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Summary 

This thesis is divided into three parts; the first part describes a method for 
efficient screening of membrane proteins for crystallography. By utilising the 
properties of a folding reporter GFP it is possible to quickly and accurately 
screen the stability of a protein in a range of conditions without full purifica-
tion. This allows rapid assessment of the suitability of a protein for crystallog-
raphy and a parallel optimisation of purification conditions for subsequent 
large-scale protein production.  

The second part describes the discovery of a membrane bound superoxide 
oxidase (SOO), a novel scavenger of membrane proximal superoxide. SOO is 
a kinetically perfect enzyme, reacting at rates close to the diffusion limit in a 
similar fashion to other superoxide scavengers, such as superoxide dismutase. 
We propose that SOO rescues electrons “lost” to superoxide and recycles them 
back into the respiratory chain, releasing oxygen. At the same time SOO con-
tributes to the proton motive force by uptake of protons from the cytoplasmic 
side of the membrane. 

The third part concerns the fatty acyl-CoA synthetase FadD13 from Myco-
bacterium tuberculosis (M. tuberculosis). It represents a critical node point in 
M. tuberculosis lipid metabolism and has been suggested to be a vital compo-
nent of M. tuberculosis survival in host cell macrophages. FadD13 harbours a 
hydrophobic cavity that is unable to house the very-long-chain substrates the 
enzyme has preference for. We propose that FadD13 is a peripheral membrane 
protein, utilising the membrane to house the very-long-chain fatty acid sub-
strates during the activation reaction. 
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1. Membrane Proteins and Beyond 

Membrane proteins connect the cell to the environment surrounding it, con-
veying information about the presence of nearby nutrients, friends or foes. 
They are fascinating molecules, able to interact with both hydrophilic and hy-
drophobic environments. An understanding of membrane proteins is crucial 
for our understanding of the biochemistry within the cell. 

Membrane proteins participate in a broad range of cellular processes, and 
although most are involved in transport [1,2], many are also key players of 
energy transduction, maintenance of the electrochemical gradient, intra- and 
extracellular signalling and various enzymatic reactions (reviewed in [3–5]). 

It has been estimated that up to 30% of all genes encode membrane proteins 
[6]. Evidently, membrane proteins are of central biological importance, regu-
lating the uptake and efflux of molecules, including drugs. Such membrane 
proteins may also be key targets for drug discovery, for example in the battle 
against microbial antibiotic resistance [7]. Currently, 49% of human small-
molecule drugs in use act on membrane proteins such as ion channels, trans-
porters and various types of receptors [3,8–10].  

Despite their abundance and importance, only 4% of all structures depos-
ited in the protein data bank (PDB)i correspond to membrane protein struc-
tures. This low number is best explained by the cumbersome task of working 
with membrane proteins [4,5,11]. Membrane proteins are notoriously chal-
lenging and many consider membrane protein projects to be too expensive, 
time consuming and risky to pursue. However, structural information often 
holds the key for a full understanding of the biochemical activity of a protein. 

1.1 Integral, Peripheral and Monotopic Membrane 
Proteins 
There are in principle two types of membrane proteins; peripheral membrane 
proteins and integral membrane proteins (Figure 1). They differ in their extent 
of membrane attachment. Peripheral membrane proteins are associated with 
the membrane by electrostatic forces, and can be released if the ionic strength 
is increased or if the pH is changed [12,13]. Peripheral membrane proteins can 
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either utilise well-defined domains, recognising specific lipids or membrane 
features [14], or they can associate to the membrane through nonspecific elec-
trostatic interactions [12]. 

An integral membrane protein resides, at least in part, within the membrane 
and must be solubilised by a detergent [5,13]. Integral membrane proteins can 
either be transmembrane, spanning the entire membrane once or several times, 
or monotopic, which only interact with one leaflet of the membrane. Mono-
topic membrane proteins are often anchored by an amphipathic alpha helix or 
a covalently attached lipid moiety [5,13].  

The interactions between membrane proteins, the aqueous compartment, 
lipid headgroups and hydrophobic acyl chains are tightly co-dependant and 
the lipid bilayers have a large influence on local structure, activity and dynam-
ics of membrane proteins [3,11,15]. Therefore, a full understanding of mem-
brane proteins requires consideration of their entire environment. 
 

 

Figure 1. Integral and peripheral membrane proteins. Integral membrane 
proteins are inserted into the membrane whereas peripheral membrane proteins 
only associate with the membrane by electrostatic forces.  

1.2 Lipids and Biological Membranes 
Lipids are amphipathic molecules comprised of a hydrophobic fatty acyl tail 
and a hydrophilic head group [15]. The thermodynamically driven process of 
self-association into lipid bilayers is the foundation of all biological mem-
branes, and the basis of cellular life [16]. The current model of how proteins 
and lipids assemble in biological membranes is the fluid mosaic model pub-
lished by Singer and Nicholson in 1972 [17].  

Membranes form efficient barriers between aqueous compartments, but are 
nevertheless dynamic, in constant motion with a complex interplay between 
lipids and proteins [18]. The composition of lipids and proteins influence the 
physicochemical state of the membrane, its curvature, fluidity and charge dis-
tribution, and this composition differs both locally within the membrane and 
between types of membranes [15,19].  
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Several factors determine the overall fluidity, stability and permeability of 
the membrane. For example, the length of the acyl chains determines the thick-
ness of the membrane spanning region [20], while the density and rigidity of 
the membrane is determined by the acyl chain arrangement [21]. Saturated 
acyl chains arrange themselves tightly and create a dense membrane with low 
fluidity, while double-bonds and branches disturb the order and render the 
membrane more fluid and less dense [21].  

The chemical properties and size of the lipid headgroups affect the curva-
ture and charge of the membrane. Many enzymatic reactions in or near the 
membrane are regulated by electrostatic interactions. Therefore, maintaining 
an optimum surface charge is important for membrane protein activity [12,22].  

The interaction energy between proteins and lipids in the membrane is the 
sum of many weak van der Waals, electrostatic and hydrogen bonds. Together 
they usually results in tight interactions [20]. The first layer of lipids form a 
shell around the protein, referred to as the annular lipids. Surrounding the an-
nular lipids is a second shell of lipids, bound less tightly than the annular lipids 
and which behaves more similarly to bulk lipids. In essence, these lipid layers 
have similar behavioural characteristics to the hydration shells of soluble pro-
teins [20]. 

1.3 The Lipid:Water Interface 
A biological membrane is an anisotropic environment with dramatic changes 
over a distance of just 3-5 nm (30-50Å) [4]. The membrane can be divided 
into three regions; a hydrophobic core surrounded by two layers of hydrophilic 
headgroups (Figure 2) [4,15].  

