction, with spots 

to ~ 8.5 A in the other. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
During optimisation of this condition, further screening was done using 

different detergents (UTM, NM) to assess if improvements in diffraction could 

be obtained. 

 

5.1.3 Further detergent screening 
Exchange to the eleven chain UTM was conducted and screening was once 

more performed. Again, the crystals that grew from the UTM exchanged 

sample showed a preference for divalent cations and predominantly PEG 400. 

Several crystals from peak 1 UTM crystallised in the same condition as the 

single peak 0.1 % (v/v) DM crystal. The diffraction quality of the crystals from 

the same drop showed some variability, with some showing spots to ~ 5 Å, 

whilst the other had some spots at 6 Å (Fig 5.10). Images were taken with full 

transmission (i.e. no attenuator), hence the presence of background noise in 

the outer edges and some saturation within the lower resolution region 

(surrounding the centre of the beamstop). 

0.1 M Glycine pH 9.0 
0.05 M MgCl2  
22 % (v/v) PEG 400 
0.1% (v/v) DM 

7 Å 

Figure 5.9 Diffraction image from single peak 0.1 % (v/v) DM derived crystal 
tested at BL32XU beamline. Full transmission was used during the experiment (i.e. 

no attenuator used), with detector distance of 400 mm. 
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The method of detergent exchange has thus far been confined to gel filtration 

only, which may result in little to incomplete exchange from DDM to the new 

detergent. Since UTM exchanged crystals gave slightly more promising 

diffraction (despite the anisotropic and mosaic nature), UTM was included in 

the Ni-NTA purification buffers. Solubilisation in UTM would have been 

impractical, due to the relatively high cost of the detergent. Inclusion of UTM 

(final concentration 0.02 % (v/v)) in the Ni-NTA buffers resulted in similar 

Figure 5.10 UTM exchanged AxqNOR crystals diffraction images from BL32XU 
beamline. Top, diffraction image from left hand side crystal (picture in top right corner), 

bottom is diffraction image from right hand side crystal. Images taken using full 

transmission, detector distance = 300 mm. Dashed boxes show zoomed in portions of 

detector to highlight spots. White dashed circle indicates ~ 6 Å resolution limit. 
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purities and activity compared to SEC only exchange, with a similar 

chromatogram (Fig.5.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crystals grown from the ‘full’ exchange were considerably larger (~ 200 µm) 

and grew largely from peak 2, as opposed to peak 1 sample. The diffraction of 

these were not better than the original conditions, but offered an opportunity 

to investigate different cryoprotectants, since ~ 10-15 crystals grew from these 

conditions (Fig.5.12). Cryoprotection serves to prevent crystalline ice 

formation upon flash freezing, which is required to subjugate the effects of the 

x-ray beam and subsequently reduce harmful radiation damage to the crystal 

lattice. Larger crystals are more likely to freeze unevenly, which can lead to 

unwanted effects such as increases in mosaicity and reductions in diffraction 

limit (Heras and Martin, 2005; Kriminski et al., 2003). Common cryoprotectants 

include sugars, polyalcohol’s, salts and polymers. For AxqNOR crystals, it was 

found that salts (LiCl, NH4SO4) were not conducive to cryoprotecting PEG 

based crystallisation conditions. Instead, glycerol and low molecular PEGs 

(similar to ones in the condition) were best suited to confer cryoprotection.  

 

 

Figure 5.11 Gel filtration profile of UTM exchanged AxqNOR samples. Samples were 
run on a Superdex 200 10/300 Increase at 0.5 mL/min, traces shown are of 280 nm.   
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Figure 5.12 Full UTM exchanged crystal diffraction and cryoprotectant screening. 
Upper diffraction limit indicated by dashed black ring. Scale bar in crystal picture= 200 

µm. Cryoprotectants mixed with mother liquor prior to soaking. Resolution in the table 

refers to upper limit of diffraction. 

 

Shorter exposure times were generally better, as it was observed that longer 

times (> 1 min) resulted in partial dissolution of the crystals, possibly due to 

high solvent content of the crystals. Crystals from the nine chain NM 

exchanged AxqNOR materialised after about 3 months, and they were 

considerably paler than previous crystals (possibly due to loss of heme) grown 

in the same condition from UTM exchanged qNOR and also showed worse 

diffraction (Fig.5.13). 

Cryoprotectant Resolution (Å) 

20% Glycerol (5% steps, 2s dip) 7.8 

20 % Glycerol + 0.02% UTM (3s dip) 8.6 

30 % PEG 350 MME + 0.02 % UTM (3s dip) 8.8 

30 % Ethylene Glycol (5% step, 3s dip) 9 

20 % Sorbitol 11 

20 % Pentaerythritol Propoxylate 5/4/OH + 0.02 % UTM 15 

8 Å 

0.1 M MES pH 6.0 
0.2 M CaCl2 
22 % PEG 350 MME 
P2 0.02 % (v/v) UTM 
full 
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Reduction of the amount of detergent used in purification was explored with 

DTM, since the CMC is around half that of DM (0.045 % vs 0.087 %). Excess 

detergent may interfere with the formation of well diffracting crystals, although 

it could be argued that including an additional detergent at CMC may not be 

sufficient to exchange with the original solubilisation detergent. Previous 

purifications used for crystallisation trials had used 0.1 % (v/v) DTM at gel 

filtration, so a purification with 0.05 % (v/v) DTM was done and the resulting 

protein (both peaks) were used for crystallisation screening. Diffraction of a 

crystal which crystallised in NH4SO4 and acidic pH was seen to ~ 7.7 Å 

(Fig.5.14), contrary to previous conditions which were dominated by small 

molecular weight PEGs and alkaline pH’s. 

 

 

 

 

 

 

 

Figure 5.13 Diffraction image from 0.5 % (v/v) NM exchanged AxqNOR crystal 
tested at BL32XU beamline. 15x15 µm beam size, with 20 % attenuation of beam. 
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Altering the concentration of KNa Tartrate resulted in a drastic change in 

crystal morphology, with clusters of needles growing in the scaled up (2 µL 

total volume) crystallisation droplet. The resulting diffraction was extremely 

anisotropic, with streaky, weak diffraction extending to ~ 4.5 Å (Fig.5.15). The 

change in diffraction pattern and crystal morphology may be due to the use of 

homemade reagents and cryoprotection in 20 % (v/v) glycerol. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

8 Å 

0.1 M Na-Citrate pH 5.6  
2.0 M NH4SO4 
0.2 M KNa Tartrate 
Peak 1 0.05 % (v/v) 
DTM  

Figure 5.14 AxqNOR crystal from 0.05 % (v/v) DTM exchange. Diffraction tested at 
BL32XU beamline, using a 15x15 µm beam with 15 % attenuation. 

4. 5Å 

2.0 M NH4SO4 
0.3 M KNa Tartrate 
0.1 M Na-Citrate pH 5.6 
(20% Glycerol, 3s dip) 
Peak 1 0.05 % (v/v) DTM 

Figure 5.15 Optimised NH4SO4 derived AxqNOR crystal diffraction image from 
BL32XU. Crystal grown at 20oC from 15 mg/mL sample. Arrow indicates 4.5 Å resolution 

limit. 
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Altering the salt concentrations and pH led to largely similar crystal 

morphologies and diffraction patterns. Attempts to grow the crystals at lower 

temperatures (to increase the chances of slower, ordered growth) were futile, 

as were lower protein concentrations, the latter resulted in fewer clusters of 

needles. Different ammonium and sulphate-based salts (e.g. NH4PO4, 

NH4NO-3, Li2SO4) and buffers with a similar pH range to Na-Citrate (Na-

Acetate, MES) were tested, but did not allow growth of crystals. Like with the 

0.1 % (v/v) DM samples, 0.05 % (v/v) DTM exchange was conducted on a 

larger gel filtration column, which produced a monodisperse peak. This sample 

did produce crystals; however, they were of similar morphology and diffracted 

worse (~ 20 Å) in comparison.  

 
5.1.4 Seeding Approaches 

The current diffraction characteristics of AxqNOR crystals are typical of poorly 

ordered crystals, exacerbated by the fact that these are membrane protein 

crystals. Crystal seeding has been used to encourage well-ordered crystal 

growth in different conditions and can sometimes produce highly diffracting 

crystals. Seeding removes the energy barrier to crystallisation (nucleation) in 

a way which removes the need to use higher levels of precipitant or protein to 

increase supersaturation, which can cause a shower of microcrystals or heavy 

precipitation (Bergfors, 2003). Two main methods of seeding exist; 

macroseeding and microseeding. The first involves the transfer of a single, 

washed crystal (removing any microcrystalline material that may interfere with 

fresh seeding) into a pre-equilibrated drop. Crystals may grow in the vicinity of 

the original crystal or the original crystal may continue growing. Microseeding 

involves the transfer of microscopic crystal nuclei into pre-equilibrated drops, 

either by streak seeding or matrix screening. AxqNOR crystals from 

macroseeding didn’t diffract better than their unseeded counterparts. Streak 

microseeding of AxqNOR crystals (0.02 % (v/v) UTM peak 1 and full UTM 

crystals) was successful (Fig.5.16), yet the diffraction remained similar to 

unseeded crystals. Seeds were created from 0.1 M MES pH 6.0, 0.2 M CaCl2, 

24 % (v/v) PEG 350 MME, using a seed bead (Hampton Research). 
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The NH4SO4 derived 0.05 % (v/v) DTM crystals were also made into seeds 

and used for random Matrix Microseed screening (rMMS) (D’Arcy et al., 2014). 

This is similar to a 96 well sparse matrix set up, except that a seed stock 

solution is added to the crystallisation drop. This approach has been 

demonstrated to increase the number of crystallisation hits obtained from 

screening and can help form different crystal forms which may be better suited 

for diffraction experiments. A 100x stock of seeds was dispensed into several 

96 well screens, yet there was no increase in the number of hits or quality of 

the crystals. 

 
5.1.5 Lipidic Cubic Phase (LCP) Trials 

LCP crystallisation has proven a popular and often necessary crystallisation 

method in the GPCR field (Yin et al., 2014). The cubic phase is formed from 

hydrating lipids with an aqueous solution at certain ratios and temperature 

(dependent on lipid). A network of 3D bi-continuous lipid bilayers forms 

separated by water channels. This bilayer can allow diffusion of protein upon 

addition of precipitants. LCP crystallisation has a number of advantages over 

in surfo techniques, the first being that reconstitution of the membrane protein 

in a membrane mimetic is usually better than it being surrounded by detergent. 

Secondly, the types of crystal formed by LCP are more abundant in protein-

protein contacts (both hydrophilic and hydrophobic), leading to a better 

ordered crystal (Caffrey, 2015). Thirdly, the amount of protein used is usually 

far less compared to vapour diffusion trials, as the protein is mixed with lipid 

Figure 5.16 Microseed produced AxqNOR crystals from streak seeding. A 10x stock 

solution was used to seed pre-equilibrated drops (at 10 mg/mL) using a streaking tool 

from Hampton Research. Scale bar inset= 100 µm. 
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at 2:3 or 1:1 ratio. Whilst LCP has found favour in GPCR (Cherezov et al., 

2007; Rouhani et al., 2001; Shimamura et al., 2011) and transporter (Fukuda 

et al., 2015) crystallisation, respiratory enzymes have contributed just two 

unique structures  (Lyons et al., 2012; Tiefenbrunn et al., 2011) from LCP. 

 

AxqNOR samples in various detergents (0.03 % (v/v) DDM, 0.05 % (v/v) DTM, 

0.1 % (v/v) DM) were mixed with either Monoolein (9.9 MAG, Nu-Chek)) or 

Monopalmitolein (7.9 MAG,Nu-Chek), using a gas tight coupled Hamilton 

syringe. 7.9 MAG has a higher melting temperature and can better tolerate 

crystallisation at lower temperatures (Misquitta et al., 2004) (e.g. 6oC). 50 nL 

of protein laden LCP bolus was dispensed onto Laminex glass plates 

(Molecular Dimensions) and overlaid with 0.8 µL of reservoir using the 

Gryphon robot (Art Robbins). Plates were incubated at both 20oC and 4oC. No 

crystal formation of AxqNOR was observed however, with a few conditions 

producing salt crystals.  

 
5.2 Construct Modification 
 
5.2.1 Protein Disorder Servers 

Whilst thermostabilisation by mutagenesis is a well-practiced strategy in 

creating highly diffracting crystals of membrane proteins, the search for such 

mutations and generation of mutants is often time consuming. Flexible termini 

or loops can sometimes hinder ordered crystallisation of the molecule in hand. 

PrDOS (Ishida and Kinoshita, 2007) has two predictors; one which takes the 

local amino acid sequence and one based on template proteins (e.g. 

homologous proteins of known structure). The latter predictor assumes some 

conservation of intrinsic disorder, which is taken from PSI-BLAST. A second 

server, DisEMBL (Linding et al., 2003), assigns disorder based on three 

criteria. First, secondary structure prediction of loops/coils, where it will assign 

residues which are a-helix, 310-helix or b-sheet as ordered and others as 

disordered. ‘Hot loop’ is based on C-a temperature factors (e.g. B-factors), 

with emphasis on loops being disordered. Finally, missing atomic co-ordinates 

from PDB files of homologous structures, i.e. non-assigned electron density is 
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used as an indirect measure of disorder. Both were used to analyse the 

AxqNOR sequence, with the C-terminus (residue 747-763) and several loops 

(103-117, 257-271) being highlighted as potentially disordered regions 

(Fig.5.17). 

 

 

 

 
 
 

 

 
 

 
 

 

 
 

 

 

 
 

Figure 5.17 Output (screenshots) from protein disorder servers using AxqNOR 
protein sequence. Top screenshot is output from DisEMBL, bottom screenshot is 
output from PrDOS. Coloured residues are predicted to be disordered.  
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The C-terminus was truncated from residues 747-763 (termed D747-763) by 

mutagenic primers (Appendix III), then it was expressed and purified as normal. 

Crystallisation took place and several crystals appeared from screening, yet, 

surprisingly, no crystals grew in 0.1 M Glycine pH 9.0, 0.05 M MgCl2, 22 % 

(v/v) PEG 400. Perhaps the C-terminus was helping form crystal contacts in 

the presence of this crystallisation condition. Crystals also grew in the NH4SO4 

condition (homemade), with the crystals forming long, thin needles > 500 µm 

in length. The diffraction pattern was similar to the non-truncated construct, 

with some spots/streaks at ~ 3.9 Å (Fig.5.18). 

 

 

 

Figure 5.18 Diffraction images from D747-763 NH4SO4 derived crystal tested at 

BL41XU beamline, SPring-8. Streaks are present to the edge of the detector (zoomed 

in portion of dashed box on left hand side of detector in top panel). Scale bar= 500 µm. 

ML= mother liquor (reservoir) + 20 % glycerol was cryoprotectant condition. 
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5.3 Low resolution data collection & processing  
 
5.3.1 UTM exchanged crystal data collection 

Since the UTM crystals diffracted to a relatively high resolution, a full data 

collection was carried out. Despite the crystal showing some spots at higher 

resolutions (Fig.5.10), these were only seen using full transmission at BL32XU. 

A full dataset collected in this manner would likely have caused radiation 

damage and decay of diffraction intensities at higher resolution shells, the 

latter of which was already present in this crystal. The crystal was tested at 

BL41XU (Hasegawa et al., 2013), the high flux macromolecular beamline at 

SPring-8. A full dataset was collected (360o) using 10 % transmission at 1 Å 

wavelength, oscillating 0.5o between each image. The crystal was exposed for 

0.5 s per image using a 11 (vertical height) x 9 (horizontal width) µm beam. 

The crystal showed largely consistent diffraction between 6-8 Å range, with a 

few reflections appearing at ~ 5 Å. The crystal showed limited diffraction near 

the end of the data collection, with spots mostly confined to ~ 9 Å (Fig.5.19).  

 

5.3.2 Data processing of low resolution AxqNOR UTM derived crystal 

Indexing of the data (data reduction) was performed in iMosflm (Battye et al., 

2011) and Pointless, which provided a low penalty score for the centred, 

monoclinic lattice symmetry, a space group of C121 was deemed the most 

probable. The initial processing of the data showed unit cell parameters of 

length (a,b,c): 126 Å, 92 Å, 120 Å and angles (a,b,g) 90o,118o,90o. By 

integrating subsets of diffraction images and merging symmetry related and 

partially recorded reflections in Aimless (Evans and Murshudov, 2013), it was 

found that adjusting the number of images to 600 had improved the data 

quality (Table 5.1) and reasonable data could obtained to 6.5 Å resolution. 
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9 Å 

5 Å 
5.3 Å 

Figure 5.19 Diffraction images from data collection on best diffracting UTM 
exchanged AxqNOR crystal, collected at BL41XU beamline. Top image is from ~ 

200o into the collection, whilst the bottom is from ~ 330o (out of 360o), showing the loss 

of high-resolution diffraction intensities later on during data collection. Dashed box 

indicates highest visible diffraction spots at 5.3 Å. 
 



 138 

Table 5.1 Statistics from data reduction 
 Overall Inner Outer 
Low resolution limit 69.40 69.40 7.27 
High resolution limit 6.50 14.54 6.50 
Rmerge (within I+/I-) 0.115 0.093 1.231 
Rmerge (all I+ and I-) 0.120 0.093 1.360 
Rmeas (within I+/I-) 0.145 0.115 1.583 
Rmeas (all I+ & I-) 0.136 0.106 1.564 
Rpim (within I+/I-) 0.087 0.068 0.982 
Rpim (all I+ & I-) 0.063 0.048 0.754 
Rmerge in top intensity bin 0.092   
Number of observations 10,200 1,026 2,689 
Number of unique observations 2,449 238 683 
Mean((I)/s(I)) 4.0 9.6 0.9 
Half-set correlation CC1/2 0.994 0.993 0.387 
Completeness % 99.2 99.1 98.8 
Multiplicity 4.2 4.3 3.9 
Mean c2 0.91 0.61 1.08 

 
Measuring the changes in Rmerge over each frame (diffraction image) of the 

dataset, allowed tracking of the deterioration of the diffraction, due to radiation 

damage, helping assess the internal consistency of the data. Images from 600 

onwards had a high Rmerge most probably due to radiation damage, compared 

to the previous images (Fig.5.20). 

 
 
 
 
 
 

Figure 5.20 Rmerge plotted against all diffraction images (batch). Data up until image 

(N) 600 was used for subsequent processing and phase calculations. Screenshot from 

CCP4 Aimless log graph. 
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The processed data were used to assess the solvent content of the crystal 

with Matthews coefficient (Matthews, 1968), which estimates the solvent 

based on the unit cell parameters and the approximate molecular weight of 

the protein (derived from the amino acid sequence). The most probable 

number of molecules in the asymmetric unit was 1 (Probability (P) = 0.64), 

giving a solvent content of ~ 66 % (Appendix IV).  

 

Given the completeness, high redundancy (~ 4) and good signal to noise ratio 

(I/s(I)= 4), recovery of phase information was performed in Phaser, using 

GsqNOR (PDB ID: 3AYF, sequence identity of 36 % to AxqNOR) as a search 

model. The software found the solution with the highest Translation Function 

Z value (TFZ) = 6.5 and log likelihood gain (LLG)= 78. Surprisingly, an electron 

density for a two-fold symmetry related molecule was found next to the search 

model, clearly showing the dimeric nature of AxqNOR molecule (Fig.5.21). 

 

 
 
 
 
 
 
 
 
 
 

Figure 5.21 Phaser MR solution for AxqNOR reveals a dimeric assembly. a) 

Phaser’s solution model of AxqNOR (orange cartoon) docked into the electron density 

map (purple mesh, contoured at 1 s), which has a symmetry related electron density 

next to it, shown in panel b), exhibiting two-fold symmetry and revealing a dimeric 

assembly for AxqNOR. 
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The crystal packing arrangement shows rows of AxqNOR dimers stacked atop 

on another, with most of the crystallisation contacts mediated by periplasmic 

and cytoplasmic loop regions in AxqNOR (Fig.5.22). 