The majority of transmembrane spanning proteins are alpha-helical [4,19] 
and helix-helix interactions are an important stabilising factor for the trans-
membrane segment [13].The alpha helices often arrange themselves in bun-
dles with a waist at the centre of the membrane [19]. There are strong interac-
tions between the alpha helices and the annular layer of lipids, where the hy-
drophobic acyl chains tuck into the nicks and crevices of the protein [20].  

Transmembrane spanning sections are arranged to match the hydrophobic 
environment of the membrane [13]. The central segments are comprised of 
hydrophobic residues, but closer to the lipid:water interface polar residues be-
come more frequent. The aromatic amino acid tryptophan is also frequently 
located at the lipid:water interface. It may appear hydrophobic but the delo-
calised electrons in the aromatic rings are readily polarised, which render tryp-
tophan residues compatible with this particular environment [13].  

Polar residues are most numerous at the ends of the transmembrane seg-
ments, approximately ± 20-30 Å from the membrane centre [13,19]. However, 
residues such as lysine and arginine with long aliphatic sidechains are already 
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frequent at a ± 10-15 Å distance from the membrane centre. Their long ali-
phatic sidechains prefer to reside within the membrane, but their positively 
charged headgroups seek to make interactions with the more hydrophilic re-
gions of the membrane. Therefore they extend towards the hydrophilic region, 
in a conformation referred to as snorkelling [19].  

Membrane proteins often have distinct structural arrangements at the li-
pid:water interface which facilitate anchoring and orientation [19]. The cyto-
plasmic side of membrane proteins is normally more basic than the periplas-
mic side, a feature commonly referred to as ‘the positive inside rule’[19,23].  

The lipid:water interface is an uneven surface with a width of approxi-
mately 15 Å (Figure 2) [4,24,25]. The lipid headgroups create an active inter-
face with ample opportunities for electrostatic, hydrogen and van der Waals 
interactions [4]. The composition of lipid headgroups define the hydrogen 
bonding network that can form and this affects the overall stability of the 
membrane [25]. For example, a water molecule that forms a hydrogen bond 
between headgroups creating a water bridge, contributes to bilayer stability 
[15,26]  
 

 

Figure 2. Molecular dynamics of lipid bilayers. A) One leaflet of a lipid bi-
layer and its interactions with the surrounding water molecules. Waters that do 
not interact with the lipid headgroups are coloured blue, water molecules hy-
drogen bonded to the lipid headgroups are coloured yellow and water bridges 
between headgroups are coloured red. B) The organisation of a lipid bilayer 
showing the bulk water, lipid:water interface and hydrophobic core. Molecules 
are represented in standard colours. Reprint with permission from [15]. 

1.4 Challenges of Studying Membrane Proteins 
To solve a protein structure, or to functionally characterise a protein, it is es-
sential to obtain a pure and monodisperse sample. Procuring a sufficient yield 
is a prerequisite for most biochemical and biophysical experiments [27].  

The emergence of recombinant techniques such as cloning and incorpora-
tion of affinity tags has revolutionised the process of protein purification 
[5,27,28]. It allows rapid screening of multiple genes or gene constructs sim-
ultaneously and also enables a faster purification process [27]. However, it 
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can still be a laborious and time consuming task to find optimal conditions and 
a good compromise between purity, yield and cost. 

1.4.1 Expression 
The level of protein expression determines downstream parameters such as 
yield, purity and cost of production. 

Cells have a specific membrane protein insertion machinery [29,30]. This 
machinery has a limited capacity and there are spatial limitations at the cell 
membrane [27], thus overexpression at a high rate can result in inclusion bod-
ies, incorrectly folded proteins and/or poor expression [5,31].  

The choice of expression system and conditions is largely an empirical 
quest since it is impossible to predict how a particular protein will behave 
[27,32]. There are several expression system available, but Escherichia coli 
(E. coli) is the most commonly used due to its short generation time, ease of 
use and low cost [27,28,32]. A number of engineered E. coli  strains with 
special features are also readily available, which can be used for tuneable ex-
pression and for expression of sensitive or toxic proteins [27,33]. 

1.4.2 Solubilisation and Purification   
Once an optimal expression protocol has been identified, the membrane pro-
tein has to be extracted from the membrane, for example, by using a detergent. 
Membrane proteins have evolved to reside in the shielded environment of a 
lipid bilayer, tightly interacting with the annular layer of lipids [20] and the 
stability of membrane proteins is often dramatically decreased upon solubili-
sation [5]. 

Many larger detergent molecules, such as dodecylmaltoside, are able to ex-
tract the protein from the membrane without disrupting the protein structure 
and function. However, crystallisation of a protein following solubilisation 
with a large detergent often has limited success [5]. Since the choice of deter-
gent is an important factor for protein stability and the subsequent crystallisa-
tion procedure, it is critical to screen a range of detergents [5]. The detergent 
should ideally be mild enough to retain the protein fold and function but small 
enough to allow crystal formation. 

Furthermore, a fast purification is often key to obtaining a monodisperse 
sample. A typical purification protocol is based on affinity purification with 
affinity tags such as histidine6-tags combined with immobilised metal affinity 
chromatography (IMAC) [5,28,34], or a strep-tag II combined with streptavi-
din coated chromatography media [35]. Thereafter the protein sample may be 
further purified by, for example, size exclusion chromatography (SEC) [28]. 
Screening of buffers, elution strategies, temperature and pH, etc. is often re-
quired to identify optimal purification conditions. 
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1.4.3 Crystallization 
Once a pure, stable and monodisperse sample is obtained, crystal screening 
can begin. The detergent forms a sterically hindering belt around the protein, 
and the size of the protein in relation to the detergent becomes a key factor 
[5]. Crystals can only grow if the protein molecules are able to form contact 
points between one another and spontaneously arrange themselves in a well-
ordered pattern. A large detergent micelle will effectively shield potential con-
tact points of a small protein making crystal formation impossible, whereas a 
smaller detergent micelle may allow contact points to form, hopefully produc-
ing well-ordered crystals [5]. 

Screening a large number of crystallisation conditions is a major bottleneck 
of any crystallisation project [5]. There are several strategies to increase the 
success of membrane protein crystallisation, such as incorporation of fusion 
proteins to increase the non-detergent surface [36–39] or genetic engineering 
to remove large, unstructured domains. There are also crystallisation tech-
niques which are less dependent on the detergent and micelle composition, 
such as lipidic cubic phase (LCP), which can provide a more native-like envi-
ronment for the protein [40]. 

1.4.4 X-ray Crystallography 
X-ray crystallography utilises the scattering of X-rays by the electrons in the 
protein to calculate an electron density map, which is used to build a model of 
the protein structure (Figure 3) [41].  