 

 
 
 
 
 
 
 
 
 
The presence of a symmetry related molecule in a qNOR crystal lattice is not 

new, however, as GsqNOR (crystallised in the same space group) also 

exhibited the same phenomena (Fig.5.23), which is discussed in more detail 

in Chapter 6, yet what could be gleaned from the modest resolution of 

AxqNOR (~ 6.5 Å) was the potential role of transmembrane helix II (TMII) and 

TMXI as a mediator of the dimeric interface. This also holds true for the 

GsqNOR dimeric assembly produced from PDB Proteins Interface, Structures 

and Assemblies (PISA) analysis. 

Figure 5.22 Crystal packing of dimeric AxqNOR. a) Dimeric AxqNOR assemblies 
stacked on top of one another within the crystal lattice, contacts between each dimer 

occur through the cytoplasmic and periplasmic ends (labelled cyto’ and peri’, 

respectively) of each assembly, b) Panel a) rotated 90o clockwise showing the columns 

on dimeric AxqNOR molecules along the lattice. 
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From these analyses, it’s clear that both AxqNOR and GsqNOR are dimeric in 

the crystal, which means the original GsqNOR structure deposited by the 

authors had been mistakenly taken as a monomer, instead of a dimer (since 

no other evidence at that point existed about qNOR oligomeric state, either in 

solution or in crystallo). The GsqNOR chromatogram is monodisperse (Dr. 

Takehiko Tosha, personal communication), yet no native PAGE analysis has 

been conducted to assess the oligomeric state- it may migrate as a 

monodisperse dimer. It does raise a question about why NmqNOR reveals 

itself as a monomeric structure from crystallographic determination, in spite of 

over 60 % and 30 % identity to AxqNOR and GsqNOR, respectively. A higher 

Figure 5.23 AxqNOR and GsqNOR dimeric assemblies. AxqNOR crystallographic 6.5 

Å dimer (coloured in orange cartoon), superimposed against the PDB PISA GsqNOR 

dimeric assembly (purple cartoon), with black lines marking the lipid bilayer boundaries, 
bottom panel shows a bird’s eye view from the periplasmic side, showing that TM2 (II) 

may facilitate hydrophobic interactions between each protomer. 
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resolution structure of NmqNOR has recently been solved (Dr. Antonyuk, Prof. 

Shiro, Prof. Hasnain, personal communication) at ~ 3 Å, also revealing a 

monomeric state- despite dimer peak fractions (peak 1) used in crystallisation. 

Perhaps it is the crystallisation conditions, duration of crystal growth and 

choices of detergent which either preferentially select for monomers or 

destabilise the dimeric assembly in NmqNOR’s case. 
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Chapter 6 

 
 

Single Particle Cryo-EM 
Analysis of AxqNOR 
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6.1 Fusion partner screening for AxqNOR structural 
determination 
 
6.1.1 Use of fusion partners in integral membrane protein structure 
determination 
Continuing the pursuit of a high-resolution structure of AxqNOR, other 

strategies were explored in addition to those described in Chapter 5. One 

possible explanation for the poor diffraction quality of AxqNOR could be due 

to the relatively small polar surfaces available for crystal contacts (shown in 

Chapter 5, Fig.5.22), potentially exacerbated by the detergent micelle 

surrounding the protein (Privé, 2007 & Smyth et al., 2003). To overcome this 

issue, researchers (especially in the GPCR field) have utilised the covalent 

attachment of fusion partners to the target protein. These have included T4 

Lysozyme (T4L, Fig.6.1a), which yielded the first ‘engineered GPCR’ structure, 

b2-adregenic receptor (Rosenbaum et al., 2007). Whilst T4L has generated 

the lion’s share of GPCR crystal structures, apocytochrome b562 

(BRIL,Fig.6.1b), a four helical bundle protein has also found its use in helping 

to determine structures, with the adenosine A2A receptor solved to 1.8 Å (Liu 

et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Cartoon representation of GPCR structures with fusion partners. a) 

Adenosine A2A-BRIL (PDB ID: 1EHY) structure (cyan cartoon), with BRIL shown as purple 

cartoon, b) b2 adregenic receptor-T4L structure (green cartoon) (PDB ID:2RH1), with T4L 

shown as a brown cartoon. 
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6.1.2 Overexpression and purification of AxqNOR fusion partner 
constructs 
With respect to GPCRs, the most prevailing location of fusion partner insertion 

has been in an intracellular loop (ICL-3), though N-terminus fusion has also 

been demonstrated to facilitate crystallisation (Zou et al., 2012). The strategy 

for AxqNOR was primarily based on work done on P. aeruginosa (Pa) cNOR 

(personal communication, Dr.Raika Yamagiwa) exploration with fusion 

partners. It was found that fusion of T4L and BRIL at the C-terminus of 

PacNOR allowed for near native expression of the construct. The same was 

then explored with AxqNOR (considering the homology of NorB subunit with 

NorZ of qNOR), with the full length T4L (PDB ID: 2LZM, (Weaver and 

Matthews, 1987)) and BRIL (PDB ID: 1M6T, (Chu et al., 2002) chosen as 

fusion partner candidates. Plasmids (pET 26b (+)) of the full-length sequences 

of T4L (~ 18 kDa) and BRIL (~ 11 kDa) fused to the the C-terminus of the 

truncated AxqNOR sequence (D747-763) were ordered from GenScript (Hong 

Kong), to create AxqNOR-T4L and AxqNOR-BRIL constructs, respectively. A 

similar over-expression and membrane extraction scheme was employed as 

used for wildtype AxqNOR. Membranes were then tested for relative NO 

consumption activity. It was found that AxqNOR-BRIL membranes produced 

in C41 (DE3) cells had the highest relative activity, comparable to wildtype 

AxqNOR.  

 

Membranes of AxqNOR-BRIL were then purified, according to the protocol 

established in Chapter 4. The only difference was that 0.05 % (v/v) DTM was 

used during gel filtration, as this was the detergent most suitable for 

crystallisation trials. The chromatogram showed a similar profile to wildtype 

enzyme, aside from a smaller peak 2 ratio in the BRIL fused enzyme, with the 

elutions showing a band at ~ 100 kDa, consistent with the predicted molecular 

weight of the fused construct (Fig.6.2). The Rz values of peak 1 (P1) and peak 

2 (P2) were 0.78 and 0.65, respectively.  
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The NO reduction activity of AxqNOR-BRIL was essentially the same as 

purified wildtype non-BRIL sample, indicating that the fusion partner didn’t 

negatively impact activity (Fig.6.3). 

 
 

 

 

 

Figure 6.2 Chromatogram of AxqNOR-BRIL and non-BRIL samples and associated 
SDS-PAGE. Samples were run down a Superdex 200 10/300 gel filtration column 

connected to an ÅKTA Pure, using 50 mM Tris pH 7.0, 150 mM NaCl and 0.05 % (v/v) 
DTM. Green dashed line indicates split of two peaks, P1/P2= peak 1 or peak 2, 

respectively. SDS-PAGE is of BRIL fused AxqNOR, M= protein marker ladder, numbers 

next to marker are respective molecular weights in kDa. 

Figure 6.3 NO reduction assays of purified AxqNOR-BRIL samples. Asterisk indicates 

qNOR addition (20 µM final concentration). Values in parentheses are µM NO/min-1/µM 

qNOR (standard deviation reported).  Assays conducted in triplicate under anaerobic 

conditions. 
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Both samples were then used for crystallisation trials at room temperature and 

4oC, using MemGold™, MemGold2™, MemGoldMeso™ and MemTrans™ (all 

from Molecular Dimensions), with a starting protein concentration of 10 mg/mL. 

The crystallisation drops derived from peak 1 were largely clear, with no sign 

of precipitate or crystalline material. Increasing the concentration to 30 mg/mL 

did induce some precipitation, but no crystals were formed. Re-screening with 

other screening kits also had no effect on promoting crystal growth. The 

attachment of BRIL seemed to increase solubility, but at a cost of 

crystallisation. A possible explanation could be unwanted flexibility/ 

conformational heterogeneity of the BRIL molecule, which may contribute to 

an inability to form crystals, as well as the fact the BRIL may interfere with the 

native crystal contacts that were present.   

 

As efforts to crystallise AxqNOR-BRIL were unsuccessful, attention was 

switched toward single particle cryo-EM analysis. Initial screening of non-BRIL 

fused AxqNOR had already provided encouraging micrographs. The success 

of cryo-EM providing sub 4 Å reconstructions of < 100 kDa membrane proteins 

from MacKinnons’ laboratory, namely the 80 kDa KCNQ1 K+ channel (Sun and 

MacKinnon, 2017b) and 92 kDa hERG K+ channel (Wang and MacKinnon, 

2017) (both present as tetramers) provided the encouragement to pursue 

structure determination of AxqNOR-BRIL (~ 100 kDa) via cryo-EM. 

 

6.2 Cryo-EM Analysis of AxqNOR-BRIL 
 
6.2.1 Equipment and Materials Used 
All Quantifoil grids (R1.2/1.3 400 Cu/Au) were purchased from Quantifoil. 

Grids were glow discharged for ~ 10-30 s using a Pelco Easiglow prior to use. 

3 µL of respective AxqNOR sample were applied to the grids, before blotting 

(blot force 6 for 6 seconds) using a Vitrobot IV (FEI), operating at ~ 98 % 

humidity, 4oC. Grids were then plunge frozen in liquid ethane. The following 

microscopes were used for grid screening and data collection (Table 6.1): 

 
 



 148 

Table 6.1 Electron microscopes used for screening and data collection. 

 
Microscope 

 
Location 

Operating 
Voltage 

(keV) 

 
Detector 

FEI Titan Krios ABSL, University of 

Leeds, UK 

300 Gatan K2 Summit 

(Counting Mode) 

FEI Titan Krios Electron Bioimaging 
Centre (eBIC), 

Oxfordshire, UK 

300 Gatan K2 Summit 
(Counting Mode) 

 

Table 6.2 provides details of software that were used for image processing, 

model building, model refinement, validation and figure generation. 

 
Table 6.2 Software used for image processing, model building and refinement. 

Software/Software 
Package 

Function Version 

RELION Image Processing Suite 3.0 beta 

CTFFIND (integrated as 
wrapper in RELION) 

Estimation of CTF parameters and 
defocus 

4.1.10 

RESMAP Estimation and visualisation of 
resolution variations in 3D 

reconstructions 

1.95 

UCSF Chimera 3D volume analysis, model docking, 
figure generation 

1.13 

Coot Protein model building/manipulation 0.8.9 

Phenix Crystallography/EM software suite for 

model refinement/validation 

1.14 

PyMOL Molecular visualisation of 
macromolecules, figure generation 

2.2.3 

 

6.2.2 Initial screening and exploratory data collection 
The sample from peak 1 (Fig.6.2) was initially selected for grid making, with a 

range of concentrations (1-4 mg/mL). Grids of 4 mg/mL AxqNOR-BRIL were 

deemed to be suitable for an overnight collection (~ 18 h experiment resulted 
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in 1,272 movies collected, using K2 Summit (Gatan) in counting mode) at the 

Astbury Biostructure Laboratory (ABSL) in Leeds, with the majority of the 

particles being dimeric in nature and pushed toward the carbon edge 

(Fig.6.4a).  This phenomena (so called ‘halo effect’) can occur with detergent 

solubilised samples, where a gradient of ice forms within the hole, getting 

thicker toward the periphery (Drulyte et al., 2018). Data collection (performed 

by Ms. Rachel Johnson, ASBL) ensued, using a sampling rate of 1.065 Å/pixel 

and dose per frame of 2.05 e-/Å2. CTF and defocus value estimation was 

performed in CTFFIND 4.1 (Rohou and Grigorieff, 2015), with power spectra 

shown in Fig.6.4b. Manual picking with a particle diameter of 200 Å was 

performed, with ~ 2,000 particles used to generate 2D class averages of varied 

orientations (Fig.6.4c) with a box size of 200 pixels and mask diameter of 190 

Å.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 AxqNOR-BRIL exploratory dataset micrographs and initial 2D templates. 
a) Example micrograph showing distinct particles nearer the carbon edge, b) CTF power 

spectra from CTFFIND, with the model spectra represented in the top-left quadrant 

extending to 5 Å (marked), c) 2D averages generated from ~2,000 particles with a box 
size of 200 pixels (px) and mask of 190 Å, d) Autopicked particles are marked by blue 

circles (diameter of 200 Å). White scale bar in a) and d) equal to 20 nm. 
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These templates were used for reference based autopicking, with a picking 

threshold of 1 and inter-particle distance of 110 Å, which resulted in less 

contaminants/’junk’ particles being picked (Fig.6.4d). It was clear that the 

particles were of a dimeric assembly, surprising given the fact that all 

crystallographic qNOR structures from the same peak had shown as a 

monomeric assembly. After autopicking, particles were extracted from the 

micrographs, resulting in ~ 350,000 particles. Four rounds of 2D classification 

(350 classes, using 190 Å mask diameter, 8 Å limit) allowed a quick clean-up 

of the dataset, with particles exhibiting strong features of complete protein 

molecules picked for initial model generation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The BRIL molecule was visible as a fuzzy density, possibly arising from its 

flexibility/disorder. The best 2D classes comprised of 66,755 particles 

(Fig.6.5a). 3D classification (4 classes, with 7 Å limit) using a 50 Å filtered initial 

Figure 6.5 AxqNOR-BRIL 3D classifications and refinements. a) Best 2D class 
averages after 4 consecutive rounds of classification, green arrow shows BRIL molecule, 

b) 3D classification with best classes taken for a final 3D classification, result shown in c), 

numbers underneath classes represent particle number in each respective class, d) Auto-

refined reconstructions of AxqNOR-BRIL in both C1 (pink map) and C2 symmetry (yellow 

map). 
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model (C1 point group) led to two classes which showed relatively complete 

dimeric reconstructions, though complete separation of helices was lacking 

(Fig.6.4b). Further classification led to a 3D class of 10,959 particles (Fig.6.5c). 

3D auto-refinement of this class (used as a 50 Å low pass filtered reference) 

gave a reconstruction to ~ 12 Å and 9.6 Å (when applying C2 symmetry) 

(Fig.6.5d). One observation was the presence of one BRIL molecule in the 

reconstructions (two appeared at lower map thresholds and after symmetry 

imposition). It may be due to one side being more prominently viewed, which 

may ‘hide’ the other BRIL molecule. 
 
6.2.3 Low resolution reconstruction and docking of GsqNOR 

The low resolution 3D reconstruction (resolution estimated by the ‘gold 

standard Fourier Shell Correlation (FSC) of 0.143 (Scheres and Chen, 2012)) 

showed a dimeric conformation of AxqNOR, with a prominent detergent 

micelle (Fig.6.6). The density for the BRIL was more blob like. Since GsqNOR 

is the only available high-resolution structure of qNOR, it was used as a model 

for docking into the 3D volume. This was achieved by using Chimera’s ‘Multifit’ 

function (Pettersen et al., 2004), which generated two copies of GsqNOR and 

rigidly fitted them into the map. Though the density for most of the helices were 

incomplete, the periplasmic portion exhibited a nice fit into the density.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.6 Low resolution dimeric AxqNOR 3D reconstruction from ~ 10,000 
particles. Left, dimer of GsqNOR (PDB ID: 3AYF) docked into the auto refined 

AxqNOR-BRIL map (C2 symmetry), right, FSC curve after map sharpening showing 
‘gold standard’ (0.143) resolution estimate. 
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In an attempt to increase the resolution, a larger dataset was planned, using 

a previously prepared grid from 3 mg/mL AxqNOR sample of peak 1. 
 

6.2.4 Large dataset collection and processing of AxqNOR-BRIL 

Data collection was carried out by Ms. Rachel Johnson at ABSL, Leeds using 

the parameters in Table 6.3 on a 3 mg/mL grid that was prepared for screening. 

A total of 3,213 movies (over a 72 h period) were collected. 
Table 6.3 Data collection parameters from large dataset of AxqNOR-BRIL. 

 
A similar processing strategy, as described above, was employed with this 

dataset. The initial autopick of motion corrected micrographs (Fig.6.7a) after 

CTF estimation (power spectra in Fig.6.7b) resulted in only ~ 144,000 particles 

being picked, using 2D templates from ~ 2,000 particles (Fig.6.7c). Altering 

the picking threshold (from 0.3 to 0.2) increased this to ~ 700,000 particles, 

though some carbon from the grid was also picked (Fig.6.7d) 
 
 
 
 
 
 
 
 
 
 

 

 

Parameters 
Microscope and Detector Titan Krios with K2 Summit (Gatan) 

Voltage (keV) 300 
Magnification 75,000x 
Pixel size (Å) 1.07 

Defocus Range (µm) -1.5 to -3.5 
Total dose (e-/A2) 65 

No. of frames 40 
Exposure time per frame (s) 0.3 

Dose per frame (e-/Å2) 1.63 
No. of micrographs 3,213 
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Particles were then subjected to 2D classification (Number of classes (K) = 

150, 190 Å mask), which resulted in some classes with strong secondary 

structure features, yet, they also exhibited ‘hairy’ spikes (Fig.6.8). This can 

occur due to overfitting of noise, which can manifest into these hairy artefacts 

appearing in the solvent region. An increase in the number of classes (K= 350) 

and limiting the resolution of the Fourier components in the expectation step 

of 2D classification (E- step= 8 Å) helped to generate more class averages 

with protein molecules with less ‘hairy’ artefacts. 

 

Figure 6.7 AxqNOR-BRIL large dataset micrographs and initial 2D templates. a) 

Example micrograph showing distinct particles nearer the carbon edge, b) CTF power 

spectra from CTFFIND, with the model spectra represented in the top-left quadrant 
extending to 5 Å (marked), c) 2D averages generated from ~2,000 particles with a box 

size of 200 pixels (px) and mask of 190 Å, d) result after 2nd round of autopicking of the 

micrograph shown in a). Autopicked particles are inside green circles (diameter= 200 Å). 

White scale bar in a) and d) = 20 nm. 
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3D classification ensued (using 60 Å low pass filtered C1 initial model), initially 

with K= 4,190 Å mask diameter for four rounds, iteratively picking the best 

class as an input for the next round of classification. These produced 337,004 

particles after the first round (Fig.6.9a), with some helical density appearing. 

Eventually, the 6th round of classification (with no E- limit) produced a class 

with clear helical density for both protomers, comprising ~ 139,000 particles 

(Fig.6.9a). This was used in high resolution 3D refinement (C1 point group) 

and upon convergence, a reconstruction of dimeric AxqNOR at 5.1 Å was 

formed (Fig.6.9b). Again, like in the small dataset, one BRIL molecule was 

more prominent, yet still blob like. The angular distribution of particles used in 

the refinement showed vast coverage across the Euler angles, with slight 

preferences for the cytoplasmic end on view (Fig.6.9c). 