A detector measures the angles and intensities of the scattered waves [42]. 
The signal from one molecule alone is too weak to detect, but when the same 
molecule is repeated in the ordered nature of a crystal, the scattering is en-
hanced in certain directions, and cancelled in others, which gives rise to dif-
fraction spots. This phenomenon, determined by the geometry of the unit cell 
and the wavelength of the X-rays, gives rise to a specific diffraction pattern 
[41].  

The wavelength is known and the amplitude of the of the wave can be cal-
culated from the intensities of the diffraction spots. However, in order to cal-
culate the electron density map the phases of the scattered waves must be de-
termined [42]. If this phase problem can be solved by, for example, anomalous 
scattering of heavy atoms [43,44] or molecular replacement [45,46], a density 
map of the electron cloud can be generated from the diffraction data. The elec-
tron density map is the basis of a structural model of the protein, which is the 
researcher’s interpretation of the density data. 

The quality of the diffraction data is in direct relation to the quality of crys-
tal packing, which further emphasises the importance of the protein purifica-
tion and crystallisation [41]. 
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Figure 3. From X-rays to protein structure. The scattered X-rays give a spe-
cific diffraction pattern from which an electron density map can be generated, 
this is the basis of the protein structure model.  

1.5 Increasing the Chance of Success: Introducing the 
Green Fluorescent Protein 
Screening of different detergents and protein constructs is both expensive and 
time consuming, emphasising the need for methods to assess protein quality. 
Fluorescence tags have been developed for this purpose, for example the fold-
ing reporter green fluorescent protein (frGFP), which has specific mutations 
making it sensitive to misfolding [47,48]. If the frGFP is C-terminally fused 
to a target protein, and the target protein folds correctly and is correctly in-
serted into the membrane (if applicable), the frGFP fusion protein will also 
fold correctly and form its chromophore. The formation of the chromophore 
– and thus the fluorescence intensity – is directly proportional to the amount 
of correctly folded protein and hence the folding robustness of the target pro-
tein [32,48,49]. However, if the N-terminally linked target protein is unable 
to fold correctly the frGFP will not fold, and thus not fluoresce [48].  

By adding a frGFP moiety to the C-terminal end of a target protein, fluo-
rescence detection can be used to give a quick and accurate assessment of 
protein folding and stability of both soluble and membrane bound proteins 
[32,48]. A weak fluorescence signal is a good indication that the protein will 
give low expression yields or form inclusion bodies when expressed without 
the frGFP [48].  

This method has been used by several groups to screen proteins based on 
stability for crystallography [50,51] and biochemical analyses [52,53]. In Pa-
per I we utilised the frGFP to develop a high throughput screening protocol of 
solubilisation and purification conditions for membrane protein crystallisa-
tion. 
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1.6 High Throughput Screening of Solubilisation and 
Purification Conditions 
One of the key steps of crystallography is to obtain a pure and stable protein 
preparation, which traditionally is a time consuming and iterative process. We 
sought to develop a high throughput method for rapid screening of optimal 
solubilisation and purification conditions. In Paper I we report a protocol 
based on standard large-scale membrane protein purification protocols, scaled 
down for use in an efficient screening procedure. Maintaining, as similarly as 
possible, the steps and procedures of a large scale purification is likely to fa-
cilitate upscaling once the optimal purification conditions have been identi-
fied. 

By utilising C-terminal frGFP fusion constructs we showed that it is possi-
ble to screen up to twelve different protein targets in sixteen different deter-
gents in only two to three days [Paper I]. As proof of principle, a selection of 
sixty frGFP-His fusion proteins from an E. coli membrane protein library [54] 
were chosen covering a wide range of molecular weights and number of trans-
membrane spanning regions. A set of sixteen commonly used detergents of 
different sizes and headgroup chemistries were chosen and grouped into five 
families [Paper I].  

The protocol described in Paper I is a parallel process of a large number of 
miniaturised samples. Everything except expression is performed in a 96-well 
format, allowing simultaneous screening of up to twelve samples against six-
teen different detergents. Cells are lysed by freeze-thaw cycles and then ali-
quoted into 96-well plates. Detergents are added and the samples are incu-
bated. After solubilisation the samples are filtered in a 96-well filter plate and 
10 µl of each sample is directly loaded onto a size exclusion chromatography 
(SEC) column attached to a chromatography system with a fluorescence de-
tector. The remaining samples are batch purified by addition of IMAC resin 
or other affinity method of choice. After binding, the samples are transferred 
to a filter plate, washed and eluted. Finally, a sample of the eluate is subjected 
to fluorescence size exclusion chromatography (FSEC) and the chromato-
grams can be compared (Figure 4).  

This gives a quick and accurate evaluation of the amenability of a particular 
protein-detergent combination for purification and provides a starting point 
for large scale trials with a smaller selection of detergents [Paper I].  
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Figure 4. A schematic view of the frGFP screening protocol. Cells are lysed, 
aliquoted into a 96-well plate, and solubilised by detergent. After incubation 
the samples are transferred to a filter plate. A small sample of the flow-through 
is analysed by FSEC and the remaining sample is batch purified by IMAC and 
then analysed by FSEC. The resulting chromatograms provide a quick and re-
liable tool for evaluation of protein stability. 

1.7 Concluding Remarks  
Using the protocol described in Paper I, we have been able to pinpoint optimal 
purification conditions for a number of proteins. A subset of these proteins 
have been purified on a large-scale and the results correlate well with the 
screening data. A few of the proteins used in this proof of concept screening 
have been crystallised successfully, and we have obtained a high-resolution 
structure of one of these, which subsequently lead to the discovery of super-
oxide oxidase, further discussed in Chapter 2 and Paper II.  

We hope that other groups may find this miniaturised, quick and reliable 
screening protocol to be of use early on in crystallographic projects. 
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2. The Discovery of Superoxide Oxidase  

“Chance favours only the prepared mind” 
               -Louis Pasteur 

2.1 Escherichia coli  
In the late nineteenth century Theodor Escherich isolated a strain of bacteria 
from a patient [55,56]. Two decades later this strain was deposited into the 
strain collection at Stanford University and given the designation K12, first 
under the name Bacterium coli commune, but later renamed to Escherichia 
coli (E. coli) [55,56]. The E. coli strain K12 quickly became the work horse 
of many laboratories and is currently our most important model organism 
[56,57]. 

E. coli is a Gram-negative bacterium; a facultative anaerobe with both res-
piratory and fermentative metabolism [58]. It was long believed to be a com-
mensal inhabitant of the lower gut of mammals, but increasing evidence points 
toward a more mutualistic relationship. E. coli contributes vitamins and is piv-
otal to a healthy gut fauna by suppressing pathogenic bacteria [56]. However, 
E. coli can also be an opportunistic pathogen, causing diarrhoeal, urinary and 
sepsis infections (reviewed in [59]). 