 

 

 

 

 

 

 

 

Figure 6.8 AxqNOR-BRIL large dataset 2D classification prior to limiting resolution 
of Fourier components. Class averages boxed in red represent classes with over-fitted 

noise which is manifested as hair like streaks in the solvent region enveloping the protein 
particle. 
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To improve the final resolution of the reconstruction, map/B-factor sharpening 

(called Postprocessing within RELION) is necessary to bring out high 

resolution signal that is often lost during processing (reasons include imperfect 

imaging and contrast loss).  A negative B-factor can enhance high resolution 

features and if applied with a weighting factor, can suppress enhancement of 

noise (Rosenthal and Henderson, 2003). After applying a solvent mask around 

the whole molecule (micelle and BRIL included, ‘soft mask’), the post-

processing module applied a B-factor of -298 Å2 to the map, leading to an 

Figure 6.9 3D classification of large AxqNOR-BRIL dataset. a) Result of 1st round of 
3D classification (337,004 particles) (cyan map) through the final class (after 6 rounds, 

lilac map, 139,052 particles). T= tau (regularisation parameter), b) Auto-refined 

reconstruction at different volume thresholds to show absence (top) or presence of 

detergent micelle and BRIL (bottom), c) Angular distribution of refined reconstruction 
shown in c), with cylinder length proportional to number of particles at a specific Euler 

angle (left), map is shown on the right without cylinders to indicate orientation. 
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estimated global resolution of 4.6 Å (Fig.6.10a, d). Docking of GsqNOR into 

the map showed a nice rigid body fit, with the transmembrane helices largely 

docked into the map (Fig.6.10b). Variations of resolution across the molecule 

were assessed within RELION and ResMap (Kucukelbir et al., 2014). Local 

resolution estimation indicated that the core (transmembrane helical region) 

was of higher resolution (extending to 4.3 Å), whilst solvent exposed regions 

were ~ 5 Å (Fig.6.10c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.10 Postprocessed 3D map of AxqNOR-BRIL with local resolution 
estimates. a) Post-processed map at 4.6 Å, b) GsqNOR dimer (green cartoon) docked 

into the map, c) map coloured by local resolution using filtered maps made in RELION 

(colouring done in Chimera), d) FSC curve at gold standard resolution. 
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C2 symmetry was imposed at 3D classification (round 6 from previous 3D 

classification) and the best class comprising 135,882 particles (Fig.6.11a) was 

auto refined in RELION to 4.5 Å, a 0.6 Å improvement from the reconstruction 

with no symmetry imposed (Fig.6.11b). 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
A new addition to RELION was the option to perform CTF refinement on a per 

particle basis, similar to gCTF (Zhang, 2016). This helps to estimate defocus 

on a particle basis, as particles may be embedded at different heights in the 

ice layer and non-horizontal ice layers could be present. The particles from 

auto-refinement and the concomitant postprocess.star file were used as inputs. 

Then, particle polishing (movie refinement) was implemented using the CTF 

refined particles, motion-corrected micrographs and postprocess.star file. 

RELION 3.0 has introduced ‘Bayesian Polishing’ (Zivanov et al., 2018), which 

involves a ‘training’ step to best estimate the particle trajectories, which uses 

a subset of the particles (in this case 12,500 were used). Importantly, all movie 

frames (1-40) were used in polishing, as the B-factor weighting of each frame 

Figure 6.11 C2 symmetry auto refined reconstruction of AxqNOR-BRIL. a) 3D class 

used for auto-refinement at thresholds showing absence (left) and presence (right) of 

micelle and BRIL, b) Result of auto-refinement (left) and associated angular distribution 
(right). 
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will automatically enhance signal to noise for each particle. Upon completion 

of training, full polishing was performed using optimised parameters (velocity, 

divergence and acceleration) gathered from training. The ‘shiny’ particles were 

subject to a 2D classification (Fig.6.12a), with the best classes taken forward 

for auto refinement (Fig.6.12b). After solvent masking (soft and tight masks) 

and map sharpening, the final reconstructions were at 4.1 Å and 3.9 Å (global 

resolutions) for the soft and tight mask, respectively. 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.12 Polished AxqNOR-BRIL 3D reconstructions. a) 2D classes after 
polishing, b) Workflow of improving resolution of AxqNOR-BRIL (C2 map) with CTF 

refinement, polishing and auto-refinement carried out before map sharpening using soft 

(yellow) and tight masks (green). Number to right of purple map represents particle 

number in that class. 
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Local resolution was estimated by RELION and ResMap (Appendix V), with 

the core being valued at ~ 3.7 Å (Fig.6.13). At this resolution, model building 

could occur with some confidence, with the metal centres (heme b, Ca2+, FeB 

and heme b3) situated in the higher resolution regions of the map. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
6.3 Model building and refinement of AxqNOR-BRIL 
 
6.3.1 Rigid body fitting and model building of AxqNOR-BRIL 

Since a high resolution (abeit inactive) structure of a monomeric qNOR exists 

from GsqNOR, (Matsumoto et al., 2012) with which AxqNOR has ~ 33 % 

Figure 6.13 Local resolution estimates of AxqNOR-BRIL (C2) after polishing. Top 

panel shows final reconstructions coloured by resolution (indicated by colour key) and 
bottom panel is FSC curve at the gold standard resolution for the corresponding map. 
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sequence identity, it was decided to rigidly fit the structure into the 3.9 Å (global 

resolution) EM map of AxqNOR-BRIL (C2 symmetry). This procedure was the 

same as applied for the low-resolution EM map. The map from auto-

refinement had the wrong hand (i.e. left-handed helix, opposed to right-handed 

helix), which is a possibility during the 3D initial model generation process (van 

Heel, 1987). The hand was corrected using the relion_image_handler 

invert_hand command, and GsqNOR was docked into the map, as shown in 

Fig.6.14. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The subsequent model coordinates were saved relative to the map within 

Chimera. The map and model were then subject to manual model building 

within Coot (Emsley and Cowtan, 2004). Residues were individually altered to 

Figure 6.14 Rigid body fitting of GsqNOR crystal structure into cryo-EM density 
map of AxqNOR-BRIL. Top panel shows dimeric GsqNOR (generated in Chimera) fitted 

into density map, with the bottom panel showing a slice through, with heme (cyan ball 

and sticks) groups fitting the equivalent density. 
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match the amino acid sequence of AxqNOR and subject to real space 

refinement within Coot. The GsqNOR structure had several residues missing 

from a periplasmic loop (Glu117 to Phe123, GsqNOR numbering), which were 

present in the density map of AxqNOR-BRIL. Manual building of this region 

was difficult, due to the lower resolution. As an additional tool for model 

building, automated approaches were explored for AxqNOR-BRIL. One such 

tool which has been adapted for use in cryo-EM is ARP/wARP (Langer et al., 

2008). Traditionally used in automated model building and refinement of 

crystallographic electron density maps, it has found its way into the EM 

community, as significantly more maps are breaching 4.5 Å which can allow 

for main chain tracing. The ARP/wARP webserver (https://arpwarp.embl-

hamburg.de/) was used to help main chain building of the solvent exposed 

regions. Several regions were improved upon automated building (main chain 

and side chain placement option was used), with the periplasmic loop also 

built at a side chain level, with segments extracted from the ARP/wARP model 

and placed into the building model.  Areas with weak/no density included a 

cytoplasmic loop, where, based on GsqNOR mutational study, a proton entry 

site may exist (residue Glu281). In AxqNOR-BRIL, residues 257-261 could not 

be placed into the map, even at a main chain level. Since the BRIL density 

was more blob like and undefined, no building could take place, leaving just 

the AxqNOR molecule (residue 1-743). 
 
6.3.2 Real space refinement of AxqNOR-BRIL 

Following manual building, the model required refinement to adjust the protein 

geometry, side chain rotamers and model to fit the map. For this purpose, real 

space refinement was performed within the Phenix suite (Afonine et al., 2018). 

Refinement was run with five macro-cycles, with Ramachandran restraints, 

rotamer restraints and secondary structure restraints (enabling distance and 

angle restraints for alpha helices and beta sheets). Side chain optimisation 

was implemented using local grid searches, to refine the torsion angles and 

constrain the structure (Oldfield, 2001). Model ‘morphing’ was applied, 

whereby a smooth deformation is added to the model (e.g. all atoms within 6 
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Å of a Ca atom) which calculates a model density around the atoms. A 

correlation between the fit of the model density and experimental density is 

calculated and translations of the model density ensue. These translations 

occur over a segment of residues, after which refinement continues 

(Terwilliger et al., 2013). Morphing was only performed once (at the start of 

refinement). 

 

It was found that after refinement, the heme groups (and associated ligands) 

would often get pushed slightly out of the density. Custom geometry restraints 

were thereby imposed around the metal centres to maintain co-ordination 

geometries and hydrogen bond distances. Within phenix_real_space_refine 

module, custom geometry restraints (bond distance in this case) were added 

(Table 6.4).  
Table 6.4 Custom geometry restraints applied during real space refinement of  

AxqNOR-BRIL. 

*Sigma is the estimated standard deviation of the target value, 0.05 is recommended 
for metal co-ordination bonds. ^Slack refers to activating the bond restraints if the 
difference between the model bond distance and user defined distance (ideal 
distance) is higher, than the slack value. Selections are shown for one chain only. 

Selection 1 Selection 2 Distance (Å) Sigma* (Å) Slack^ (Å) 

His486 Nd1 FeB 2 0.05 0 

His537 Ne2 FeB 2.3 0.05 0.1 

His538 Ne2 FeB 2.2 0.05 0.1 

His631 Ne2 Heme b Fe 2 0.05 0.1 

His331 Ne2 Heme b Fe 2 0.05 0.2 

His629 Ne2 Heme b3 Fe 2 0.05 0.1 

Heme b3 
O2A 

Ca 2.7 0.05 0.1 

Heme b O1d Ca 2.4 0.05 0.1 

Heme b O2d Ca 2.8 0.05 0.1 

Glu407 Oe2 Ca 2.6 0.05 0.1 

Glu407 Oe1 Ca 2.8 0.05 0.1 

Tyr78 OH Ca 2.7 0.05 0.1 

Gly76 O Ca 2.5 0.05 0.1 
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Applying these restraints stopped any excessive ‘doming’ of the heme planes 

and spurious movement of metal ions. After more manual building to correct 

for any Ramachandran outliers and rotamer outliers, refinement was repeated. 

Three more rounds of iterative building and refinement resulted in the final 

model validation parameters displayed in Table 6.5, which were calculated 

using MolProbity (Williams et al., 2018). 

 
Table 6.5 AxqNOR-BRIL dimeric model refinement and validation statistics 

produced from real space refinement within Phenix. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Validation statistics produced by MolProbity. CC= correlation coefficient (used to 
analyse map-to-model fit), R.M.S= root mean square. 

 
The Clash score indicated that 5 atoms per 1000 atoms in the model, were in 

‘too-close’ contact (clash overlap of > 0.4 Å). The MolProbity score (which 

combines all atom clash score, % Ramachandran outliers and rotamer 

outliers) was ~ 1.8, with the value reflecting what would be expected of a 

crystallographic structure at the same resolution (e.g. 1.8 score equivalent to 

Refinement 
FSC Threshold 0.143 

Map Resolution (Å) 3.9 
CC (main chain) 0.84 
CC (side chain) 0.81 

CC (ligands) 0.90 
Non-hydrogen atoms 11,829 

Protein residues 1,476 
Ligands 8 (x4 Heme, x2 Ca, x2 Fe) 

B-factors (Å2) 
Protein 45.73 
Ligand 40.02 
Water - 

R.M.S Deviations  
Bond lengths (Å) 0.007 
Bond angles (o) 1.06 

Validation 
Clash score 4.89 

MolProbity score 1.76 
Poor rotamers (%) 0.17 

Ramachandran Plot 
Favoured (%) 91.42 
Allowed (%) 8.58 
Outliers (%) 0 



 164 

1.8 Å resolution structure quality) (Chen et al., 2010). The only rotamer outlier 

was His224. Following this, structural analysis took place to determine what 

mediates the dimeric form of AxqNOR and how the active site is arranged in 

the native (i.e. no zinc contamination) resting state. 
 
6.4 Structural features of AxqNOR-BRIL 
 
6.4.1 Dimer interface maintained by Transmembrane (TM) helix 2 

The AxqNOR dimer orientation in the membrane (Lomize et al., 2006) is 

shown in Fig.6.15a, the protein has a relatively large periplasmic exposed 

region composed of helices and loops and a cytoplasmic end with loops 

connecting the transmembrane helices. The heme ligands are located on 

TMVII, IV, IX, XI and XIII. The heme b to heme b3 distance within each 

monomer is ~ 4.8 Å (edge to edge distance), with the non-heme iron (FeB) to 

heme b3 iron distance ~ 4.1 Å. The heme b3 – heme b3 distance between each 

respective protomer is ~ 22 Å (Fig.6.15b). Closer inspection of TM2 revealed 

multiple hydrophobic interactions between the two helices, notably between 

Val237, Leu240, Leu241, Ile244 and Ile248 (Fig.6.15c). In terms of solvent 

exposed interactions between the protomers, a potential hydrogen bond may 

form between Glu121 and Arg120 (Fig.6.15d), although, the distance (3.7 Å) 

suggest a weak interaction (if any).  

 

To assess the solvent/buried surface area of the molecule, the model was 

analysed using PDB PISA (Krissinel and Henrick, 2007) software. The 

complex has a total accessible surface area (ASA) of 52,191 Å2, with 10,062 

A2 comprising the buried surface area (typically used to assess the size of an 

interface between two molecules) upon assembly formation. This calculation 

takes into account protein co-ordinates only, so the presence of 

lipids/detergent is not assumed and thereby any interactions facilitated by 

them are not included. 
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Figure 6.15 Dimeric structure of AxqNOR and its intermolecular interactions. a) 

Homodimer of AxqNOR, with chains coloured in teal and pink. Red and blue lines indicate 

the periplasmic and cytoplasmic facing side of the membrane, respectively. Birds eye 

view from the periplasmic side shown below, with heme groups and ligating histidines 
shown as sticks. Calcium and FeB ions shown as green and brown spheres, respectively. 

Yellow and black dashed boxes are shown in c) and d), respectively, b) Edge to edge 

distances of heme groups (shown as sticks) within and across each monomer (teal and 

pink), shown as red dashes. Black dashes show non-heme iron to heme b3 iron distances, 

c) TM2 hydrophobic interactions, with residues shown as sticks and contouring of side 

chain densities at 5s, d) Potential solvent exposed interaction between E121 and R120 

of opposing monomers, with side chains contoured at 4s. 
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The same was done for GsqNOR, to see if any potential assemblies are 

formed within the crystal lattice (space group of C2221). A dimeric assembly 

was found, of similar arrangement to that of AxqNOR (Fig.6.16a), with TM2 

acting as a potential interface stabiliser (Fig.6.16b). The ASA of the GsqNOR 

dimer is comparable to AxqNOR (51,570 Å2 vs 52,191 Å2), though, the buried 

surface area was almost double (17,470 Å2). The alignment of the PISA 

GsqNOR assembly and AxqNOR dimer reported a R.M.S.D of 2.4 Å from 

1,214 residues.  
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.16 Comparison between GsqNOR dimeric assembly and AxqNOR dimer 
from cryo-EM. a) Alignment of PISA GsqNOR dimer (purple cartoon) and AxqNOR 

dimer (teal), TM2 of GsqNOR and AxqNOR are coloured in pink and brown, respectively, 

black dashed box shown in panel c), b) hydrophobic interactions (residue numbers from 

AxqNOR) between TM2 from each monomer (coloured as in part a)), c) Close up of 
superposition between the heme groups and metal ions (Ca in green, Zn as grey sphere, 

Fe as transparent brown sphere) of GsqNOR (purple) and AxqNOR (teal), d) 

Periplasmic polar interactions of GsqNOR dimeric assembly determined by PISA, with 

residues shown as purple sticks. 
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Examination of the heme groups and metal ions (Ca, Fe, Zn) showed almost 

identical superposition between the two qNORs (Fig.6.16c). The analysis 

indicated that several periplasmic interactions may be permitted, which would 

contribute to an increase in buried surface area. These are polar interactions, 

with atomic contacts of 3.2 – 3.6 Å (Fig.6.16d). These residues are not highly 

conserved amongst qNOR and may not play as important a role as TM2 

(though no mutational studies have been conducted to probe the interface) in 

dimerisation. 
 
6.4.2 Metal centre arrangement in AxqNOR 

The details of arrangements of the metal centres of AxqNOR (heme b, Ca, 

heme b3 and FeB) are important for understanding the functionality of the 

enzyme, in the frame of its interactions with the protein. Heme b is ligated by 

His331 and His631 via their respective Ne2 atoms. The strongly conserved 

Arg328 (~ 80 % in qNOR), interacts via the Ne atom and heme propionate O1a 

atom (Fig.6.17). Calcium ligation is mediated by fully conserved residues 

Glu407, Gly76 and Tyr78 and by the propionates of heme b and heme b3 

((Fig.6.17, Table 6.6). 

 

The binuclear centre (heme b3 and FeB) has been the subject of most interest 

in qNOR due to the GsqNOR Glu512 not ligating the non-heme metal, which 

is different in cNOR. It was evident from the cryo-EM structure, that despite 

the correct metal incorporated in the active site (confirmed by atomic 

absorption spectroscopy, 2.8 Fe/qNOR), the non-heme iron has 3 ligands only 

(His486, His537, His538). The heme b3 Fe-FeB distance is ~ 4.1 Å, which is 

comparable to GsqNOR heme b3 Fe-ZnB distance of 4.2 Å (non-heme metal 

ligation distances of NORs in Table 6.7). 
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Table 6.6 Calcium ion ligation distances in AxqNOR. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Numbers correspond to those in Fig.6.16 (top right panel). 

Calcium Ion Ligation Distances 

 Atom Distance from 

Calcium (Å) 

1 Glu407 Oe2 2.5 

2 Glu407 Oe1 2.9 

3 Gly76 O 2.4 

4 Heme b O1d 2.3 

5 Heme b O2d 2.7 

6 Tyr78 OH 2.6 

7 Heme b3 O2a 2.6 

Figure 6.17 Details of the metal centres in AxqNOR. AxqNOR shown in teal sticks, 

Calcium as green sphere and FeB as brown sphere. Red numbers (1-7) correspond to 
calcium ion ligation distances, shown in Table 6.6. Residues and hemes are shown as 

sticks and coloured by atom. 
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                      Table 6.7 NOR non heme metal to ligand/metal distances. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

cNOR (Resting) PDB ID: 3O0R, cNOR (Reduced) PDB ID:                 

 3WFB(Sato et al., 2014). Ligand refers to amino acid residue. 

 
The non-heme metal to ligand distances are largely comparable, aside from 

His486 being less than 2 Å from FeB. It’s interesting to note that the non-heme 

metal to heme b3 distance is similar to the dithionite reduced cNOR structure. 

GsqNOR heme b was shown to be reduced upon x-ray irradiation, so, there is 

a possibility that electron transfer could have occurred to the heme b3. It is 

thought that the iron-iron distance of resting state NOR is insufficient to 

accommodate two NO molecules (Hino et al., 2012; Shiro, 2012; Terasaka et 

al., 2017). The distance increased by 0.3 Å when fully reduced and by 0.6 Å 

with reduced + CO bound structure (Sato et al., 2014). There are no reduced 

qNOR structures and no apparent way to confirm if the AxqNOR-BRIL was 

reduced upon electron beam irradiation, though the exposure received (5.42 

e-/Å2/s) suggests that the specimen absorbed dose would have exceeded 107 

Gy (Baker and Rubinstein, 2010; Glaeser, 1985), a limit thought to cause 

radiation damage to biological specimens. Reduction of redox centres can 

also occur as a result of this alongside the general effects of radiation damage 

(Antonyuk and Hough, 2011; Garman, 2010). 
 

cNOR (Resting) FeB- 
Ligand/metal 
distance (Å) 

cNOR (Reduced) FeB- 
Ligand/metal distance 

(Å) 
His207 Nd1 2.2 His207 Nd1 2.2 

His258 Ne2 2.1 His258 Ne2 2.2 

His259 Ne2 2.1 His259 Ne2 2.1 

Heme b3 Fe 3.8 Heme b3 Fe 4.2 

GsqNOR ZnB- 
Ligand/metal 
distance (Å) 

AxqNOR FeB- 
Ligand/metal distance 

(Å) 
His508 Nd1 2.2 His486 Nd1 1.9 

His559 Ne2 2.2 His537 Ne2 2.4 

His560 Ne2 2.3 His538 Ne2 2.1 

Heme b3 Fe 4.2 Heme b3 Fe 4.1 
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6.4.3 Structural comparisons with known NORs 
Before analysing the dimeric interface of AxqNOR, it is necessary to view the 

structure alongside other known NOR structures. Only the monomeric portion 

of the structures was used in alignments as all crystallographic structures 

show a monomer. The R.M.S deviations of GsqNOR to AxqNOR was 1.25 Å 

for 573 aligned residues, with good superposition of the structured regions of 

the molecule (Fig.6.18).  