The complete genome of E. coli was published in 1997, but at the time of 
publication, over 40% of the genome was of unknown function [58]. Annota-
tion of genes is a cross-disciplinarily endeavour and combines experimental 
data with sequence analysis. To date, 57% of the E. coli genome has an exper-
imentally verified function and 41.5 % has a predicted, but not verified, func-
tion. The remaining 1.5 % are still of completely unknown function [60].  

Despite a century of intense research there is still an abundance of unan-
swered questions regarding the biology and biochemistry of E. coli. 
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2.2 Oxygen and its Reactivity 
Oxygen is the most abundant element on earth; 21% of our atmosphere is ox-
ygen and oxygen and has shaped life on this planet, perhaps more than any 
other element [61].  

Dioxygen – or molecular oxygen – is an unusual molecule, it is a paramag-
netic diradical in a triplet ground state (3O2) [61,62]. Oxygen is extremely en-
ergy rich and reacts exothermically with most elements, yet oxygen is surpris-
ingly stable [61,62]. The kinetic inertness of oxygen stems from the organisa-
tion of electrons in its outer shells, and it is this combination of potential re-
activity with a high activation energy that makes molecular oxygen so useful 
in biochemical reactions [61,62]. 

Molecular oxygen has two unpaired, parallel electrons in discrete p-orbitals 
[62–64]. Acquiring two electrons would fill its outer shell, but for molecular 
oxygen to accept them, both electrons must be of parallel spin [62]. However, 
most electrons come in pairs of parallel and antiparallel spin [62]. This poses 
strong restrictions on which reactions molecular oxygen can participate in and 
promotes a stepwise addition of electrons [62,64-67].  

One-electron reductions are thermodynamically unfavourable reactions 
and the affinity for the first electron is low, which explains the relatively un-
reactive nature of oxygen [61,62,64–66]. However, once the resonance con-
tribution of the p-orbital is broken the affinity for electrons is increased [61].  

When molecular oxygen encounters an exceptionally efficient univalent 
electron donor such as a metal ion, which is a common constituent of many 
enzymes, the metal can easily transfer one electron at a time to oxygen [64,67]. 
These one-step reductions enable radical formation (Figure 5).  

 

 

Figure 5. The organisation of electrons in the outer orbitals of molecular ox-
ygen determines its reactivity and promotes a stepwise addition of electrons. 
Figure based on reaction schemes in [62,67,68].  
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2.2.1 Oxidative Stress 
Since molecular oxygen can diffuse freely across membranes the concentra-
tion of oxygen is effectively the same inside and outside of the cell; however, 
oxygen is enriched within the membranes [69,70]. The free diffusion, non-
polarity and small size of oxygen makes it virtually impossible to exclude ox-
ygen from reactive centres. When molecular oxygen accidentally collides with 
a metal centre a spontaneous transfer of one electron can occur, generating a 
superoxide molecule [65,66,71].  

The spin restrictions of oxygen determine that the first radical species must 
always be a superoxide, but in many cases a second electron will be transferred 
before the superoxide can diffuse from the active site, producing hydrogen 
peroxide [65,72,73]. The predisposition of an enzyme to generate superoxide 
or hydrogen peroxide is determined by the properties of the particular enzyme, 
but hydrogen peroxide is a more common end-product [65,73]. Hydrogen per-
oxide can participate in a third electron transfer reaction creating a hydroxyl 
radical, an even more powerful oxidant [74,75]. Due to the adventitious nature 
of radical reactions, the probability of superoxide formation will increase with 
increasing oxygen concentration [65,72]. 

Reactive oxygen species (ROS) such as superoxide, hydrogen peroxide and 
hydroxyl radicals can cause severe damage to DNA, proteins and lipids (re-
viewed in [76–78]). In eukaryotes oxidative stress has been linked to cancer, 
diabetes, hypertension, inflammation, neurodegeneration, atherosclerosis and 
aging [79]. In bacteria, oxidative stress cause impaired growth and may lead 
cell death depending on the level of stress [80,81].  

Despite the degenerative effects of ROS, most organisms have developed 
mechanisms to take advantage of ROS molecules and low levels of ROS are 
often used as signalling molecules or as a defence against pathogens 
[76,78,79,82–85]. To maintain low levels of ROS aerobic organisms have 
evolved a repertoire of antioxidant enzymes that continuously convert ROS to 
less harmful oxygen species. Oxidative stress only arises when the cellular 
levels of ROS overwhelm its antioxidant defences [84].  

2.2.2 Sources of Reactive Oxygen Species 
Since the first proposal of oxygen radical existence in vivo 65 years ago [86], 
and the discovery of superoxide dismutase 15 years later [87], the superoxide 
anion has puzzled the scientific community. 

Superoxide is generated intracellularly, but the actual source of endogenous 
superoxide is still obscure. The intricate nature of metabolic and respiratory 
pathways, with several node points and branches; as well as the dynamic bal-
ance between metabolic rate, allosteric control and availability of reducing 
equivalents, makes it complicated to study. However, all organisms spend a 
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substantial amount of energy circumventing the detrimental effects bestowed 
by superoxide, attesting to the impact superoxide has on cell survival. 

There are three major sources of ROS: the extracellular environment, prod-
ucts of spontaneous reactions within the cytoplasm, and the leakage of elec-
trons from the electron transport chain (reviewed in [88]). 

2.2.2.1 The Extracellular Environment  
Pathogenic bacteria encounter elevated levels of ROS during the course of 
infection since the host cell phagocytes release superoxide and hydrogen per-
oxide as a defence (reviewed in [89,90]). The exact mechanisms regarding 
release and uptake of ROS are not fully understood, but some pathogenic bac-
teria appear to loose virulence without functional defence enzymes [91–93]. 
There are indications that amoeba, plants and mammals may use ROS in this 
way as a “pesticide” to suppress infection [85,94–97].  

Bacteria and plants release aromatic redox-cycling compounds such as 
phenazines and quinones [98,99]. If these compounds are engulfed by a neigh-
bouring bacterium they may cause damage by catalysing radical formation 
within the cell [88,97]. Whether this is a biowarfare in competition of re-
sources, or if it provides other benefits is not well understood [88]. 

Hydrogen peroxide and superoxide is produced spontaneously in aqueous 
environments such as oceans and fresh waters [77,100]. Organic compounds 
dissolved in water may be excited by ultraviolet (UV) radiation, causing trans-
fer of electrons to molecular oxygen generating ROS [77,101]. The same prin-
ciple applies to the illumination by UV and visible light radiation of extracel-
lular chromophores, such as pigments released by decaying vegetation [81].  