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18 Structural alignments of NORs. Alignments produced in PyMOL using 

Match Align feature, with structures depicted as cartoons. The protein label colour 
matches the respectively coloured molecule/subunit, with TM2 indicated on all 

structures. NmqNOR PDB ID: 6FWF, PacNOR PDB ID: 3O0R. Note that cNOR NorB 

subunit lacks TM2. Structure of RdcNOR omitted. 
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The ~ 4.2 Å NmqNOR structure allowed resolution of the helices at the very 

least, and its R.M.S.D compared to AxqNOR is 1.22 Å. NmqNOR TM2 appears 

to be most angled away from the rest of helices amongst the qNOR structure. 
Comparing the structure of the related cNOR from P. aeruginosa (Hino et al., 

2010), showed that the NorB subunit superposed well with almost all the 

transmembrane helices of AxqNOR (overall R.M.S.D of 2.98 Å from 325 

residues). One of the major differences is that transmembrane helix (TM) 2 in 

qNORs is not present in the cNOR family. Presently, no structural/biochemical 

data indicate that cNOR can assemble as a dimer. The presence of TM2 in 

qNOR then may be required for dimerisation. 
 

6.5 Cryo-EM Analysis of Val495Ala (V495A) AxqNOR-BRIL 
 

The targets for site directed mutagenesis of AxqNOR are detailed in Chapter 

7, but here we discuss Val485, which is based on cNOR Val206, predicted to 

be important in transporting NO to the active site and helping trap NO in the 

active site (Sato et al., 2014; Terasaka et al., 2017). Val485Ala-BRIL plasmid 

was ordered from GenScript (Hong Kong), with expression and purification 

taking place as normal. The activity assays showed that the steady state 

activity almost doubled compared to wildtype, contrary to that of Val485Ala did 

in the non-BRIL construct (~ 30 % wildtype activity). It was found that Val495, 

not Val485 was mutated by mistake. Val495 is a highly conserved residue (~ 

50 % conservation), next to the fully conserved Glu494. It was decided to use 

Val495Ala for structural analysis, to try and ascertain the factors that caused 

higher activity. 

 
6.5.1 Data collection at eBIC and processing 
Grid making was done in a similar fashion to the wildtype, except Quantifoil 

R1.2/R1.3 Cu 400 grids were used. As collection time was ~ 48 h (including 

data collection set up), a higher concentration of protein was used in grid 

making (5 mg/mL). Upon screening (conducted by Ms. Rachel Johnson, 

ABSL) of a variety of grids (peak 1 sample, 2-5 mg/mL), it was found that the 

thicker areas of ice had high particle densities across the hole (not clumped 
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toward the edge like in wildtype). This was taken to eBIC at DIAMOND for data 

collection on Titan Krios (data collection parameters shown in Table 6.8). Data 

collection was performed with the assistance of Dr. Yuriy Chaban (eBIC). 
Table 6.8 Data collection parameters for Val495Ala AxqNOR-BRIL. 

 
 

 
 
 
 
 
 
 
 
 
 
 
Micrographs contained high particle densities across the hole (Fig.6.19a).  

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 
 
 
 

Parameters 
Microscope and Detector Titan Krios with K2 

Summit (Gatan) 
Voltage (keV) 300 
Magnification 47,710x 
Pixel size (Å) 1.05 
Defocus (µm) -1.2 to -3 

Total dose (e-/A2) 49 
No. of frames 40 

Exposure time per frame (s) 0.3 
Dose per frame (e-/Å2) 1.23 

No. of micrographs 1,803 

Figure 6.19 Val495Ala AxqNOR-BRIL micrographs and initial processing. a) Motion 

corrected micrograph showing high particle density in centre of hole, b) CTF power 

spectra from CTFFIND, showing Thon rings beyond 4 Å, c) result of autopicking from 
micrograph in a), autopicked particles are marked by green circles (diameter= 200 Å), d) 

2D class averages after autopicking showing elements of secondary structure and 

multiple orientations. 
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Some of the CTF corrected micrographs power spectra showed Thon rings 

extending beyond 4 Å (Fig.6.19b). Autopicking (threshold of 0.1, inter-particle 

distance of 120 Å) of the micrographs led to an average of 278 particles per 

micrograph (Fig.6.19c). After extraction (200 pixels box size), 614,931 

particles were subject to 2D classification (K= 200, 190 Å mask diameter), with 

classes of several different orientations present (Fig.6.19d). Following four 

rounds of 2D classification, the best classes were taken forward from 3D 

classification. Using a C1 initial model (Fig.6.20a), 3 rounds of classification 

using K= 3 and a 10 Å limit of expectation step ensued, which led to a class 

with clear helices and periplasmic portion (Fig.6.20b) comprised of ~ 314,000 

particles. A further two rounds of 3D classification (K= 4, no expectation step 

limit) resulted in the most complete class (Fig.6.20c) containing 227,359 

particles. This class had slight orientation bias toward the periplasmic and 

cytoplasmic ends (Fig.6.20d). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.20 3D classification workflow for Val495Ala. a) Initial model generated in 

RELION used for the first 3D classification, b) best 3D class (grey map) after three rounds 

of classification (with T= 4 and 10 Å expectation resolution limit) in a red box, with slice 

through shown to the right of the map, c) best class from b) used in 2 rounds of 
classification (K= 3 and T= 4) resulted in 227,359 particles in one class (red box), d) 

angular distribution of best class from c), map shown in orientation as shown in c). 

Numbers next to each class represent number of respective particles within the class. 
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The best class was taken for high resolution refinement (itself being used as 

a 50 Å low pass filtered reference), both without (C1) and with symmetry (C2). 

Resolutions of the former and latter were 4.4 Å and 4.1 Å, respectively (before 

map sharpening). CTF refinement and Bayesian Polishing was run iteratively 

(as done for the wildtype data), with auto refinements in-between to eventually 

reach a resolution of 3.7 Å for the C2 map (Fig.6.21). After applying a tight 

mask (excluding the micelle and BRIL), the final global resolution was 3.3 Å. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.21 High resolution auto refinements results for Val495Ala, with and 
without imposing symmetry. Left hand panel shows workflow of C1 maps in purple 

(top and bottom maps are same maps at different thresholds) to a culmination of 3.9 Å 

reconstruction. Right hand panel shows workflow for C2 maps in teal (top and bottom 
maps are same maps at different thresholds), with two rounds each of CTF refinement 

and Bayesian Polishing (all frames included). Soft mask refers to a mask enveloping 

the whole macromolecule (qNOR, micelle and BRIL). Tight mask includes just the qNOR 

molecules. 
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Local resolution estimates from RELION indicate that the majority of the 

protein map corresponds to 3.2 Å resolution (Fig.6.22) whilst ResMap 

(Appendix VI) showed the core to be ~ 2.7 Å for the C2 map. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 6.22 Local resolution estimates of Val495Ala final reconstructions with and 
without symmetry imposition. a) C1 maps coloured by local resolution (according to 
the colour key). Bottom map shows a slice through the central portion of the map. FSC 

curve shown at the bottom, resolution calculate the ‘gold standard’, b) C2 maps coloured 

by local resolution (according to the colour key), FSC curve shown at the bottom. 
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6.5.2 Model Building and Refinement of Val495Ala AxqNOR 
The wildtype structure was rigidly docked into the Val495Ala map (C2) in 

Chimera. Val495 was manually changed to alanine within Coot and minor 

adjustments were made to the model. This included adding residues 256-261 

to the model, as the density was good enough to build main chain atoms. Side 

chains of Lys257 and Asp260 were visible in the map and added to the model. 

As a result of the increased resolution, several new densities were visible near 

the dimer interface (which are detailed in section 6.5.3). These were assigned 

as phosphatidylethanolamine (PE) and detergent molecules (DDM). Restraint 

files for each of these were included during refinement. The model was then 

refined in real space using Phenix (Table 6.9), using similar settings as for 

wildtype.  
Table 6.9 Val495Ala AxqNOR-BRIL dimeric model refinement and validation 

statistics produced from real space refinement within Phenix. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Validation statistics produced by MolProbity. CC= correlation coefficient (used to 
analyse map-to-model fit), R.M. S= root mean square. 

Refinement 
FSC Threshold 0.143 

Map Resolution(Å) 3.3 
CC (main chain) 0.83 
CC (side chain) 0.8 

CC (ligands) 0.68 
Non-hydrogen atoms 12,123 

Protein residues 1,486 
Ligands 13 (4x Heme, 3x PE, 2x 

DDM, 2x Fe, 2x Ca) 
B-factors (Å2) 

Protein 47.13 
Ligand 40.23 
Water 37.86 

R.M.S Deviations 
Bond lengths (Å) 0.012 
Bond angles (o) 1.15 

Validation 
Clash score 4.40 

MolProbity score 1.69 
Poor rotamers (%) 0 

Ramachandran Plot 
Favoured (%) 92.44 
Allowed (%) 7.56 
Outliers (%) 0 
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6.5.3 New structural features revealed by Val495Ala AxqNOR 
The overall structure didn’t alter due to the mutation, with an R.M.S deviation 

of 0.76 Å from aligning 709 residues of the wildtype against matching 

Val495Ala monomer residues (Fig.6.23).  

 
 

 

 

 

The mutation seemed to cause a change in conformation of the neighbouring 

Glu494 (Fig.6.24). The density for Glu494 in Val495Ala structure is 

considerably weaker than in wildtype, whilst Asn600 density is almost 

comparable. This can be perceived as increased flexibility of the residue, 

which may account for increased activity for this variant. The exact role of 

Val495la with over 50 % conservation in qNORs is still unrecognised, and 

increased flexibility of Glu494 alone may not be the sole reason for increases 

in activity. 

 

 

Figure 6.23 Val495Ala global structure similar to WT AxqNOR. Alignment of 

Val495Ala (yellow cartoon) and WT AxqNOR (teal cartoon) in membrane plane (black 

lines). Heme cofactors (shown as sticks) and metals (Fe as brown sphere, Ca as green 

sphere) are labelled accordingly. 
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At the dimer interface, an additional density was found between TM2 on the 

periplasmic side (Fig.6.25a). Given the larger, planar like density near the top 

and thinner tube-like density at the tail, it seemed like detergent molecules 

could fit the density. DDM (used in solubilisation) fitted into the density, though 

density was weak for top half of the maltose head group (Fig.6.25b). The acyl 

tail was truncated during refinement, as it clashed with several residues, but 

showed that Val230 may stabilise the hydrophobic tail, along with Pro613 from 

the opposing protomer (Fig.6.25c). The maltose head group may be stabilised 

by His224 (which was seen to have dual conformation) ionic interactions with 

the hydroxyl groups of the maltose head group (Fig.6.25d). 

 

 

 

 

Figure 6.24 Val495Ala local structural changes. Top left, wildtype (teal sticks) V495 

density (contoured at 5s) with E494 facing toward N600. Top right, V495A structure 

(yellow sticks), A495 contoured at 4s, with E494 facing away from N600. Bottom panel 

shows wildtype (teal) and V495A (yellow) alignment. 
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In addition to the detergent molecules, density which appeared to be lipid like 

were found near the dimer interface (Fig.6.26a). Near the periplasmic face, 

His692 Nd1 atom is located ~ 3.6 Å from O7 atom of PE (Fig.6.26b). 

Furthermore, Ile692 provides hydrophobic interaction to the acyl tail near the 

top of the bilayer. On the cytoplasmic end, another density was found, with a 

longer acyl tail protruding towards the periplasmic side lipid. Upon truncation, 

Figure 6.25 Possible detergent binding at dimer interface. a) DDM (salmon sticks) is 
positioned between TM2 of AxqNOR dimer (yellow and blue cartoon), b) zoomed in 

portion of a) with DDM density contoured at 5 s level, structure of DDM shown above, c) 

V230 (yellow stick) helps stabilise acyl chain of DDM, which may interact with P613 (blue 

stick) of opposing protomer shown by density map, d) H224 in dual conformation could 

stabilise the head group of DDM via ionic interactions. 
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PE was fitted in and several hydrophobic interactions were found (Ala250, 

Leu254) from one protomer (Fig.6.26c). It is likely that there is stabilisation 

from the other protomer, and possibly more interfacial lipids than found 

currently.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.6 Cryo-EM Analysis of qNOR from pathogenic Neisseria 

meningitidis 
NmqNOR purifies as a mixture of peak 1 and peak 2, with the former used for 

crystallisation and crystallographic structure determination revealed a 

monomeric structure (Gonska et al., 2018). This raised a question as to the 

solution state structure of NmqNOR and whether a dimeric configuration is 

maintained. In collaboration with Prof. Yoshitsugu Shiro laboratory (University 

of Hyogo, Japan), the same sample which was used for crystallisation was 

sent for cryo-EM analysis at ABSL. The sample was made by Mr. Mohamed 

Arif Jamali (University of Hyogo, Japan) and was contained in 50 mM Tris pH 

Figure 6.26 Potential lipid binding sites in AxqNOR. a) Overview of lipid like densities 

found near the dimer interface, with lipids shown as purple sticks, detergent as salmon 

sticks and qNOR molecules as yellow and blue cartoons. Black and green boxed areas 

shown in detail in b) and c), respectively, b) H692 may stabilise lipid via an ionic 
interaction, with I689 providing hydrophobic stabilisation, c) Lipid near the dimer 

interface may interact with some residues of TM2 (L254 and A250). 
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8.0, 150 mM NaCl, 0.05 % (v/v) DTM. No BRIL was fused to the C-terminus. 

Cryo-grids were made in a similar fashion for Val495Ala AxqNOR, except that 

3 mg/mL sample concentration was used. Screening and subsequent data 

collection was performed by Ms. Rachel Johnson at ABSL. A 16h data 

collection (Table 6.10), resulted in 734 micrographs for image processing. 

 
Table 6.10 Cryo-EM data collection parameters for NmqNOR Peak 1. 

 
 

 
 

 

 
 

 
 

 

 
6.6.1 Cryo-EM Analysis of NmqNOR Peak 1 reveals dimeric conformation 

The motion corrected micrographs (Fig.6.27a) showed a more heterogenous 

mixture of particles, with some particles looking to have been slightly degraded 

(sample was shipped on dry ice and endured ~ 1-week transit from Japan). 

The sample (P1) purified as a dimer-monomer mixture and was analysed by 

SDS-PAGE prior to grid making (Fig.6.27b) and showed a single band at the 

expected molecular weight, consistent with AxqNOR non BRIL sample. 

Processing was performed in a similar fashion to wildtype AxqNOR-BRIL, with 

2D averages showing a dimeric particle in several orientations (Fig.6.27c). The 

absence of BRIL made alignments trickier, yet, a 9 Å reconstruction was 

produced, which showed a dimeric configuration (Fig.6.27d), with the FSC 

curve shown in Fig.6.27e. 

 

 

 

Parameters 

Microscope and Detector Titan Krios with K2 Summit 
(Gatan) 

Voltage (keV) 300 
Magnification 130,000x 
Pixel size (Å) 1.07 

Defocus Range (µm) -1.5 to -3.5 
Total dose (e-/A2) 65.9 

No. of frames 40 
Exposure time per frame (s) 0.3 

Dose per frame (e-/Å2) 1.65 
No. of micrographs 734 
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The presence of the dimeric species is perhaps not unexpected, since the 

sample is derived from the earlier elutions from SEC. What is somewhat 

unexpected is that the same sample was used for crystallographic structure 

determination produced a monomeric structure at ~ 5 Å (shown earlier in 

Fig.6.18). Docking of the AxqNOR-BRIL dimeric structure into the NmqNOR 

Peak 1 cryo-EM map showed conservation of TM2 interactions and generally 

good placement of helices within the NmqNOR density map (Fig.6.28). 

Analysing the NmqNOR crystal structure in PDB PISA revealed that no higher 

oligomeric assemblies form within the crystal, unlike that of GsqNOR and low 

Figure 6.27 Cryo-EM analysis of NmqNOR Peak 1. a) Representative micrograph 

from processing, scale bar= 20 nm, b) SEC profile (A280) of NmqNOR using a HiLoad 

Superdex 200 26/600 column, inset- SDS-PAGE of NmqNOR peak 1(N1) and peak 2 

(N2) compared to AxqNOR-BRIL Peak 1 (B1) and peak 2 (B2) and AxqNOR without 

BRIL (A1) as a control. M=protein ladder marker, with numbers corresponding to 
respective molecular weight. B1 and B2 are repeats are B1 and B2, with 20 % more 

protein loaded on the gel, c) 2D class averages with multiple viewing angles, d) 9 Å 

reconstruction from ~ 60,000 particles, e) corresponding FSC curve at gold standard. 
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resolution AxqNOR dimeric crystal structure (Chapter 5, Fig.5.21). The space 

group of GsqNOR structure was C2221 and only a monomer was seen in the 

asymmetric unit, though by crystallographic two-fold symmetry, another 

monomer is nearby creating the dimer (shown in Fig.6.16a). NmqNOR shows 

no dimers in the crystal, yet, the sample and reconstruction are dimeric as 

judged by the cryo-EM analysis. The crystallisation condition could 

preferentially select the monomeric portion of the dimer, if the dimer interface 

is weakened- which by dilution of detergent below CMC- may occur, to 

destabilise the dimer that is surrounded by the micelle. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.28 Cryo-EM derived 9 Å reconstruction of NmqNOR Peak 1. The map is 

shown in grey, with the AxqNOR-BRIL structure (in teal and red cartoon) rigidly docked 
into the map using Chimera. TM2 of the structure is lined up with associated density of 
NmqNOR, which could mean TM2 interactions are conserved in dimeric qNOR. 
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Chapter 7 
 
 
 

Structure Based Mutagenesis 
Probing Proton, Electron and 

Substrate Pathways in AxqNOR   
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7.1 Proposed Proton Transfer Pathway 
 
7.1.1 Previous Findings  

The previous research on both cNOR and qNOR has suggested that both 

enzymes have a functional distinction in how they receive the catalytic protons 

for the reduction of NO to N2O. In cNOR, the work on Paracoccus denitrificans 

identified several residues involved in proton transport from the periplasm, 

including Glu58 (Glu57 in PacNOR) and Lys54 (Lys53 in PacNOR) from NorC 

subunit, which is believed to form the proton entry site and eventually go 

toward Glu211 and Glu280 (Flock et al., 2008a; Ter Beek et al., 2016) (Fig.7.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mutations of non-ionisable residues cause reduction of proton-coupled 

electron transfer and the Glu122Asp mutant showed an altered pH 

dependence of activity (Flock et al., 2008a). Contrary to this, qNOR is believed 

to obtain the protons from the cytoplasmic side, akin to the evolutionarily 

related cbb3 oxidase K-pathway (Buschmann et al., 2010). The 2.5 Å crystal 

structure of GsqNOR revealed an ordered water channel from the cytoplasm, 

leading toward the binuclear centre (albeit with non-native zinc replacing FeB) 

(Matsumoto et al., 2012) (Fig.7.2).  