These are only a few examples of situations when bacteria might encounter 
exogenously produced ROS; bacteria are likely to encounter ROS in other sit-
uations and circumstances as well.  

2.2.2.2 Spontaneous Reactions with Enzymes in the Cytoplasm 
Most metabolic processes take place in the cytoplasm, and many of the en-
zymes involved are redox proteins relying on flavins, iron-sulphur clusters or 
metal ion active centres. These are all efficient univalent electron donors 
which can adventitiously produce superoxide and hydrogen peroxide [71,102–
104].  

The presence of superoxide and hydrogen peroxide in the cytoplasm pre-
sents an impending risk of metabolic enzyme inactivation and blockage of 
metabolic pathways [105–109]. For example, abstraction of an electron from 
a [4Fe-4S]-cluster by superoxide releases an iron and leaves an inactive [3Fe-
4S]-cluster [105,110]. This may disrupt the flow of electrons and cause an 
accumulation of metabolites, reducing equivalents and free metals. This accu-
mulation promotes an increase in the rate of ROS formation with an increased 
risk of DNA oxidation as a direct consequence [74,105]. 
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2.2.2.3 Electron Leakage from the Respiratory Chain  
The respiratory chains of E. coli are located at the inner membrane and couple 
the downhill flow of electrons derived from metabolic cycles to the generation 
of a proton motive force. The proton motive force is used to convert energy 
released by the oxidation of organic compounds to the form of chemical en-
ergy stored in the terminal pyrophosphate bond of adenosine triphosphate 
(ATP) (reviewed in [111,112]). 

Being a facultative anaerobe, E. coli is not limited to oxygen as the terminal 
acceptor. It can utilise several electron donors and acceptors and has three 
major respiratory pathways; fumarate-, nitrate- and oxygen-based respiration 
[111]. Electrons flow from the metabolic cycles via primary dehydrogenases 
to a pool of quinones, which shuttles the reducing equivalents to the terminal 
oxidases [111,112]. The pool of quinones acts as a node point in E. coli respi-
ration and the bacteria synthesise three types of quinones; ubiquinone-8, pre-
ferred during aerobic growth; menaquinone-8 and demethylmenaquinone-8 
[113,114]. Menaquinone has a lower reduction potential (-0,074 V) compared 
to ubiquinone (+0,113) and is the preferred quinone during anaerobic growth 
or when a poor terminal acceptor, such as nitrate, is consumed [113,114].  

The respiratory chain has a large flux of electrons and has been considered 
a major source of endogenous superoxide [115–117]. Due to the adventitious 
nature of superoxide production, several factors determine the contribution 
from a particular enzyme to the overall superoxide concentration in vivo. 
These factors include the local concentration of electrons within the enzyme, 
the level of flavin exposure, and the concentration of both the enzyme sub-
strate and oxygen [66,118]. A number of enzymes, including NADH dehydro-
genase (Ndh) II, fumarate reductase and succinate dehydrogenase have been 
suggested as potential sites of superoxide production, as well as the menaqui-
none itself. Although these have all been shown to produce variable levels of 
superoxide and hydrogen peroxide in vitro, the exact origins and mechanisms 
of formation in vivo remain elusive [65,66,72,73,119]. 

2.3 The Evolution of Scavenging Enzymes  
Life on Earth first evolved in an anaerobic environment [120]. Then, approx-
imately two billion years ago, oxygenic photosynthesis evolved and oxygen 
started to accumulate in the atmosphere [120]. With the rising level of oxygen 
came the opportunity of oxidative respiration and a sharp increase in radical 
formation [79,121]. This new environment imposed the evolution of organ-
isms which produced enzymes that counteracted the activity of ROS. These 
enzymes, including superoxide dismutase (SOD), catalase and peroxidase, be-
came vital for aerobic life (Figure 6) [79,121,122].  
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Superoxide is a labile species and spontaneously dismutates at a rate of 
105 M-1s-1 [123,124], as shown in reaction 1:  
 

 
 
This is a second order reaction, dependent on superoxide concentration [124]. 
Higher concentrations means a higher probability of collision, and thus a 
shorter half-life. For example, at a superoxide concentration of 1 mM the half- 
life of superoxide is ~0.01 s, and at a concentration of 1 µM the half-life is  
 

 

Figure 6. The ROS scavenging system of E. coli. ROS can be derived from 
the environment, produced by cytosolic metalloenzymes or respiratory compo-
nents within the membrane. Superoxide and hydrogen peroxides are enzymati-
cally converted to less harmful molecules by the collective effort of superoxide 
dismutases, peroxidases and catalases. PDB id: 1ESO [125], 1MMM [126], 
4O5Q [127], 1GGE [128]. 
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~10 s. However, when the superoxide concentration is at 1 nM, which is closer 
to the steady-state levels of cellular superoxide, the half-life is approximately 
3 hours, allowing time to cause widespread damage to the cell. 

It has been estimated that ~10-20 µM hydrogen peroxide and ~5 µM su-
peroxide is produced endogenously every second [65,129]. Therefore, cell 
survival is dependent on enzymes which catalyse their conversion into less 
reactive products. E. coli is able to maintain steady-state concentrations of 
~20-50 nM hydrogen peroxide and ~ 0,2 nM superoxide, thanks to a high titre 
of scavenging enzymes that work in concert to reduce the radical burden [64]. 

2.3.1 Catalases and Peroxidases  
Hydrogen peroxide diffuses across membranes with a permeability coefficient 
slightly lower than water [130]. It is acutely toxic; at micromolar concentra-
tion hydrogen peroxide inhibits growth by inactivation of key metabolic en-
zymes, and at a millimolar concentration range there is a significant increase 
in DNA damage due to formation of hydroxyl radicals [131]. Therefore it is 
essential for cell survival to maintain the concentration at nanomolar levels 
[64,131]. 

Catalases and NADH peroxidases are the major hydrogen peroxide scav-
engers in E. coli [81,131]. E. coli express several enzymes proposed to have a 
catalase or peroxidase function but to date there are only three that have been 
confirmed as true scavengers; alkyl hydroperoxide reductase (AhpR), catalase 
G and catalase E, also known as hydroperoxidase I and II, respectively 
[81,127,132]. 

AhpR is among the ten most abundant enzymes and the primary hydroper-
oxide scavenger in E. coli [81]. It is a complex formed by two subunits that 
catalyses the reduction of hydrogen peroxide to water [127]. The catalytic rate 
of AhpR is limited by the ability of the cell to provide electrons in the form of 
NADH [127]. This is achievable under normal cellular conditions, but AhpR 
can become saturated under periods of starvation, or if the intracellular hydro-
gen peroxide concentration increases from nanomolar to millimolar concen-
tration levels. Under such conditions the cell relies on catalases for hydrogen 
peroxide removal [131].  