Figure 7.1 Proposed periplasmic proton transfer route in PacNOR (PDB ID: 
3O0R). Residues with superscript c are from NorC subunit (coloured cyan), with NorB 

subunit coloured in green. Crystallographic waters are present as yellow spheres, with 

calcium coloured as green and FeB in red spheres. 
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The result of the mutational work suggests that Lys597 and Glu281 of 

GsqNOR form a salt bridge that may act as a proton loading site, with 

Lys597Ala variant being inactive. Glu281Ala variant was not successfully 

expressed (Matsumoto et al., 2012). Furthermore, the NmqNOR variant 

Glu498Ala showed only 7 % of wildtype activity, with this glutamate implicated 

in proton transport from the cytoplasm, though this variant did show 

significantly lower non-heme iron content (35 %) compared to wildtype 

enzyme (Gonska et al., 2018). Other variants of NmqNOR, produced to 

identify residues playing a role in proton transport, gave interesting results. 

Glu259 (at the same spatial location of Glu281 in GsqNOR) variants were 

successfully expressed and showed little effect on NO reduction. Whether or 

not this is due to the longer Lys597 side chain being replaced with the shorter 

Figure 7.2 Proposed cytoplasmic proton transfer route in GsqNOR (PDB ID: 3AYF). 
GsqNOR shown as purple cartoon and sticks, with crystallographic waters are shown as 

teal spheres, with calcium coloured as a green sphere and ZnB as a grey sphere. 
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one of serine is not clear and given the limited resolution of the NmqNOR X-

ray structure (~ 4.5 Å), the placement of flexible side chains should be taken 

with some caution. Attempts to make the Ala527 variant were not successful 

and Glu573 mutations were attempted in conjunction with Glu259Gln. 

Glu573Phe/Glu259Gln lost only 30 % of activity, taking into account that 

mutation Glu259Gln had no effect on its own, Glu573Phe contributes wholly 

to the 30 % activity loss. The varying levels of activities of these mutations 

against expectations reflects the early stage of our understanding about proton 

transfer mechanism in qNOR. To this end, the functional work on AxqNOR 

proton transfer channel was based on widening the scope of mutated residues, 

based on the previous findings, sequence conservation and structural features 

of refined AxqNOR structure (which is discussed in the ensuing sections). 

 

7.1.2 Proton Transfer Mutagenesis: Proton Entry  
The UniProt sequences from 224 qNORs were aligned in ClustalW 

(Thompson et al., 2002). The combined sequence alignment file was analysed 

for areas of conservation in WebLogo v3.0 (Crooks et al., 2004). The residues 

shown below (Fig.7.3) are those that are believed to pertinent to proton 

entry/transport in qNOR, based on the previously stated findings discussed 

above. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3 Consensus sequence probability chart of selected residues from 224 
qNOR sequences. Chart produced in WebLogo v3.0, with residues (numbered 

according to AxqNOR) coloured by side chain property (blue= positive charged, red= 
negatively charged, purple= polar, green= small and/or charged, black= hydrophobic). 
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The proposed proton entry site from GsqNOR mutational work was at the salt 

bridge between Glu281(Glu258 in AxqNOR) and Lys597 (Arg575 in AxqNOR). 

One observation from the sequence comparison around this area was the 

considerable lack of conservation (Fig.7.4). 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Examination of this region in AxqNOR structure (residues 255 to 260) showed 

that the density was relatively unclear due to flexibility of the loops. This was 

especially the case in the wildtype structure, where residues 257 to 261 

couldn’t be built. The higher resolution Val495Ala structure allowed building 

this region, except for the position of Glu258 side chain. Prior to solving the 

structure, a homology model of AxqNOR was generated using I-Tasser, which 

uses the primary amino acid sequence as an input and template based (e.g. 

from the PDB) fragment approaches to predict 3D structure, as well as 

annotate function through a protein function database (Yang and Zhang, 2015). 

Figure 7.4 Sequence alignment of proposed proton entry region amongst selected 
organisms. Residue numbered according to AxqNOR. Black, dashed box is Glu281 of 

GsqNOR, proposed to form a salt bridge with Lys597. Alignment produced in ClustalW 

and ESPript 3. 

255 
| 

260 
| 

A. xylosoxidans  

R. eutropha 

C. metallidurans 

V. cholerae 

N. meningitidis 

B. pseudomallei 

S. aureus 

G. stearothermophilus 

P. marina 

Py. aerophilum 
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This homology model was based on GsqNOR X-ray structure, with sequence 

identity of 33 % to AxqNOR. The positioning of residues was markedly different 

between the cryo-EM derived structure and the I-Tasser model (Fig.7.5). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

The loop, which contains residues 255 to 260, was pushed outward towards 

the solvent, not inward like in the homology model based on GsqNOR X-ray 

structure. Given that the density map was relatively poor for this region, there 

is likely to be some element of flexibility involved with this loop. To test whether 

any of the residues would influence the activity of AxqNOR, a triple mutant, 

Lys257Ala-Glu258Ala-Glu259Ala, was generated. 

 

The variant was originally intended to reduce surface entropy, derived from 

the Surface Entropy Reduction Server (Goldschmidt et al., 2007), which had 

suggested to mutate Lys257, Glu258 and Glu259 to alanines, in an attempt to 

Figure 7.5 Comparison between cryo-EM derived AxqNOR structure and homology 
model proposed proton entry site. Cryo-EM structure coloured in green cartoon and 

sticks, whilst homology model is coloured in orange cartoon and sticks. RMSD of 1 Å for 

616 C𝛼	atoms. Note that no side chain for E258 was modelled for cryo-EM model. 
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mediate crystallisation contacts by smaller losses of entropy via depleting 

residues with higher flexibility (e.g. lysine, glutamate) (Cieślik and Derewenda, 

2009). The activity was ~ 85 % of wildtype, indicating that none of these 

residues had a significant role in NO reduction. The corresponding residue to 

Glu281 from GsqNOR is Asp260 in AxqNOR, yet the positioning of the side 

chain from the structural analysis didn’t warrant an attempt to mutate this 

residue. Since Lys597Ala in GsqNOR abolished activity, the importance of 

corresponding residue in AxqNOR, Arg575, was tested by site directed 

mutagenesis to alanine. Unfortunately, the Arg575Ala variant would not over-

express, so no activity data is available.  

 

Given the fact that mutations in the cytoplasmic loop of both NmqNOR and 

AxqNOR had little to no effect on activity, the question arises as to whether 

different entry points exist amongst these two qNORs. Since mutants of 

Arg575 or Ser579 (NmqNOR equivalent residue) were not produced, the exact 

role of these residues (which were critical for activity in GsqNOR) is not known. 

The next step in the mutagenesis study was to investigate the putative proton 

transfer channel from the cytoplasmic end toward the binuclear centre. 

 
7.1.3 Putative Proton Transfer Channel Mutagenesis 

The mutations were chosen (Table 7.1) based on the sequence conservation 

and the results of previously published data on other NORs. All variants were 

purified in 0.05 % (v/v) DDM (using the established protocol from Chapter 4) 

with gel filtration profiles being largely similar to wildtype, with a larger 

proportion of peak 1 presence compared to peak 2, with less of the earliest 

shoulder present. Glu494Ala and Tyr638Phe exhibited different peak ratios 

compared to the other variants (Fig.7.6), producing more of the second, 

smaller species (peak 2) in comparison to wildtype. Glu494Ala may have 

undergone significant structural change to produce more of the smaller, 

possibly monomeric species, which will be discussed in detail later. 
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Table 7.1 List of proposed proton transfer mutants in AxqNOR and 

corresponding residues and effect on activity (in brackets) in other 
characterised NORs. 

 
AxqNOR 

residue and 
proposed 
mutation 

 
Residue in NmqNOR 
and % activity vs WT 

 
Residue in 
GsqNOR 

and % 
activity vs 

WT 

 
Residue in cNOR 

and % activity vs WT 

 
 

Glu490Ala 

 
 

Glu494 (-) 

 
Glu512Ala 
(0 %) 

P.a Glu211Ala (2 %) 
P.d Glu198Ala (1.5 %) 
T.t Glu211Ala (68 %)8 

T.t Glu211Asp (34 %)7 
T.t Glu211Gln (34 %)7 

 
 

 
Glu494Ala 

 
 

Glu498Ala (7 %) 
Glu498Gln (20 %) 

Glu498Phe (1.5 %) 

 
 
 

Glu516 (-) 

P.a Glu215Ala (60 %) 
P.a Glu215Asp (36 %) 
P.a Glu215Gln (26 %) 
P.d Glu202Ala (39 %) 

T.t Glu215Asp (31 %) 
T.t Glu215Gln (56 %)9 

Tyr638Phe Tyr642 (-) Tyr660 (-) Tyr356 (-) 

Asn600Ala Asn604 (-) Asn622 (-) Ala318 (-) 

Ser523Ala Ala527Phe (N.E) Gln545 (-) Ile244 (-) 

Glu569Ala Glu573Phe/Glu259Gln 
(70%) 

Glu573Phe/Glu259Leu 
(80 %) 

Glu591 (-) Phe290 (-) 

Glu572Ala Glu576 (-) Glu594 (-) Asn293 (-) 

(-) = mutations not carried out, N.E= No expression, P.a = Pseudomonas aeruginosa 

(Yamagiwa et al., 2018), P.d = Paracoccus denitrificans (Thorndycroft et al., 2007), 
T. t= Thermus Thermophilus (Schurig-Briccio et al., 2013). All mutagenesis work 

accrued from at least n= 3 experiments, unless stated with different value in 
superscript. 
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Activity of purified variants was analysed by anaerobic NO reduction assays. 

Details of the overall purity and relative activity of the variants are presented 

in Table 7.2. The results are largely comparable to what has been shown for 

Figure 7.6 Gel filtration traces of AxqNOR selected proton transfer channel 
mutants. Top , E572A chromatogram (blue trace= A280, red trace= A410), with the 

black line depicting fractions (red numbers) comprised peak 1 (P1) or peak 2 (P2) 

(SDS-PAGE of elutions inset, L= pre SEC sample, M= protein ladder marker (values 
in kDa). Bottom, Y638F and E494A compared against wildtype A280 traces only. Red 

and purple brackets indicate p1 and p2 of each sample. P2 of Y638F coincides with 

wildtype P2. Samples were run on a Superdex 200 10/300 gel filtration column 

attached to either an ÅKTA Pure or Purifier. Samples run in 50 mM Tris pH 7.0, 150 

mM NaCl and 0.05 % (v/v) DDM. 
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other qNORs, with the notable exception of previously untested residues in 

Asn600 and Ser523.  
Table 7.2 AxqNOR putative proton transfer variants NO reduction activity. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Optical spectra of the variants were measured (Fig.7.7) to assess if any 

perturbations of the heme groups took place as a consequence of the 

mutations, since several of the residues (Glu490, Glu494 and Asn600) are 

within 4-6 Å of the CBB methyl of heme b3. The Soret absorbance peak was 

identical for all but two variants, Ser523Ala and Glu494Ala P2 exhibiting a 1 

nm shift to 410 nm. The Q-band region (500-600 nm) of qNOR samples tends 

to show peaks at ~ 530 and 560 nm in the oxidized state (Cramm et al., 1999; 

Terasaka et al., 2014) and this was apparent in both wildtype and mutant 

AxqNOR samples, indicative that the heme environment was not severely 

perturbed by the mutations. Despite the optical spectra being largely identical 

to wildtype, a possible cause of activity loss by metal substitution, (i.e. loss of 

native FeB) is a factor which must be taken into account. 

 

 

Variant % Activity vs WTa Rz Value 

E490A N. D 0.8 

E494A Peak 1 7±1  0.72 

E494A Peak 2 N. D 0.85 

Y638F Peak 1 84±7 0.62 

Y638F Peak 2 55±5 0.73 

N600A 5±0.7 0.79 

S523A 30±0.6 0.71 

E569A N. E - 

E572A Peak 1 118±8 0.75 

E572A Peak 2 78±6 0.76 

a= Samples assayed in triplicate (standard deviation reported) under anaerobic 
conditions, final qNOR concentration was 0.2 µM. N. D= activity not detected, N. 

E= variant not expressed. All variants purified in 0.05 % (v/v) DDM. Activities were 
compared against p1 and peak 2 of wildtype, where applicable. 
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NmqNOR proton transfer variants, specifically Glu498 (Glu494 in AxqNOR) 

showed substantial non heme iron loss (70 %) upon mutation to Glutamine or 

Alanine. Substitution to Phenylalanine however retained the non-heme iron 

content to level similar to wildtype. To confirm free Fe content, metal analysis 

of mutants with severely depleted activity (Glu490Ala, Glu494Ala, Asn600Ala, 

Figure 7.7 UV-Visible spectra of proton transfer variants from AxqNOR. As isolated 

(oxidised) spectra measured on a U-3300 spectrophotometer (Hitachi). The majority of 

Soret absorbance maxima of the tested mutants are at 409nm (indicated with dashed 

black line on top panel), with S523A and E494A P2 showing a 1 nm shift to 410 nm. 
Bottom panel shows the Q-band portion of the spectra (dashed black box), with dashed 

lines at 532, 534 and 561 nm. 
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Ser523Ala) was undertaken by Atomic Absorption Spectroscopy (AAS). 50 µM 

of qNOR was diluted 10-fold in 60 % Nitric Acid (Sigma Aldrich), then 100-fold 

in 1 % Nitric Acid. Metal standards (Fe and Zn) were prepared across a range 

of concentrations (0-2000 µg/L) and used for calibration on an ICP-OES 5110 

(Agilent). Measurements were carried out in triplicate by Mr. Stephen Moss 

(Analytical Services, Chemistry Dept., University of Liverpool). The results 

indicated that Glu490Ala and Glu494Ala mutations near the active site showed 

slightly lower iron levels compared to wildtype and increased zinc content 

(Table 7.3). 
Table 7.3 Metal analysis of AxqNOR proton transfer variants. 

Variant Fe (per qNOR) Zn (per qNOR) 

E490A 1.85 ± 0.05 0.52 ± 0.03 

E494A P1 1.7 ± 0.04 0.6 ± 0.1 

N600A 2.5 ± 0.02 0.2 ± 0.01 

S523A 2.2 ± 0.01 0.32 ± 0.03 

WT 2.3 ± 0.04 0.2 ± 0.01 

WT-BRIL P1 2.78 ± 0.13 0.13 ± 0.05 

WT-BRIL P2 2 ± 0.04 0.14 ± 0.06 

Samples were measured in triplicate against metal calibration curves diluted in 50 

mM Tris pH 7.0, 150 mM NaCl, 0.05 % (v/v) DDM (DTM used for WT-BRIL samples). 
Standard deviations reported. 

 

The wildtype enzyme of AxqNOR purified in DDM had 2.3 Fe per qNOR and 

0.2 Zn per qNOR, which is comparable to GsqNOR WT enzyme (1.78 Fe and 

0.2 Zn). The major difference is the metal content of Glu490Ala and Glu494Ala 

which exhibit lowered iron and increase zinc levels compared to WT. This may 

help account for the large losses of activity, in spite of the largely unperturbed 

optical spectra. Intriguingly, Asn600Ala had comparable iron and zinc contents 

to WT, yet, exhibits 95 % loss of activity, indicating that factors aside from 

metal content contribute to activity loss. 

 

The activity losses in Glu490Ala should be taken in context of GsqNOR 

equivalent variant, Glu512Ala. Glu512Ala showed similar iron (1.78/qNOR) 
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and zinc (0.22/qNOR) levels to the wildtype GsqNOR (Matsumoto et al., 2012), 

yet, Glu512Ala also abolishes activity like Glu490Ala in AxqNOR. From this it 

could be inferred that Glu512 and its equivalents are participants in proton 

transfer to the active site in qNOR.  

 

For Glu494Ala P1, the equivalent variant in NmqNOR (Glu498Ala) has only 

30 % of Fe compared to wildtype. Glu498Phe in NmqNOR has the same iron 

content as wildtype NmqNOR and the lowest activity (1.5 % of wildtype), 

providing more evidence that it is not necessarily the depletion of iron/zinc 

contamination that causes losses of activity.  

 

For previously reported qNOR structures, a structure-function relationship was 

limited either due to a catalytically inactive enzyme (GsqNOR) or low 

resolution of the structural model (NmqNOR). The 3.9 Å and 3.3 Å (global 

resolution) structures of AxqNOR-BRIL and Val495Ala-BRIL has allowed me 

to rationalise the effects of mutagenesis via structural analyses. The next 

section will detail such attempts and include additional discussion of the critical 

role of Glu494, Ser523 and Asn600 in AxqNOR NO reduction. 

 

7.1.4 Structural insights into proton transfer: Binuclear centre 

arrangements 
The presence of an ordered water channel in GsqNOR starting from the 

cytoplasmic end was a key finding which suggested that qNOR may utilise 

protons from the cytoplasm, in contrast to cNOR which has been shown to 

receive catalytic protons from the periplasmic side. The cryo-EM map of 

Val495Ala AxqNOR in the same region revealed several water molecules, 

notably near the proposed entry site and the binuclear centre (Fig.7.8). A key 

observation was the different orientation of the Glu490 in relation to the non-

heme iron (FeB). Since GsqNOR had zinc incorporated into the active site, it 

was believed that this was the main reason why there was no non heme metal 

ligation by Glu512. 
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Given the fact that the AxqNOR-BRIL P1 (used for structure determination) 

was fully iron loaded (2.78 Fe per qNOR, 0.13 Zn per qNOR) and retained NO 

reduction activity, the chances of Zn replacing Fe in the active site is low. Thus, 

the orientation of Glu490 in the structure could be a unique feature in the active 

form of qNOR, with comparisons to cNOR and GsqNOR shown in Fig.7.9. The 

role of Glu490 seems to differ between cNOR and qNOR, with regards to 

ligand binding and/or proton delivery to the active site. Glu211 in cNOR has 

been shown to ligate FeB, both in the oxidized and reduced states (Sato et al., 

2014). This was in contrast to the hypothesis that Glu211 may dissociate from 

FeB in order to create sufficient space for two NO molecules to bind, upon 

reduction of the ferric FeB to the ferrous form. The GsqNOR active site contains 

ZnB and two water molecules, which alleviates Glu512 binding to ZnB. A 

molecular dynamics (MD) simulation was performed on the GsqNOR structure, 

to probe potential structural changes along the hydrophilic channel and the 

movement of water molecules. 

 

 

 

Figure 7.8 Hydrophilic channel in AxqNOR WT and Val495Ala AxqNOR. WT shown 

as teal sticks, V495A as yellow sticks. Water molecules shown as red spheres, FeB as 
brown spheres and Calcium as green spheres. Hydrogen bonds shown as yellow 

dashes. 
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One structure after 75 ns simulation (kindly provided by Dr. Takehiko Tosha, 

RIKEN SPring-8 Center) shows that Glu512 could indeed ligate ZnB, with a 

distance of 1.9 Å, upon structural rearrangement of the three non-heme metal 

ligating histidines, particularly His508. This may be in part be due to a highly 

conserved glycine next to Glu512, which may induce helical flexibility and help 

Glu512 to ligate the non-heme metal (Fig.7.10).  

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.10 Comparison of GsqNOR Glu512 conformation between static and MD 
snapshot structure. Static structure, coloured in purple cartoon and sticks, with Zn 
coloured as a grey sphere. Snapshot structure (75 ns frame) coloured in grey cartoon and 

sticks, with Zn coloured as a yellow sphere. Snapshot residues labelled with superscript 

S. E512S ligates ZnS in the snapshot structure, with a co-ordination distance (shown as 

black dash) of 1.9 Å. 

Figure 7.9 Active site structures of NORs. Clockwise from top left: GsqNOR, 
PacNOR, V495A AxqNOR, AxqNOR WT. Water molecules shown as red spheres, FeB 

as brown spheres and ZnB as grey sphere. Metal coordination bonds shown as black 

dashes; hydrogen bonds as yellow dashes. 
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Structure of Val495Ala AxqNOR active site suggests that Glu490 doesn’t 

ligate with FeB but has a water molecule bonding it to Glu559 (Fig.7.11). The 

wildtype structure (at 3.9 Å) also shows a similar conformation of the two 

terminal glutamates, despite the density for Glu559 being considerably weaker. 