Catalases are efficient enzymes, with a high enzymatic turnover, but they 
have a disproportionation cycle that includes a reactive intermediate. This may 
be the reason why they are not employed as the primary scavenger in E. coli 
[131].  

2.3.2 Superoxide Dismutases 
Superoxide dismutases (SOD) are classified into three unrelated groups,    
CuZnSOD, Fe/MnSOD and NiSOD (reviewed in [121,133,134]). Despite 
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their convergent origin their active sites are surprisingly similar. They all pos-
sess a catalytic metal ion which cycles between an oxidation state of n+ and 
(n-1)+ during catalysis [125,135]. The dismutation reaction is a two-step re-
action consuming two equivalents of superoxide per turnover [121], as shown 
in reaction 2 and 3: 
 

 
 
The pKa of hydroperoxyl is 4.8 [136]; thus, in solution at physiological pH 
the vast majority of the superoxide molecules will not be protonated. How-
ever, a small amount of the population (estimated to be 0.2 %) will be in the 
neutral protonated form. The protonated form is expected to be able to cross 
membranes with a permeability similar to hydrogen peroxide [137]. The rela-
tively high pKa, however, suggests that the specific environment may well 
shift the pKa into a range where protonation becomes significant [138]. Still, 
the general notion is that the majority of the superoxide population is in the 
charged form and unable to cross membranes, creating separate pools of su-
peroxide within subcellular compartments [137,139].  

Each compartment has a specific set of superoxide scavenging enzymes 
[64,139,140]. This is most apparent in cells from higher eukaryotes, which are 
more compartmentalised, but even E. coli express two different sets of SOD. 
Fe/MnSOD in the cytoplasm and CuZnSOD in the periplasm 
[64,121,133,134].  

2.3.2.1 The Iron and Manganese Superoxide Dismutases 
FeSOD is the default SOD enzyme of the bacterial cytoplasm and MnSOD is 
induced when iron levels are low [64]. They share 43% sequence identity and 
are structurally similar [121,141].  

The iron and manganese ions have similar radii, readily cycle between the 
+3 and +2 oxidation state and have similar coordination preferences 
[121,135]. FeSOD and MnSOD are homodimers with a conserved a/b-fold 
creating two individual active sites at the dimer interface (Figure 7A). Both 
enzymes coordinate one metal per active site in a strained trigonal bipyramidal 
geometry [121,133–135]. The metal is coordinated by four conserved resi-
dues: three histidines and one aspartic acid [135]. 

There is a narrow funnel leading to the active site, and the entrance is 
shielded by two aromatic amino acids (shown as blue residues in Figure 7A 
and C). The superoxide is guided towards the buried active site by electrostatic 
forces (Figure 7B) [134,142].  
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Figure 7. The architecture of Fe/MnSOD, represented by FeSOD; PDB id: 
1ISA [135]. A) The FeSOD dimer. The active site is located at the interface 
between the dimers. Monomer 1: cyan-marine-blue, monomer 2: green-yellow-
orange-red. B) The electrostatic surface of FeSOD, calculated by the APBS tool 
in PyMOL (red -3 kT/e , blue +3 kT/e) [143]. C) The FeSOD monomer. The 
catalytic iron ion is held by four conserved residues and two residues guard the 
entrance to the active site (blue).  

2.3.2.2 The Copper/Zinc Superoxide Dismutase 
The E. coli CuZnSOD is distinct from the Fe/MnSODs, and unlike the mam-
malian CuZnSOD it is a monomer [125]. It is comprised of eight antiparallel 
beta strands forming a b-barrel, with the active site located outside the barrel 
(Figure 8) [125]. The zinc ion is coordinated by three histidine residues and 
one aspartic acid residue, while the copper ion is coordinated by three histidine 
residues, and cycles between 2+ and 1+ oxidation states during catalysis [125].  

The catalytic copper ion is exposed at the bottom of a large pocket. How-
ever, steric selection protects the active site from larger ions [134]. The super-
oxide anion is guided to the active site by electrostatic forces; there is a posi-
tive patch lined with negative residues that leads towards the active site (Fig-
ure 8) [144]. 
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Figure 8. The architecture of CuZnSOD. A) The electrostatic surface of CuZ-
nSOD. Vacuum electrostatics generated by PyMOL; red is negative and blue is 
positive. B) The CuZnSOD monomer. The catalytic copper is available at the 
end of the substrate cavity, whereas the zinc ion is buried within the structure. 
PDB id: 1ESO [125].  

2.3.3 The Cooperative Effect of Scavenging Enzymes 
The cooperative effects of catalases, peroxidases and SODs became apparent 
when studying deletion mutants of each enzyme. None of these enzymes were 
shown to be essential upon deletion; however, when the deletion mutants were 
combined phenotypes appeared.  

A double null mutant of FeSOD and MnSOD, sodA-sodB-, resulted in a 
slow growing strain that was unable to grow in minimal media and which had 
a conditional sensitivity towards oxygen [80,110,145].  

Due to the compartmentalisation, CuZnSOD cannot alleviate cytoplasmic 
superoxide and the CuZnSOD deletion mutant, sodC-, displays no distinct 
phenotype [139,140]. Interestingly, CuZnSOD appears critical for survival 
during stationary growth phase and certain pathogenic bacteria experience at-
tenuated virulence when sodC is not expressed [139,146,147]. 

Catalase deficient strains, katE-katG-, showed no distinct phenotype, which 
was explained by the discovery of AhpR peroxidase [131]. The combined de-
letion mutant, katE-katG-ahpCF-, displayed features similar to the Fe/MnSOD 
deficient stains; slow growth, with a conditional sensitivity towards oxygen 
and elevated levels of DNA damage [97,131]. 
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2.4 Superoxide Oxidase 
The E. coli cytochrome b561 (CybB) was first mentioned by Murakami et al. 
in the early 1980s [148]. They reported the successful cloning and characteri-
zation of the 20 kDa integral membrane protein CybB, proposed that it was 
likely to be a part of the E. coli respiratory chain, and hypothesised that it 
would interact with quinones [148,149]. 

In Paper II we describe CybB in further detail and suggest that it functions 
as a superoxide:ubiquinone oxidoreductase. We propose that this previously 
undescribed family of enzymes should be classified as superoxide oxidase 
(SOO). We report the 1.97 Å crystal structure of SOO, which reveals a four-
helix bundle with two non-covalently bound b-type hemes (Figure 9). The 
bundle opens up in a funnel on the periplasmic side of the membrane, exposing 
the porphyrin ring of one heme to the periplasmic space. The distance between 
the two hemes (11 Å) suggest electron transfer rates in the nanosecond range, 
and the space between them is shielded by a layer of hydrophobic amino acids, 
preventing proton leakage [Paper II].  

Close to the cytoplasmic heme there is density of unknown origin, likely 
corresponding to an exogenous ligand modelled as a glycerol molecule from  

 
 

 

Figure 9. The architecture of SOO. The structure reveals a four helix bundle 
with two b-hemes. The distance between the hemes allows a fast electron trans-
fer and an insulating layer of hydrophobic residues ensures no proton leakage. 
There is a possible quinone binding site near the cytoplasmic heme and a path 
of ordered water molecules leading to the cytoplasm. PDB id: 5OC0 [Paper II]. 
The electrostatic surface was calculated by the APBS tool in PyMOL (red -6 
kT/e , blue +6 kT/e) [143]. 
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the crystallisation condition (Figure 10). The glycerol resides in a membrane 
accessible cavity, in close proximity to the edge of the cytoplasmic heme por-
phyrin ring. This would be an ideal position for quinone binding [Paper II]. 
Molecular docking calculations supports this hypothesis and the quinone 
headgroup is able to form a similar hydrogen bond interaction pattern as the 
glycerol trapped in the structure. Additionally, there is a trail of well-ordered 
water molecules leading from the proposed binding site to the cytoplasm, pos-
sibly providing a path for the protons used in the quinone reduction reaction 
(Figure 9 and 10) [Paper II]. 
 

 

Figure 10. The proposed quinone binding site with a trail of well-ordered 
waters leading to the cytoplasm. A) In silico binding of a ubiquinone-3. B) 
Glycerol molecule bound in the structure. The orientation and binding of the 
ubiquinone headgroup is strikingly similar to the glycerol with its three coordi-
nated waters. PDB id: 5OC0 [Paper II]. 

2.5 The Proposed Function of Superoxide Oxidase 
In Paper II we conclude that it is possible to reduce SOO via two discrete 
routes: a quinone-dependent pathway and a quinone-independent pathway.  

In detergent solubilised samples the quinone-independent reduction was 
completely cancelled by addition of SOD, but not by catalase. Hence the 
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quinone-independent reduction is mediated by superoxide and not by hydro-
gen peroxide. Conversely, lipid-reconstituted SOO was quickly reduced by 
superoxide produced by the monotopic membrane protein NdhII in combina-
tion with NADH, but it was only marginally reduced by bulk solution super-
oxide produced by the soluble enzyme xanthine oxidaseii. Addition of SOD to 
the reaction with lipid reconstituted SOO did not alleviate the NdhII-mediated 
reduction. However, when the experiment was repeated with detergent solu-
bilised enzymes, SOO was reduced regardless of whether NdhII or xhantine 
oxidase produced the superoxide, and addition of SOD completely abolished 
reduction in both cases [Paper II].  

In light of these observations we suggest that SOO may interact primarily 
with membrane proximal superoxide, which soluble SOD might be unable to 
reach – at least during these fast reduction rates. We speculate that superoxide 
generated by redox enzymes at the membrane could contribute to the creation  
 

 

Figure 11. A schematic illustration of the proposed SOO function. SOO 
located at the membrane is ideally placed to scavenge membrane proximal su-
peroxide produced by respiratory enzymes, but is unable to scavenge superox-
ide produced in the periplasm. Adapted from illustration in Paper II. 

                                                   
ii Xanthine oxidase is an enzymatic tool commonly used to produce superoxide in laboratory 
experiments. Xanthine oxidase is a damaged form of xanthine dehydrogenase. It can no longer 
bind NAD+ and the electrons that accumulate in the absence of substrate are donated to oxygen, 
generating superoxide [66,242,243]. 
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of a small pool of membrane proximal superoxide, kinetically distinct from 
the periplasmic bulk superoxide (Figure 11) [Paper II]. 

We propose that the reaction catalysed by SOO salvages electrons “lost” to 
superoxide and releases molecular oxygen. The electrons derived from the su-
peroxide dismutation are transferred from the periplasmic heme to the cyto-
plasmic heme. The salvaged electrons are recycled back into the respiratory 
chain via a ubiquinone bound in the membrane accessible cavity. Protons nec-
essary to complete the quinone reduction are readily available through the path 
of waters visible in the crystal structure. As a result, SOO contributes to the 
proton gradient across the membrane by abstracting protons from the cyto-
plasm for the ubiquinone reduction reaction [Paper II]. 

As with most reactions this reaction is bidirectional, but with respect to 
midpoint potentials the most likely direction of electron flow is from superox-
ide, via SOO to ubiquinone [Paper II]. 

2.6 Can We Be Certain? 
Reactive oxygen species are highly reactive and will react spontaneously with 
many metalloenzymes, regardless of whether this is the primary function of 
the enzyme. Can we therefore be certain that the primary physiological role of 
CybB is superoxide scavenging? Redox proteins are notoriously promiscuous 
and at this stage we cannot dismiss the possibility of other biochemically rel-
evant functions for the protein. 

However, there are several indications that support our assignment of the 
protein as primarily being  a superoxide:ubiquinone oxidoreductase, in partic-
ular, the very rapid reaction rate which suggests that the enzyme has evolved 
for this function.  

2.6.1 Electrostatic Guidance and Architecture 
The probability of a reaction is determined by a combination of factors, such 
as the activation energy, the electrostatic repulsion and/or attraction, and the 
structural orientation of the enzyme and substrate [150].  

The four-helix bundle of SOO opens up to form a funnel on the periplasmic 
side of the membrane, exposing the edge of the upper heme porphyrin ring to 
the periplasm. The funnel has a distinct positive charge which could acts as a 
“magnet”, attracting small negatively charged molecules such as superoxide 
(Figure 12) [Paper II]. Such architecture, with a striking display of electro-
static guidance, is similar to other classes of SOD which are known to utilise 
a path of positive charges to guide the superoxide substrates towards the active 
sites [144,151].  
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The fast reaction rates of both SOO and SOD require that virtually all en-
zyme-superoxide collisions will result in the formation of product. This is fa-
cilitated by the elegant distribution of protein surface charges; the ability to 
electrostatically guide and propel the superoxide anion towards the active site 
renders this family of enzymes highly efficient and can be observed in CuZ-
nSOD, Me/FnSOD, catalase and SOO (Figure 12) [134,144,151–153, Pa-
per II]. 
 