The importance of this residue has been tested in GsqNOR (Glu581) and in 

cNOR (Glu280), both of which show abolished activity upon mutation to 

alanine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

His486 is positioned such that the carboxylates of Glu490 would be unable to 

bind FeB in its current conformation, acting almost like a barrier.	The equivalent 

histidine in cNOR is ~ 0.5 Å shifted upwards compared to the qNOR structures 

(excluding the GsqNOR molecular dynamics snapshot structure), which may 

help account for non heme metal ligation by the nearby glutamate (Fig.7.12). 

Figure 7.11 Glu490 conformation and associated density in AxqNOR structures. 

Top, V495A AxqNOR with water bound (red sphere, purple density contoured at 5 s) 

between E490 (contoured at 4.2 s level) and E559 (contoured at 4.2 s). Bottom, WT 

AxqNOR with E490 (contoured at 4	σ) and E559 (contoured at 2	s) ~ 3 Å apart. 
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The snapshot structure exhibits a similarly shifted histidine, in which this 

structure ligates the non heme metal.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Glu490 may act as a terminal proton donor to the active site upon reduction 

and NO binding, if His486 can shift from its position to allow Glu490 to 

potentially bind FeB (as seen from the molecular dynamics snapshot in 

GsqNOR, though Zn has replaced Fe). The water ligating Glu490 and Glu559 

may be associated with proton uptake from the cytoplasmic end. Looking 

further down the putative channel, Glu494 and Asn600 both produced inactive 

enzymes when mutated to alanine. In AxqNOR, Glu494 purified mostly as a 

smaller species, which was catalytically inert, whilst the wildtype purified 

Figure 7.12 Comparison of binuclear centres amongst NOR’s. Top panel clockwise 

from top left: V495A AxqNOR (yellow sticks, FeB as brown sphere), PacNOR (green 

sticks, FeB as a red sphere), GsqNOR molecular dynamics structure after 75 ns (grey 

sticks, ZnB as a yellow sphere) and GsqNOR static structure (purple sticks, ZnB as a 

grey sphere) active sites. Black dashes indicate non-heme iron co-ordination bonds, with 
PacNOR and GsqNOR MD snapshot having four non-heme metal ligands. Bottom panel 

shows alignment of all structures, with numbering according to AxqNOR sequence. 

H486 in qNOR static structure (GsqNOR and V495A AxqNOR) are shifted downward 

compared to PacNOR and MD snapshot GsqNOR histidine. 
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mostly as the larger, dimeric species. Why such a disparity occurs was 

investigated on a structural level, to attempt to rationalise the importance of 

Glu494 in AxqNOR, by analysing the monomeric Glu494Ala via cryo-EM 

(using peak 2 fractions). 

 

7.2 Structural Analyses of Glu494Ala-BRIL 

 
7.2.1 Glu494Ala-BRIL Purification  
As performed for the structural analyses of wildtype and Val495Ala AxqNOR, 

the BRIL construct was also used. Over-expression and purification were 

conducted in a similar fashion to previous constructs. Upon SEC however, 

Glu494Ala migrated differently in comparison to the wildtype construct 

(Fig.7.13), with the majority species being peak 2.  

 
 

 
 
 
 
 
 
 
 
 
 

Figure 7.13 Chromatographic profile of Glu494Ala-BRIL. Comparison of wildtype 
(solid and dashed black traces) and E494A-BRIL (blue and red traces) SEC profiles, 

obtained from running samples down a Superdex 200 10/300 Increase connected to an 

ÅKTA Pure. Samples were run in 50 mM Tris pH 7.5, 150 mM NaCl and 0.05 % (v/v) 

DTM. Green dashed line indicates samples of peak 1 (‘P1’) and peak 2 (‘P2’). Inset left is 

SDS-PAGE of E494A-BRIL SEC elutions 1-6 (numbered on x axis of chromatogram). M= 
protein marker ladder, numbers correspond to respective molecular weight in kDa, L= 

pre-SEC sample. Legend above is of the absorbance (A) traces for wildtype and E494A 
at 280 nm and Soret maxima for each sample. 
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As previously mentioned, P1 retained ~ 7 % activity and P2 was catalytically 

inert, despite a higher Rz value (0.85) compared to P1 (0.58). In an attempt to 

decipher why P2 was completely inactive and had migrated so differently to 

other variants, cryo-EM analysis of Glu494Ala P2 was undertaken. It also gave 

an opportunity to define the overall structure of sample from P2, which is 

present in qNOR preparations. 

 

7.2.2 Cryo-EM Analysis of Glu494Ala-BRIL P2 

Cryo-grids were made in the same manner as done previously for Val495Ala-

BRIL, except that 3 mg/mL concentration was used. Grids were first screened 

at ABSL, before data collection at eBIC on a Titan Krios, equipped with a K2 

Summit detector (Gatan). Sufficiently thick ice was used for data collection, 

which was set up by Dr. Evgenia Pechnikova (visiting scientist from Thermo 

Fisher), with parameters outlined in Table 7.4. 
Table 7.4 Data collection parameters for Glu494Ala-BRIL P2 cryo-EM analysis. 

 

Data were processed in RELION 3.0, with motion corrected micrographs 

(Fig.7.14a) used to eventually extract ~ 684,000 particles (using a 150 Å box), 

after CTF correction in CTFFIND 4.10 and autopicking (using 2D templates 

from 2,000 manually picked particles). After three rounds of 2D classification 

(K= 250, no resolution limit on expectation step), ~ 680,000 particles were left. 

An initial model was generated in C1 symmetry, with a clearly monomeric 

shape. 3D classification using a 140 Å diameter mask and K= 3, led to two 

classes which showed separation of helices which comprised of ~ 322,000 

Parameters 
Microscope and Detector Titan Krios with K2 Summit (Gatan) 

Voltage (keV) 300 
Magnification 48,000x 
Pixel size (Å) 1.043 

Defocus Range (µm) -1.5 to -3 
Total dose (e-/A2) 50 

No. of frames 40 
Exposure time per frame (s) 0.3 

Dose per frame (e-/Å2) 1.25 
No. of micrographs 2,239 
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particles. These were auto refined to 5.6 Å, yet several helices were not fully 

resolved. Considering that the sample was < 100 kDa in molecular weight and 

lacked any symmetry, slight tuning of the regularisation parameter (T) within 

RELION was implemented. This value regularises the power of the signal in 

3D Fourier transforms of the experimental images. A small value (e.g. 2) 

effectively limits the power signal on high frequency components of the 

transform, which helps to remove high frequency noise (Scheres, 2012), which 

is useful to prevent overfitting (describing noise over signal). Increases of T 

can in effect put more weight on the experimental data, lessening the limit on 

the power signal, which can be useful for smaller, asymmetric particles that 

are generally assumed to have less signal to noise. Following on from an 

approach used to determine sub 100 kDa structures conducted by Herzik and 

colleagues (Herzik et al., 2019), T was increased from 4 to 8 in 3D 

classification for Glu494Ala P2-BRIL. The two best classes had more 

complete helices and represented ~ 150,000 particles overall (Fig.7.14b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Using these two classes (Fig.7.15a), CTF refinement was performed (per 

particle defocus estimation) before auto-refinement and per particle motion 

correction (polishing) was performed (Fig.7.15b). 2D classification of the 

Figure 7.14 Initial processing of Glu494Ala P2-BRIL. a) Motion corrected micrograph 

example (at -1.9 µm defocus), scale bar in bottom left= 15 nm, b) 3D classes after 

increasing T= 8, contoured to exclude detergent micelle and BRIL. Numbers underneath 

each class, represent particle numbers for each respective class. 
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polished particles allowed removal of ~ 8,000 particles, with the remaining ~ 

144,000 particles refined again. The resolution had not changed from the 

previous refinement (5.05 Å), so, a soft solvent mask was applied around the 

map (Fig.7.15c) and refinement continued from the last iteration in an attempt 

to enhance signal over noise. As a result, this improved the resolution to 4.88 

Å (Fig.7.15d), with the reconstruction showing features consistent with a ~ 5 

Å map. 

 

 

 

 

 

 

 

 
 

 
 
  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.15 3D Refinement strategy for Glu494Ala P2-BRIL. a) 3D classes used for 

refinement, b) CTF refinement and 3D refinement reduced the resolution of the 
reconstruction by 0.6 Å, with polishing and 2D classification (class averages shown to 

right of 2D Class’ label) allowing further cleaning of the dataset, c) Soft mask (yellow) 

applied to 3D refined map increased resolution to 4.88 Å of the unfiltered reconstruction 

(d), shown as a cyan map. 
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Postprocessing of the 4.88 Å map with a tight mask (excluding the detergent 

micelle and BRIL), led to a sharpened map of ~ 4.5 Å (Fig.7.16a, b), according 

to the gold standard FSC of 0.143. RELION’s local resolution estimation 

described the core of the monomer being at ~ 4.2 Å (Fig.7.16c). At this 

resolution, several bulky side chains (tryptophan, phenylalanine) densities 

could be resolved, which would aid in registry of the protein model into the 

reconstruction. 

 
 

 
 
 
 
 
 

 
 

 

Figure 7.16 Postprocessing and local resolution estimates of Glu494Ala P2-
BRIL. a) Sharpened map at 4.47 Å, as determined by gold standard FSC= 0.143 

shown in panel b), c), local resolution estimates (as determined by RELION 3.0) of 
the postprocessed map (right hand side map is slice through of left hand side map), 
coloured by resolution, as depicted by the colour key in the middle. 
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7.2.3 Glu494Ala P2-BRIL Monomeric Structural Features 
The monomeric portion from the wildtype dimer was used as model for rigid 

docking into the Glu494Ala P2-BRIL map. The docking showed a large 

disparity of helix placement, especially for TM1 and TM2 (Fig.7.17a). The 

model was subject to manual building and manipulation within Coot (Emsley 

and Cowtan, 2004), to adjust the helices into the density, using the bulky side 

chains and heme cofactor densities as landmarks (density of all bulky side 

chains were not present however). After model refinement in Phenix, the 

helical movements were more evident when aligned against the wildtype 

structure (monomeric portion) (Fig.7.17b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 7.17 Rigid body docking and refinement of Glu494Ala P2-BRIL. a) Docking 

of wildtype monomer portion (brown cartoon) into E494A P2-BRIL map, with TM1 and 

TM2 labelled showing the positional differences, b) refined E494A P2-BRIL (pink) aligned 
to the wildtype structure (teal), with helices depicted as cylinders, with TM1 and TM2 of 
each structure labelled. Structures are in a similar orientation to that of a). 
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7.2.4 Structural rearrangements of Glu494Ala and impact on activity 
The large-scale movement of TMI and TMII were not the only helical 

translations witnessed in the structure, with TMVII, TMIX, TMX, TMXII and TM 

XIV also showing shifts (Fig.7.18a). Closer inspection of the heme cofactors 

showed heme b to be ligated as normal (bi-histidyl co-ordination) and heme b3 

ligated with His629 (Fig.7.18b). However, the normal tri-histidyl ligation of FeB 

observed in the previous two structures (Wildtype and Val495Ala) was not 

evident in Glu494Ala P2 (Fig.7.18c). No density for His486 was present, so 

was omitted from the model. His537 showed some density which was angled 

toward the heme b3 iron plane and His538 had weak density. The heme b3 

density itself is not planar as seen before (Fig.7.18d), which could be 

symptomatic of the lower resolution, but the seemingly missing FeB and H486 

density leads to speculation that Glu494Ala P2 may have no free iron.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.18 Glu494Ala P2 active site structure. a) Helical movements of E494A P2 

(pink) compared to wildtype (teal), with helices numbered in roman numerals. Pink 

arrows depict E494A helix movement relative to wildtype, b) heme groups (b= heme b, 

b3= heme b3) in E494A P2 show normal histidine ligation to heme irons, but FeB ( brown 
sphere) histidine ligation densities is not clearly visible, c) E494A P2 binuclear centre at 

4.2 Å. H537 has some density angled toward heme iron, with H486 omitted from model 

due to no density. No density observed for heme O1d and O2d propionate, which is 

usually supported by T626 (density present). d) Wildtype binuclear centre at 3.7 Å, with 

tri-histidyl binding of FeB and planar density of heme b3. 
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7.2.5 Proposed Proton Pathway Alteration 
In addition to the disturbed active site, movement of TMIX and XI across the 

proposed proton transfer channel was observed (Fig.7.19). TMXI holds 

Glu569, which was shown to possibly interact with Ser523, the mutation of 

which results in 70 % loss of activity. The possible tightening of the channel 

may also contribute to activity loss, if protons do pass through Glu569-Ser523.  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Glu494Ala showed a drastic shift in peak 1 and peak 2 ratios with practical 

abolishment of activity for both peaks, meaning oligomeric state alone doesn’t 

dictate activity loss for this variant. Although, it is clear that both the monomeric 

structure and mutation of Glu494 contribute to loss of activity, since wildtype 

P2 activities are ~ 10 % lower than the dimeric peak for AxqNOR. In NmqNOR, 

the disparity is higher, with peak 2 activity being ~ 50 % less than the dimeric 

peak. Asn600 which hydrogen bonds with Glu494 in wildtype AxqNOR shows 

no shift in dimer-monomer ratio yet Asn600Ala is also inactive (~ 5 % of 

wildtype activity). Glu490Ala is inactive and purifies similarly to wildtype. 

Tyr638Phe however has a slower retention time and elutes largely at the 

monomer elution volume yet retains ~ 84 % activity for the peak 1 fraction and 

55 % for peak 2 fraction. Tyr638 is ~ 3.4 Å from Glu494 in the wildtype 

Figure 7.19 Glu494Ala causes rearrangement of putative proton transfer channel. 
TMXI and IX are shifted across (pink dashed arrow) in E494A P2 (pink cartoon), relative 

to wildtype (teal cartoon). This may cause loss of E569-S523 interaction and 

concomitant narrowing of a putative channel from the cytoplasmic end. 
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structure (OH to Oe1 distance). These residues may help influence the 

maintenance of the active site structure and possible dimer integrity.  

 

The means by which this may occur is still unclear, given the relatively low 

resolution of the Glu494Ala P2 map. If Glu494Ala causes native FeB loss, this 

would explain the distortion of the active site and subsequent lack of histidine 

density, suggesting no other metal has occupied the active site. The 

equivalent residue in NmqNOR, Glu498, loses 93 % of activity upon 

substitution to alanine, similar for AxqNOR. However, the chromatographic 

behaviour of Glu498Ala in NmqNOR is not known as SEC was not performed 

for the variant (personal communication by Dr. Takehiko Tosha). Glu498Phe 

had ~ 1.5 % activity, despite 100 % non-heme iron content, which could point 

to loss of a proton conductor-Glu494- being the key factor in activity loss 

(Gonska et al., 2018).  

 

In lieu of a monomeric wildtype AxqNOR structure, alignments of 

crystallographic NOR structures (excluding RdcNOR), of which all are 

monomeric showed conserved helix movements, relative to the wildtype 

AxqNOR monomer from dimer (Fig.7.20). Surprisingly, GsqNOR TMII and 

TMXI aligns best with the Glu494Ala P2-BRIL TMII and TMXI, with GsqNOR 

also being inactive due to zinc incorporation in the active site. 

 

What is clear from Glu494Ala P2 structure is that Glu494 impacts the structure 

in an unforeseen manner, which likely has a knock-on effect on activity. 

Broader studies are needed to assess the heme b3 coordination state, which 

would help determine if a ligand is bound to the heme iron, with Resonance 

Raman (RR) Spectroscopy a useful probe, in parallel with metal analysis and 

non-heme iron determination. A higher resolution density map of Glu494Ala 

P2 and a wildtype monomer AxqNOR cryo-EM structure would increase the 

importance of Glu494 on structure-function relationship of qNORs. 
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Examining the wildtype structure shows a hydrogen bond between Glu494 and 

Asn600, which may act to shuttle protons toward the active site (Fig.7.21). 

 

 

 

Figure 7.20 Alignment of Glu494Ala P2-BRIL against crystallographic NOR 
structures. Top left clockwise; WT AxqNOR monomer from dimeric EM structure for 

comparison (teal), PacNOR (green and blue cartoon), GsqNOR (purple) and NmqNOR 

(brown) aligned against E494A P2-BRIL (pink), with R.M.S deviations of 1.03 Å, 3 Å, 

1.35 Å and 1.24 Å, respectively. TMI, II and XI labelled with roman numerals. cNOR 
shown as cartoon due to cylinder depiction causing irregular distortion of TMI across 

and into NorB subunit. Note, cNORs lack TMII in NorB subunit. 
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The mutation of Glu494 and Asn600 may abandon any potential water 

molecule binding (assuming water is acting as a conduit for proton transfer) 

route toward Glu490-Glu559, which are likely to be the terminal proton donors. 

Glu494 equivalent mutation in PacNOR (Glu215) loses ~ 40% activity upon 

alanine substitution, a comparatively milder effect compared to qNOR 

mutation. The role of Glu215 is believed to be in maintaining a sufficiently low 

redox potential of heme b3 (Grönberg et al., 1999), though it also participates 

in hydrogen bonding with Glu211 and Glu280 via a water molecule. The role 

of this conserved glutamate (~ 97 % conservation amongst NOR) is clearly 

different in cNOR and qNOR, likely due to difference in the pathway for proton 

delivery.  

 

7.3 Structural insights into proton transfer: Putative channel? 
7.3.1 Role of Ser523 in proton transfer 

A mutation of a residue with comparatively less conservation amongst qNOR 

(~ 30 %), Ser523, showed a substantial loss of activity (70 % loss). Ser523 is 

Figure 7.21 Glu494 and Asn600 role as proton transfer residues. E494 

(contoured at 4.3	s)	hydrogen bonds to N600 (contoured at 7	s)	 in the wildtype 

AxqNOR structure. Both side chains are < 5 Å away from the CBB methyl of heme b3 

(contoured at 7	s). Heme b in the faded background. 
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in close proximity to Glu569 (a highly conserved glutamate in qNOR), which 

may serve a structural role, in addition to a functional role (Fig.7.22).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The qNOR from Persephonella marina (33.3 % sequence identity to AxqNOR) 

harbours a glutamate (Glu509) at the same position as Ser523 and variants 

(Glu509Leu) are 40 % less active (Sheraden, 2013). Glu569 mutants in 

AxqNOR couldn’t be overexpressed, but equivalent mutants of Glu573 in 

NmqNOR could, yet they showed little change in activity. The same glutamate 

in P. marina qNOR also shows small reduction in activity (20 %) when mutated, 

indicating that this glutamate probably doesn’t partake in catalytic proton 

transfer, despite an 80 % conservation.  

 

7.3.2 Potential proton entry sites 

Residues further down the putative channel showed little change in activity 

when mutated, which largely matched their weaker conservation. The higher 

resolution Val495Ala structure showed signs in the density map of possible 

Figure 7.22 Ser523 structural and functional role in AxqNOR. S523 (contoured at 

3.5	s)	hydrogen bonds to E569 (contoured at 4	s)	 in the wildtype AxqNOR structure. 

E494-N600 shown in the upper half, contoured as in Fig.7.22. ~ 7-10 Å separates the 

sets of residue pairs. 
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water molecules bound between certain residues (Fig.7.23). One of these 

residues was Glu572 (~ 25 % conserved), mutation of which surprisingly 

showed slightly increased activity (for peak 1) compared to wildtype. The 

residue Asn573 is located in its close vicinity, which may partake in water 

proton transfer in the absence and/or presence of Glu572. Despite the 

distances between the waters and side chains being longer than canonical 

hydrogen bond, the flexibility of the residues and structural re-arrangement 

may shorten these distances during proton transfer (if this is real occurrence). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Near Glu572 lies currently unassigned tubular and branched density, which 

may be reminiscent of lipid/lipid like molecules. An interesting feature is that it 

extends across the dimer interface, with the longer, tubular density 

sandwiched between Trp251 and His568 of each protomer. At the end of this 

tube-like density is a branched density, which resembles the letter ‘M’. This is 

situated nearby Glu572, Glu569 and Leu526, close to the proposed proton 

transfer channel (Fig.7.24).  

 

Figure 7.23 Cytoplasmic putative proton transfer entry. Residues contoured at 3 s, 

aside from H568 (4	s) and K257 (2.7 s). Waters (shown as red spheres, density in 

purple) contoured at 3	σ. Part of the model omitted for clarity. 
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It has been shown that certain lipids and bile acids can bind close to the K-

pathway of cytochrome c oxidase (from Rhodobacter sphaeroides). It was 

shown when mutating a key K-pathway entrance residue, Glu101, activity was 

abolished (Brändén et al., 2002; Tomson et al., 2003). Addition of cholic acid, 

arachidonic acid and other derivatives rescued activity in the Glu101Ala 

mutant, suggesting that the carboxylates of the lipids may substitute for 

Figure 7.24 Unassigned density between dimer interface and proposed proton 

entry channel. Density map from V495A contoured at 3	s . Red outlines indicate ‘head 

group’ of tubular density, which sits near E572 and E569.  
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Glu101 (Qin et al., 2007). Whether or not a lipid/lipid like molecule is bound in 

this region in AxqNOR remains to be verified, but, the retention of activity in 

Glu572Ala from AxqNOR and Glu573Phe (in NmqNOR, assuming a similar 

location and presence of lipid like molecule) could potentially be explained by 

lipid head groups acting as a proton donor. Why in GsqNOR no density of 

similar characteristic found in the same region is not known, further 

experiments are needed to verify if this is a common feature in qNOR. 

 

7.4 Substrate Access and Transport in qNOR 
 
7.4.1 Hydrophobic Tunnels within NOR 
The transport of diatomic gases has been studied within the realms of cNOR 

(Terasaka et al., 2017) (for NO transport) and cytochrome ba3 (Luna et al., 

2008) for oxygen transport. The main scope of these studies has been xenon 

binding sites in crystallographic structures, which is similar to oxygen in 

chemical properties; e.g. favourable solubility in hydrophobic environments 

(Sawyer et al., 1982) and similar van der Waals diameters (4.3 Å compared to 

4.2 Å of O-O bond (Bader et al., 1967)). Xenon binding in hydrophobic cavities 

(Soltis et al., 1997) may mimic substrate binding, so serves as a probe for such 

channels. By analysis of xenon binding sites, Luna et al found that a Y-shaped 

channel was present in the T. thermophilus ba3 structure. The closest xenon 

was ~ 8 Å from CuB (at the binuclear center). In cNOR, the xenon sites lined 

up well with computed channels (Fig.7.25) and the molecular dynamics 

simulation suggested that NO could traverse from the lipid bilayer, through the 

computed channel which housed the xenon atoms. Val206 mutation to 

tryptophan caused large loss of activity and alanine substitution causes total 

abolishment (personal communication by Dr. Raika Yamagiwa). 
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7.4.2 Possible NO transport paths and NO binding in AxqNOR 
Comparison of previously characterised NorB and qNOR sequences showed 

that there are conserved residues amongst the NORs (Fig.7.26), which have 

been implicated in NO transport in PacNOR, via molecular dynamics 

simulation (Mahinthichaichan et al., 2018). It was suggested that major 

pathway and minor pathways exist within PacNOR for NO transfer from the 

lipid bilayer. The following residues (AxqNOR residue in parentheses) Val206 

(Val485), Ile65 (Leu336), Trp202 (Trp488) and Val205 (Ile484) were deemed 

to be major barriers for NO transition along the pathways. Val206 is purported 

to undergo conformation changes to allow NO to enter the catalytic site, with 

side chain rotation to allow NO into the active site. Ile65 and Trp209 are 

believed to be the main barrier of the dominant route, with NO transition 

requiring conformational changes. 

 

 

 

 

Figure 7.25 Xenon binding sites and proposed Y-shaped cavity in PacNOR (PDB 
ID: 5GUX). cNOR NorB and NorC coloured as green and cyan wire, respectively. Xenon 
shown as teal spheres, with red lines indicating computed channel (adapted from Fig.S7-

Terasaka et al, 2017). V206 (coloured as purple stick) is ~ 7 Å from FeB (brown sphere). 
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Seeing as Val206 mutants had been produced in PacNOR and shown to have 

greatly reduced activity, the equivalent residue in AxqNOR, Val485 was 

mutated to alanine and its activity tested thereafter. Val485Ala lost ~ 70 % 

activity compared to wildtype, with optical spectra and Rz value being identical 

to wildtype. Metal analysis by AAS showed the sample had 0.47 ±0.02 Zn per 

qNOR, which could have affected NO reduction to some extent. Tunnel 

analysis by CAVER (Petrek et al., 2006) gave several candidates, two of which 

were in the vicinity of the previously mentioned residues. The two ‘pathways’ 

seem to converge near Val485 and Val489 (Fig.7.27). Val485 is located ~ 7 Å 

from FeB and 6 Å from the CMA methyl of heme b3, similar to Val206.  

 

 

 

Figure 7.26 Sequence alignment of proposed NO transport residues from NorB 
subunit of cNORs and qNOR from selected organisms. cNOR organisms shown by 
purple bracket. Residues labelled are numbered according AxqNOR sequence. 

Alignment produced in ClustalW and ESPript 3.0. 
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Considering Val485Ala mutant maintained 30 % activity, the role of Val489 

(fully conserved) has yet to be discovered by computation studies or 

mutational work. It may act in tandem with Val485 to shuttle NO toward the 

active site. The substitution to a smaller side chain may open up the cavity and 

promote easier access toward the binuclear centre, possibly alleviating any 

spatial restrictions to NO transport, yet the chemical property of the side chain 

seems to be an important factor in allowing NO access to the active site. The 

retention of 30 % steady state activity in Val485Ala may point toward an 

alternative substrate delivery route being in use, though the blue tunnel (in 

Fig.7.27) doesn’t contain many hydrophobic residues and it lies close to the 

proposed proton pathway.  

 

The question of how two NO molecules insert and bind the active site is still 

up for debate in all NORs. Sato et al. showed that four atoms (four oxygen 

atoms modelled in the reduced-CO bound form, since precise CO binding 

Figure 7.27 Tunnel analysis of WT AxqNOR probing potential NO transport 
channels. Left, AxqNOR shown in plane of membrane boundary (yellow lines), right, 

tunnels viewed from periplasmic side with conserved residues labelled. V485 coloured 

in pink sticks, with Calcium and FeB as green and brown spheres, respectively. 
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mode not determined) can occupy the space between the FeB and heme b3 

iron in PacNOR , with an iron-iron distance of 4.4 Å (Sato et al., 2014). A 

structural rearrangement around the active site is needed (oxidised iron-iron 

distance is ~ 3.8 Å) yet the precise mechanism for this is unknown. They also 

found no helical movements upon reduction, like seen in cytochrome ba3 from 

T. thermophilus, where helix X (sandwiched between both heme groups, also 

in NORs) changes conformation to allow opening/closing of the water channel 

(Qin et al., 2009). Since cNOR doesn’t use cytoplasmic derived protons, the 

lack of redox induced change is not too surprising. Conformational changes of 

Val489 and Leu634 in AxqNOR may take place, yet, it seems to be a situation 

of ‘all paths lead to the same destination’, the destination being Val485 

(Fig.7.28).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.28 Potential NO channel route in Val495Ala AxqNOR. Top, grey residues 

indicated highly conserved residues (grey sticks, V485 in purple) in NOR that may 
make up the main NO transfer pathway in AxqNOR, bottom, density (contoured at 6	

s) of valines near the active site, with V485 being 7 Å from FeB. 
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This is however still untested and speculative, as other mutants have not been 

produced and more robust computational and spectroscopic analyses are 

needed to be conducted prior to reaching a conclusion.  

 

7.5 Quinol Binding Site in qNOR 
 
7.5.1 Proposed quinol binding site 
The electron donor, menaquinol (reduced state) is deemed to bind in a pocket 

close to the low spin heme b, with several fully conserved residues, namely 

Asp724, Glu309 and His305 proposed to be involved in binding. This has been 

shown by GsqNOR quinol-based inhibitor, 2-heptyl-4-hydroxyquinolone n-

oxide (HQNO) bound structure (Matsumoto et al., 2012). This represented the 

first structurally identified quinol binding site in qNOR, with the ubiquinol 

oxidase (cytochrome bo3 oxidase) structure not retaining the native ubiquinol, 

due to detergent exchange for crystallisation (Abramson et al., 2000). It was 

found that several residues were important for activity (Arg71, Gln101, Asp75 

and His98), with all but one mutation (Gln101Asn) abolishing activity. As of yet, 

no structural information is available on the native electron donor binding in 

qNORs. Whilst Asp724, Glu309 and His305 (AxqNOR numbering) are fully 

conserved in qNOR, Arg720 is also conserved amongst cNOR (Fig.7.29). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.29 Conservation of Arg720 in NORs. Left, Consensus sequence of 224 

qNOR sequences (amino acid one letter code coloured by property) showing full 

conservation of R720, right, sequence alignment of selected cNORs (purple bracket) and 

qNORs with position of R720 and D724 (AxqNOR numbering) indicated. D724 is 

replaced with glycine in cNOR. 
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7.5.2 A potential electron transfer target -Arg720 

The conservation of Arg720 in cNOR suggests that this residue is not involved 

in quinol binding, as cNOR receives its electrons from heme c (in NorC subunit 

of cNOR), which itself receives electrons from periplasmic cytochromes (c551) 

or pseudoazurin (i.e. cNOR has no quinol binding site). The role of this residue 

was probed by mutation to leucine (as done with cytochrome bo3). As a result 

~ 50 % of activity was lost, in comparison to 96-99 % loss in cytochrome bo3 

(Abramson et al., 2000; Choi et al., 2017). Analysis of wildtype AxqNOR 

structure showed a possible double conformation of Arg720 exists near the 

heme b (Fig.7.30). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The optical spectra of the oxidized and the sodium dithionite reduced 

Arg720Leu were similar to wildtype, both in the Soret region and Q-band 

regions (Fig.7.31), indicating that the heme b environment was not perturbed 

as a result of the mutation, which given the distance from the heme group was 

slightly surprising (though the same was observed for mutants near the heme 

Figure 7.30 Arg720 adopts two conformations in wildtype AxqNOR. Quinol binding 

site, dashed block box, located on C-terminus helix (purple ribbon) and TM3 (salmon 
ribbon). Right hand panel is zoomed in portion of the binding site, with R720 alternate 

(R720Alt) coloured in purple stick. E305 contoured at 3	σ, H309 contoured at 5	s, R720 

at 6 and M678 at 4	s. 
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b3 site). The reduced and oxidized spectra for Arg720Leu in the Q-band region 

are slightly noisy due to the low sample concentration, but the spectra are 

largely similar to wildtype, aside from a clear peak at 552 nm. The heme b in 

the ferrous form usually shows peaks at ~ 560 nm and ~ 530 nm, and presence 

of bands at 525 and 550 nm may indicate the heme b is in slightly different 

environments. 

 

 
 

 

 

 

An interesting feature was observed in the higher resolution structure near the 

binding site, which is discussed in more detail below. 

 

7.5.3 Thr721 and His305 Water Bridge? 
The fully conserved Histidine is proposed to bind one of two hydroxyl groups 

on the quinol ring structure, with Aspartate proposed to bind the other, helping 

lock the quinol into the cavity for electron transfer to heme b. In the Val495Ala 

structure, a continuous density was seen bridging the hydroxyl of Thr721 and 

Figure 7.31 Optical spectra of wildtype AxqNOR and Arg720Leu variant.  The left-

hand column shows spectra at the Soret region, whilst right hand column shows the Q-
band region of each sample. Samples were measured in the oxidised state first, before 

addition of excess sodium dithionite to reduce the enzyme.  
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Nd1 atom of His305 (Fig.7.32). Whilst there were some blobs of density in the 

cavity (where the quinol hydrophobic tail would sit), there was no definitive 

structure to indicate presence of native quinone in the binding site.  

 
 

 

 

 

Assuming that this is water, what role does this play between Thr721 and 

His305? His305 is believed to be involved in proton release (upon quinol 

oxidation) toward the periplasmic side, by passing on a proton to Glu309, 

which releases the proton. Whether this bridge is acting in lieu of substrate is 

not known, since the assumption is that AxqNOR should bind quinol in the 

exact same location as HQNO did in GsqNOR. A comparison of the two 

structures shows that the space occupied by the water is taken up by half of 

the HQNO headgroup (Fig.7.33). Thr721 is not highly conserved, with small 

hydrophobic residues (Alanine, Valine, Leucine) usually occupying this 

position, which chemically makes sense to stabilise the aromatic ring of the 

electron donor. It should be noted that quinol substrates include ubiquinol and 

menaquinol. HQNO is an analogue of menaquinol, characterised by the 

double ring structure. Ubiquinol has the six membered ring only, with methoxy 

Figure 7.32 Thr721 and His305 proposed water bridge in Val495Ala AxqNOR. 

Water molecules indicated by red spheres. H305 density contoured at 5	s, T721 at 6	

s, R720 at 7	s	and D724 at 5	s. Density for E309 (not shown) is substantially weaker 

compared to wildtype, but suggests a conformation pointing toward the periplasmic 
space. 
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groups at positions 5 and 6. These may be capable of bonding to Thr721, and 

given that menaquinol is not present in Alcaligenes xylosoxidans (Akagawa 

and Yamasato, 1989), presence of Thr721 may be to help bind ubiquinol/ 

ubiquinol derivatives. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.33 HQNO binding in GsqNOR compared with Val495Ala AxqNOR quinol 
binding site. GsqNOR (purple sticks) with HQNO (grey stick) bonds shown in black 

dashed lines. T721 in AxqNOR is replaced with A373 in GsqNOR. 
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Chapter 8 
 
 

Discussion and Future 
Directions 
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8.1 Oligomeric state of qNORs 
 
One of the findings from this study was the differing oligomeric states obtained 

from two different structural techniques; X-ray crystallography and SPA cryo-

EM. All previous crystallographic qNOR structures have been reported as a 

monomer, despite the GsqNOR structure possibly having a dimeric assembly 

in the lattice (crystallographic two-fold symmetry), as found by PDB PISA 

analysis. Now, AxqNOR low resolution crystallographic structure (which was 

formed from peak 1 chromatographic elutions) reveals a similar dimeric 

assembly in the crystal lattice to GsqNORs dimeric assembly. With the 

solution state structure of AxqNOR-BRIL, using cryo-EM, also isolated from 

the first chromatographic peak showing a dimeric assembly, the true 

oligomeric state of AxqNOR seems to be dimeric. The crystallographic dimeric 

structure of AxqNOR superimposed against the dimeric cryo-EM structure of 

AxqNOR, with an R.M.S.D of 1.64 Å, showing conservation of TM2 placement 

(Fig.8.1).  

 

The results offer a glimpse into dimerisation of any NOR, seemingly validated 

from two structural techniques. It is important to note that for cryo-EM analysis, 

no 2D or 3D classes could be generated of the monomeric species (the inverse 

is true for Glu494Ala P2-BRIL, where no dimeric classes were present). No 

literature exists on the possibility of dimerisation in NORs and have always 

been assumed to be monomeric, yet these results warrant further investigation 

about the significance of dimerisation in qNOR.  

 

The cryo-EM analysis of NmqNOR proved useful to assess its oligomeric 

status in crystallo and in solution. The crystallographic structures of NmqNOR 

are both monomeric (Gonska et al., 2018), (Dr. Antonyuk, Prof. Shiro and Prof. 

Hasnain, personal communication) and the same sample (peak 1 

chromatographic elution) was used for cryo-EM. This however showed a 

dimeric assembly, akin to AxqNORs crystallographic and cryo-EM structures, 

Despite the limited resolution of NmqNOR cryo-EM map (9 Å), it showed that 

TM2 of AxqNOR could align against the concurrent density in NmqNOR. 
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From my analysis of TM2 hydrophobic interactions, the residues involved 

(Val237, Val238, Leu240, Leu241and Ile244) are highly conserved in terms of 

hydrophobic character and size (Fig.8.2), and the absence of TM2 in cNOR 

may indicate that qNOR uses TM2 as a dimerisation facilitator.  

 
 
 
 
 
 
 
 
 
 
Fig.8.2 Conservation of TM2 residues in selected qNOR’s, numbered by AxqNOR 
sequence. Alignment and figure made by ClustalW and ESPript 3.0. 

Figure 8.1 AxqNOR crystallographic and cryo-EM derived dimeric structures. 
Crystallographic structure shown as pink cartoon and cryo-EM derived structure shown 
as teal cartoon. Alignment of the dimers show TM2 to be shifted closer together in the 

cryo-EM structure. 
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During the writing of this thesis, I supervised and trained Mr. Arif Mohamed 

Jamali for three months during his visit to the U.K to obtain a high resolution 

cryo-EM structure of NmqNOR. A similar approach was conducted, fusing 

BRIL to the C-terminus of NmqNOR, which resulted in near native expression 

and activity of the fused enzyme. Cryo-EM SPA ensued of peak 1 (‘dimer’) 

fraction and a 3.06 Å reconstruction of dimeric NmqNOR was obtained from ~ 

240,000 particles (Fig.8.3). These findings have been summarised and 

submitted as a manuscript, of which I am a co-first author with Mr. Arif 

Mohamed Jamali.  

 
 

 

 

 

 

It is possible that differing crystallisation conditions/ detergent combinations 

may contribute to destabilisation of the dimer interface during crystallogenesis. 

AxqNOR crystals for structure determination were made using UTM 

Figure 8.3 NmqNOR-BRIL cryo-EM structure at 3.06 Å. a) Micrograph from screening 

peak 1 NmqNOR-BRIl (3 mg/mL) at ABSL, scale bar = 20 nm, b) final postprocessed 
map coloured by resolution (colour key at bottom), with final global resolution at 3.06 Å 

(determined by gold standard FSC), c) Model of built and refined NmqNOR EM structure 

(purple and cyan cartoon) docked into the EM density map (grey). 



 229 

exchanged peak 1 sample, whilst DTM (ten chain alkyl tail) was used for 

NmqNOR. However, it’s unlikely detergent alone dictates the crystallographic 

oligomeric state, since GsqNOR was purified in OG (eight chain alkyl tail), 

considered a ‘harsh’ detergent, and still retained a dimeric assembly in the 

crystal lattice. It is likely other factors, such as crystallisation conditions, 

duration of crystal growth and amount of native lipid retained around the dimer 

could affect dimer stability and crystal packing. One could potentially dissolve 

a crystal (made from peak 1 elutions) and check it’s oligomeric state by both 

EM (negative stain or cryo-EM) and Blue Native- PAGE, the latter of which has 

only been performed on non-crystalline solution of qNORs. 

 

Assessment of oligomeric state by Blue Native- PAGE showed a mixed state, 

of both high (~ 240 kDa) and low (~ 146 kDa) molecular weight species, with 

the peak 1 sample exhibiting more intense high molecular weight species and 

peak 2 samples exhibiting more intense low molecular weight species. The 

migration of membrane proteins on non-denaturing and non-reducing gels is 

highly dependent on bound lipid and detergent micelle (if being used) 

(Reisinger and Eichacker, 2006). Considering that all purifications of qNOR’s 

have utilised detergent solubilisation (using DDM at first), the split peak 

behaviour of the chromatograms may be due to partial degradation of the 

dimeric assembly. It has been shown in bovine CcO that increased amounts 

of detergent during solubilisation caused the dimeric CcO to destabilise into 

monomers, and low amounts (1 mg detergent: 1 mg protein) were sufficient to 

maintain the dimer (Musatov et al., 2000). Solubilisation of NmqNOR in 

varying detergent concentrations (0.5, 1 and 2 % DDM) caused different ratios 

of peak 1 and peak 2, with 2 % DDM resulting in the majority species being 

peak 2 (e.g. ‘monomer’) (personal communication by Mr. Arif Mohamed 

Jamali). 

 

The availability of non-detergent based extraction methods, such as styrene 

maleic acid (SMA), should be trialled with qNOR containing membranes. SMA 

is less prone to strip off lipids surrounding the protein and can offer higher 
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stability, activity and preservation of complexes of proteins solubilised by it 

(Jonas M. Dörr et al., 2016; Postis et al., 2015; Smirnova et al., 2016; 

Swainsbury et al., 2014). Assessing the chromatographic behaviour of SMA 

solubilised qNOR (gel filtration and Native PAGE, NO reductase activity and 

relative lipid (and metal) contents compared to detergent extraction (e.g. DDM) 

would provide a starting point for in vitro experiments of the oligomeric state 

of qNORs. 

 

No lipid analyses have been conducted on either AxqNOR or NmqNOR 

samples (peak 1 and peak 2) to see if lipid content is reduced and affects the 

stability of the respective samples. An adapted tandem mass spectrometry 

(MS/MS) approach to identify interfacial lipid presence and the stability/affinity 

of a dimer can be quantified (Gupta et al., 2017). This will be particularly 

pertinent to AxqNOR, where unassigned tubular density ran across the two 

protomers, through Trp251 and His568, and had a branched like density in the 

vicinity of the putative proton transfer channel.  

 

The activities of peak 1 and peak 2 of AxqNOR-BRIL are relatively similar, with 

only a 10-20 % difference in favour of peak 1 compared to peak 2, yet in 

NmqNOR, peak 1 has ~ double the activity of peak 2. Since the dimer interface 

doesn’t contain any co-factors (e.g. heme or quinol), as if often the case in 

higher oligomeric metalloenzymes (Crofts, 2004; Dodd et al., 1998; Marengo-

Rowe, 2006; Pomowski et al., 2011), the rational of dimerisation is still up for 

speculation (at least for AxqNOR). A dimeric NmqNOR may serve to detoxify 

host produced NO quicker (note, NmqNOR has fastest steady state NO 

reduction activity of any qNOR, ~ 4-fold faster than AxqNOR), enabling 

survival in the host system. The endogenous NO levels that A. xylosoxidans 

and N. meningitidis are exposed to is unknown. Furthermore, the qNORs were 

heterologously expressed in E. coli, so no oligomeric state from the native 

source is currently available, though structural evidence from three qNORs 

(Ax, Nm and Gs) suggest a dimer might prevail. 
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8.2 Non-heme iron ligation in AxqNOR 
 
The structures of AxqNOR presented in this study represent the first active 

qNOR structures to be solved at < 4 Å. As such, the arrangement of the 

binuclear centre of a catalytically productive qNOR was revealed. Somewhat 

surprisingly, FeB had three ligands (His486, His537 and His538) and Glu490 

was facing toward the cytoplasmic end, ligating a water molecule in the 

Val495Ala structure. Despite the enzyme being fully iron loaded (2.8 Fe per 

qNOR), Glu490 doesn’t act as a ligand in either the wildtype or Val495Ala 

mutant. A closer examination of the active site structure showed that His486 

(~ 5 Å from Glu490) was shifted downwards when compared PacNOR, almost 

prohibiting Glu490 to ligate FeB. The assumption has been that Glu490 acts 

as the terminal proton donor in NOR, with all mutations of this residue in NOR 

causing complete loss of activity, except in T. thermophilus cNOR (Schurig-

Briccio et al., 2013), where the Glu211Ala variant retained 68 % of wildtype 

activity.  

 

Glu490 is clearly an important residue in NOR, but it’s precise role in qNOR 

may need reinterpretation. In GsqNOR, the non-heme metal (ZnB) maintained 

a five-co-ordinate state by the way of two water molecules ligating the metal 

in addition to the tri-histidyl co-ordination. In AxqNOR Val495Ala, the non-

heme metal (FeB) has a single water co-ordinating it, alongside tri-histidyl 

ligation. If Glu490 is indeed a proton donor to the active site, then a 

conformational change must occur of both Glu490 and His486 to 

accommodate Glu490 binding to FeB. Clearly, information of the co-ordination 

state of FeB is important, though efforts to obtain this by EPR spectroscopy 

have been unsuccessful for other NORs. Time-resolved spectroscopic 

approaches may be necessary to ascertain if Glu490 ligates FeB during the 

reduction of NO to N2O, with FTIR a potential candidate to detect carboxylate 

binding to FeB (Hellwig et al., 1996). 
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8.3 Proton transfer in AxqNOR 

 
The results of the mutagenesis study were consistent with previously 

conducted studies on both cNOR and qNORs, that being that Glu490 

(Matsumoto et al., 2012) and Glu494 (Gonska et al., 2018) (AxqNOR 

numbering) were critical for activity and that Glu572 mutation has no negative 

impact on activity (Sheraden, 2013). The wildtype structure shows a hydrogen 

bond between Glu494 and Asn600, a highly conserved residue amongst 

qNOR. Asn600 mutation had a drastic effect on activity and further down, 

Ser523 (30 % conservation) lost 70 % activity upon mutagenesis. The 

structural information shows Glu569 and Ser523 also hydrogen bond in the 

wildtype structure. Glu569 mutants couldn’t be generated, so, Glu569 may yet 

play a role in proton transfer, despite NmqNOR Glu573 variants (equivalent to 

Glu569) showing little activity loss, also shown in P. marina qNOR. 

 

However, the site of proton entry in qNOR is still up for debate, based on the 

triple mutant (Lys257Ala-Glu258Ala-Glu259Ala) in AxqNOR. It retained ~ 

85 % of activity, despite being near a proposed proton entry site (based on 

GsqNOR Glu281 spatial location). Several residues which have previously 

eluded mutagenesis may warrant investigation in AxqNOR, those of which are 

Thr498, His568, Asn573 and Arg255. The latter three are close to the 

cytoplasmic ‘entry’ point and were in proximity to water molecules and may 

serve auxiliary roles in proton uptake. Thr498 is the most conserved (~ 70 %) 

residue out of this selection and lies between Glu494 and Ser523. It may be 

that further down the putative channel, individual residues become more 

redundant, especially if protons can take multiple routes toward the active site. 

Tunnel and cavity analysis of the AxqNOR structures failed to show any 

alternate routes from the cytoplasmic end to the binuclear centre, with the 

original putative channel having a number of hydrophilic residues lining it. 

Knowing that qNOR’s are likely electrogenic (at least confirmed for NmqNOR), 

periplasmic proton entry is unlikely. The Glu494-Asn600 pair may act as a 

‘junction’, regulating proton delivery to the active site. The K-pathway 
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analogue in CcO ba3 contains no ionisable residues, yet with qNOR, several 

conserved glutamates reside halfway up the putative channel (Fig.8.4). 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 8.4 Putative proton transfer channels in qNOR and CcO. a) WT AxqNOR 

(teal sticks) putative proton transfer channel aligned to water filled channel in GsqNOR 

(purple sticks), with associated waters shown as red spheres. Residues in purple differ 

at same position compared to AxqNOR (black label), b) V495A AxqNOR (yellow sticks) 
and water molecules (teal spheres), compared to GsqNOR. Residues from E494-N600 

upward (toward active site) are generally highly conserved in conformation and 

homology, with residues toward the bottom (e.g. D260, R579, H568) less conserved 

amongst qNORs, c) K-pathway analogue location of cbb3 subunit N (salmon sticks) 

aligned to V4495A AxqNOR, with residues being largely polar and non-ionisable, d) T. 
thermophilus ba3 subunit I (green sticks) and II (cyan stick) aligned to V495A AxqNOR. 

Highly conserved tyrosine’s help make up the K-pathway analogue, with a sole water 

(pink sphere) near Y237 and S309 (similar to E494 and N600 spatial location). 
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Liposome reconstitution of AxqNOR and subsequent activity measurements 

in the presence of an uncoupling agent would allow testing of AxqNOR’s 

electrogenicity (if present), akin to what was carried out for NmqNOR. Further 

kinetic studies are required, with Ser523Ala a good candidate since it still 

retains 30 % activity. A more thorough mutagenesis investigation of the 

cytoplasmic surface, with double or triple mutants would show if the co-

operative action and presence of the polar and charged residues (Asn573, 

His568, Arg255) contribute to NO reduction. 

 

8.4 Cryo-EM SPA structure determination 

 
The efforts to obtain a high-resolution crystallographic structure of AxqNOR 

was unsuccessful, with the best diffracting crystals having anisotropic 

diffraction spots to ~ 5.5 Å, and one condition extending to ~ 4 Å though 

suffered from severe anisotropy and streaky diffraction. Like in NmqNOR and 

PacNOR, crystallisation was favoured in the presence of divalent cations such 

as CaCl2 and MgCl2. Despite construct modification, LCP and extensive 

screening, crystal diffraction was limited to ~ 7 Å, yet the data was sufficient 

enough to produce a ~ 6.5 Å structure solution, using GsqNOR as a search 

model, which revealed the crystal packing and dimeric assembly of AxqNOR 

in crystallo. The switch to cryo-EM proved fruitful for higher resolution structure 

determination, with the addition of a fusion partner likely increasing 

homogeneity and stability of AxqNOR. Even though no crystals were formed 

from AxqNOR-BRIL, it’s suitability for SPA was seen almost instantaneously, 

with one large dataset provided 3.9 Å (global resolution) dimeric structure. The 

location of BRIL fusion may need to have been optimised for crystallographic 

purposes, as it’s positioning may have interfered with the native crystal 

packing, but it was deemed safer to attempt C-terminus fusion at first. 

Combinations of both techniques however have verified the oligomeric status 

of wildtype AxqNOR to be dimeric. 
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The density map allowed building of ~ 95 % of the model and helped reveal 

the architecture of the binuclear centre in an active qNOR, for the first time. 

Furthermore, I also solved structures of an activity enhancing mutant at 3.3 Å 

(Val495Ala) and of ~ 95 kDa Glu494Ala-P2 at 4.5 Å. The latter of these is of a 

monomeric, asymmetric particle, which required tuning of the regularisation 

parameter to obtain more robust signal to noise ratios. 

 

Whilst we can obtain anomalous scattering profiles of metalloenzyme crystals 

(e.g. for native metals such as Fe, Zn, Cu), distinguishing metals in SPA cryo-

EM is more tedious. One work around is using cryogenic annular dark-field 

scanning TEM (cryo-STEM), based on the fact that heavy atoms scatter 

electrons more strongly and at higher angles, than lighter ones. So called Z-

contrast can be obtained, where heavier atoms should stand out on a light 

background. This approach was used to determine the position of Fe and Zn 

in heavy chain ferritin, before density maps and model building took place 

(Elad et al., 2017) This could be used in qNOR, to identify metals in the 

enzyme and acts as a complimentary probe to spectroscopic and structural 

techniques. 

 

Cryo-EM analysis of AxqNOR allowed a re-examination of the previously 

determined crystallographic structures of GsqNOR and NmqNOR, which were 

monomeric, but it was clear in GsqNOR that a dimer was actually present in 

the crystal. This prompted a revisit of the low resolution AxqNOR 

crystallographic data (UTM derived crystal) to confirm the oligomeric status in 

crystallo, of which it was found to be dimer. Finally, knowing that both GsqNOR 

and AxqNOR show dimeric assemblies in crystallo, and that peak 1 AxqNOR 

cryo-EM structure was dimeric, an analysis of NmqNOR in solution (by cryo-

EM) also revealed a dimeric structure.  This interplay between X-ray 

crystallography and cryo-EM has proved rewarding in helping assess 

oligomeric states, where a disparity occurred with NmqNOR, with variables 

that could contribute to this mentioned previously. It is also worth noting the 

quality of reconstructions obtained from cryo-EM analysis of AxqNOR-BRIL 
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(and NmqNOR-BRIL), a modestly sized macromolecule (~ 200 kDa for peak 

1 and ~ 100 kDa for peak 2 samples). Whilst it has been demonstrated to 

produce < 4 Å density maps of sub 100 kDa proteins, the high symmetry point 

groups of some of the molecules (e.g. 4-fold symmetry) aid in particle 

alignments and averaging, creating more robust signal to noise ratios.  

 

8.5 Future directions 
 

Firstly, the dimerisation of qNOR can be probed mutationally, by potentially 

deleting TM2 and assessing the oligomerisation behaviour of the purified 

sample (assuming protein folding, and stability isn’t compromised). The native 

oligomeric state can be potentially probed via Total Internal Reflection 

Fluorescence Microscopy (TIRF), fusing monomeric green fluorescent protein 

(mGFP) to AxqNOR (within A. xylosoxidans cells). N-mer complexes of mGFP 

can give rise to n-fold rises in brightness and the signal can be calculated from 

mGFP signals (Ulbrich and Isacoff, 2007). The co-existence of monomers and 

dimers can be quantified in a living cell, as well as the stability of oligomers 

determined by photobleaching and exchange kinetics of dimers and 

monomers. This approach was used for the human Dopamine Transporter 

(hDAT), where the authors found a co-existence of monomers (55 %) and 

dimers (45 %) in the plasma membrane, as well establishing that the dimeric 

form was stable for at least 50 mins (Das et al., 2019). Further work on native 

lipid contents and effect on dimer stability are required to cement that a dimeric 

qNOR is the true oligomeric state.  

 

As of yet, no NO bound structures exist of membrane bound NORs. A potential 

route to solve this could be by using mutant forms of AxqNOR which may bind 

NO only and not reduce it to N2O (or mutants which exhibit slow turnover of 

NO). One potential caveat is the potential resolution limit of the qNOR 

structures obtained by cryo-EM. If ligand bound structures are obtained, 

determining binding modes and co-ordination may be more difficult at ~ 3 Å. 

Thus, a spectroscopic approach is also required for determining NO binding 
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modes in qNOR, which has not been investigated as of yet. The presence of 

qNOR in pathogens also leads to a possibility of quinol-based inhibitor design. 

In vitro activity assays and in vivo cell viability approaches, combined with 

structural analyses (via cryo-EM) provide a platform for structure-based drug 

design against qNOR within pathogenic bacteria. This is particularly pertinent 

given the rise and persistence of antibiotic resistance. 

 
Overall, the structures of active qNOR pave the way to investigate the 

mechanism of NO reduction and dimerisation in a family of enzymes of 

agricultural and medical importance. 
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Appendix I. Schematic map of pET-26 (+) expression plasmid used for AxqNOR 
wildtype and mutant constructs (including AxqNOR-BRIL) (GenScript) 
 

Media and SDS-PAGE Recipes 
2xYT 

• 16 g L-1 Tryptone (Sigma Aldrich) 

• 10 g L-1 Yeast Extract (Difco) 

• 5 g L-1 NaCl 

4X SDS Loading Buffer 

• 200 mM Tris-HCL pH 6.8 

• 400 mM Dithiothreitol (DTT) 

• 8 % (v/v) SDS 

• 0.4 % Bromophenol Blue 

• 40 % (v/v) Glycerol 

12 % Tris-Glycine SDS Polyacrylamide gel (Resolving) 

• 2.72 mL ddH2O 

• 3.2 mL 30 % Bis-Tris Acrylamide (Thermo Fisher) 

• 2 mL 1.5 M Tris pH 8.8 

• 80 µL 10 % (v/v) SDS 

• 25 µL 10 % (v/v) Ammonium Persulfate (Sigma Aldrich) 
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• 8 µL Tetramethylethylenediamine (TEMED) (Sigma Aldrich) 

5 % Tris-Glycine SDS Polyacrylamide gel (Stacking) 

• 3.05 mL ddH2O 

• 650 µL 30 % Bis-Tris Acrylamide 

• 1.25 mL 1.5 M Tris pH 8.8 

• 50 µL 10 % (v/v) SDS 

• 50 µL Ammonium Persulfate 

• 5 µL TEMED 

10x SDS Running Buffer (Tris-Glycine) (1L) 

• 250 mM Tris pH 8.5 

• 1.92 M Glycine 

• 1 % (v/v) SDS 

 
Appendix II. Media and SDS-PAGE recipes 
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Mutant Forward Primer (5’->3’) Reverse Primer (5’->3’) 

E490A gtgcacctgtgggttgcaggtttctttgaagtg cacttcaaagaaacctgcaacccacaggtgcac 

E494A ggttgaaggtttctttgcagtgtttgcgaccacgg ccgtggtcgcaaacactgcaaagaaaccttcaacc 

E569A gatcgtgctgggccatgcagcatgggaaaattgg ccaattttcccatgctgcatggcccagcacgatc 

E572A ggccatgaagcatgggcaaattggcgcctg caggcgccaatttgcccatgcttcatggcc 

N600A gctgtggcgttttgggctatgctgggcgcggg cccgcgcccagcatagcccaaaacgccacagc 

S523A cggcgagtctggccgctgcatccctgttc gaacagggatgcagcggccagactcgccg 

V485A gcgttggtggattgcgcacctgtgggttg caacccacaggtgcgcaatccaccaacgc 

R579A gtgcacctgtgggttgcaggtttctttgaagtg cacttcaaagaaacctgcaacccacaggtgcac 

R575A gcatgggaaaattgggccctgaaaacccgtgctc gagcacgggttttcagggcccaattttcccatgc 

K257A-

E258A-

E259A 

 

gggcatttctgcgcggcgcagcagcagatgaac
cgccggc 

 
 
gccggcggttcatctgctgctgcgccgcgcagaaatgc
cc 
 

D747-

763* 

ggcctgctgtcaggtaaacaccaccaccacc 
 

ggtggtggtggtgtttacctgacagcaggcc 
 

 
Appendix III. Summary of oligonucleotides used for mutagenesis and construct 
modification of AxqNOR. Oligonucleotides from Hokkaido System Science Ltd 

(Japan). Other mutants (Y638F, V495A-BRIL, E494A-BRIL, R720L) were ordered 
from GenScript. Site-directed mutants were made using QuikChange II kits (Agilent) 

following this protocol: mixing 5 µL reaction buffer, 10 ng of wildtype plasmid DNA, 
125 ng each of forward and reverse primers and 1 µL of deoxynucleoside 

triphosphate mix (dNTPs). 1 µL of PfuTurbo DNA polymerase was added and 
Polymerase Chain Reaction (PCR) initiated (1 min at 95oC, 30 s at 95oC, 1 min at 

55oC and 8 min at 68oC) for 16 cycles. DpnI was added and endonuclease treatment 

occurred for 1 h at 37oC. 1 µL of DpnI treated PCR product was added to 25 µL of 
XL-10 Gold® competent cells and transformed as normal and plated onto LB-Agar 

plates with 50 µg/mL Kanamycin. 4-5 colonies were picked and sent for sequencing 
to confirm presence of mutation(s) at RIKEN Brain Science Instiute,Wako (Japan).* 

20 cycles of PCR performed. 
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Appendix V. ResMap slice through of AxqNOR-BRIL Wildtype map. 3D refined 

map and tight mask (same as used for postprocessing job) were inputs into the 
software, with resolution coloured according to colour key on right hand side 

(numbers are spatial frequency in Å) 

 

 

 

 

Appendix IV. Matthews Coefficient from AxqNOR-UTM crystal data collection. 

Screenshot taken from CCP4 software suite. 
 



 276 

 

 
Appendix VI. ResMap slice through of V495A AxqNOR-BRIL map. 3D refined 
map and tight mask were inputs (same used for postprocessing) into the software, 

with resolution coloured according to colour key on right hand side (numbers are 
spatial frequency in Å) 

 

 
 
 
 
 
 
 
 