 

Figure 12. Electrostatics guide the superoxide towards the active sites in A) 
CuZnSOD (1ESO [125]), B) Mn/FeSOD (1MMM [126]) and C) SOO (5OC0 
[Paper II]). This electrostatic guidance facilitates the rapid reaction rates of 
these enzymes. The electrostatic surface was calculated by the coulombic sur-
face colouring tool in Chimera (red -10 kcal/mol´e, blue 10 kcal/mol´e) [154]. 

2.6.2 A Perfect Enzyme 
The average rate of enzyme catalysis has been estimated to be ~105 M-1s-1 

[155]. A diffusion limited reaction with a low molecular weight molecule such 
as superoxide, is expected to fall in the range of 108 to 1010 M-1s-1, depending 
on the electrostatic factors involved [156].  

The catalytic rate constant of SOO-mediated superoxide dismutation was 
determined to be 0.5-1.5 ´108 M-1s-1 [Paper II]. This can be compared to the 
catalytic rate of the SOD family which falls within the range of 108 to 
109 M-1s-1 [133]. These reaction rates are close to the diffusion limit, and are 
only restricted by the availability of the superoxide substrate. Thus both SOD 
and SOO fall under the definition of a perfect enzyme [155,156]. As a 
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comparison, adventitious reactions concerning metalloproteins and superox-
ide typically fall in the range of 104 to 106 M-1s-1, several orders of magnitude 
slower than SOD and SOO [64,133,157,158].  

Kinetically perfect enzymes with reaction rates near the diffusion limit are 
rare and can only become prevalent in a population if there is a selective pres-
sure [155]. Since few enzymes achieve catalytic perfection this is indicative 
that the primary function of CybB is indeed to catalyse the dismutation of 
superoxide.  

2.6.3 Periplasmic Superoxide and CuZnSOD 
Scavenging enzymes are essential for the survival of aerobic bacteria, how-
ever the exact role and biochemical context of the periplasmic CuZnSOD is 
not well understood [72,137,139]. The long-term effects of superoxide in the 
periplasmic space are not obvious; this compartment does not contain DNA 
nor is it the site of crucial metabolic processes.  

CuZnSOD is only expressed during the stationary phase of the cell cycle; 
however, superoxide accumulates in the periplasm during the exponential 
phase of cell growth [72,91]. An appealing hypothesis is that the lack of a 
distinct null mutant phenotype of sodC- is due to partial functional comple-
mentation by SOO, which is primarily expressed during exponential growth 
[Paper II]. In concordance with this, SOO is located at the membranes, near 
the superoxide producing enzymes, making it ideal for sequestering superox-
ide generated by respiratory enzymes [Paper II]. 

In Paper II we show that membranes from CybB-overexpressing E. coli 
release less superoxide compared to wild-type membranes. However, we were 
unable to detect differences when comparing wild-type membranes with 
membranes from a cybB- null strain. This is most likely due to the low endog-
enous expression of CybB, in combination with experimental limitations. 
Nevertheless, the reduction in superoxide release upon an increased CybB ex-
pression suggests that CybB is a superoxide oxidase.  

2.6.4 The Presence of Paralogs 
Bacterial genomes are highly dynamic; genes are lost, duplicated, rearranged 
and acquired, and these changes happens over relatively short evolutionary 
timescales [159,160]. Gene duplication, followed by divergent mutations in 
the two genes, is a key event of molecular evolution [161]. 

Protein translation is an energetically expensive process, and removal of 
excess genes can therefore increase the evolutionary fitness of the bacterium 
by decreasing the energy required to maintain the gene [160]. Genes that are 
not under a selective pressure and that do not contribute a biologically relevant 
function, are likely to become lost from the genome [160]. 



36 

CybB has two paralogs, YodB and YceJ. They share a 42 % and 27 % 
sequence identity with CybB, respectively. It is unknown whether they present 
a similar superoxide scavenging function to the one proposed for CybB, or if 
they have evolved to perform completely different functions. However, since 
these genes persist in the genome they are likely to be of benefit to the bacte-
rium. 

This reasoning does not prove that CybB is an SOO per se, but it does imply 
that CybB contributes a function that is of benefit to the bacteria.  

2.7 Concluding Remarks and Future Perspectives 
CybB/SOO belongs to the NCBI cl23723 Cytochrome_b_N family, more spe-
cifically the COG3038 (Cytochrome b561) and PRK11513 protein families, 
which encompass proteins from important human pathogens [Paper II]. The 
scavenging activity of these homologues is, however, yet to be elucidated. 

Intriguingly, a eukaryotic CybB561 exists, annotated as an ascorbate- and 
iron dependent oxidoreductase. In spite of the topology differences with E. 
coli CybB561 there are similarities in functional architecture, including the two 
b-hemes, with an exposed edge of one of the hemes residing in a distinctively 
positive environment [162]. 

We have been unable to detect a phenotype of a cybB- null mutant. It is 
possible that a multiple SOD deficient strain such as sodC-, cybB- (yceJ- and 
yodB-) could display a phenotype. However, due to the redundancy of ROS 
scavengers, and the possible existence of hitherto unknown scavenging en-
zymes, the effects of a multiple null mutant strain may still be ambiguous.  

Many membrane proteins form various forms of oligomers with function-
alities determined by changes in oligomeric state [13,163,164]. Many mem-
brane proteins also participate in large heteromultimeric assemblies and su-
percomplexes [165]. However, truly monomeric membrane proteins are rare, 
and the protein data bank does not contain many structures of such proteins. 
CybB appears monomeric when solubilised in octyl glucose neopentyl glycol 
(OGNG) detergent, but its true subunit composition within the membrane re-
mains unknown. Native membrane inserted CybB is likely to interact with 
other proteins, at least transiently; however, the monomeric state of CybB 
upon solubilisation suggests stronger protein interactions are less likely.  

We hope that our findings will spur further scientific endeavours, aimed at 
elucidating the molecular and cellular functions of this superoxide scavenging 
enzyme.  
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3. Characterisation of a Fatty Acyl-CoA 
Synthetase from Mycobacterium tuberculosis  

3.1 Mycobacterium tuberculosis 
Mycobacterium tuberculosis (M. tuberculosis) is the causative agent of the 
chronic disease tuberculosis (TB). M. tuberculosis is highly infectious, and is 
transmitted by aerosolised broncho-alveolar discharge from infected individ-
uals [166].  

It is estimated that 1.7 billion people – 23% of the global population – is 
infected with latent M. tuberculosis [166]. Without treatment the mortality rate 
of active TB is high and it was the number one cause of death by a single 
infectious agent in 2018 [166].  

Social and economic progress combined with the introduction of antibiotic 
drugs in the 1940s has largely eradicated TB from developed countries. How-
ever, in many parts of the world TB is still an epidemic, and with the emer-
gence of antibiotic-resistant M. tuberculosis strains it remains a global health 
crisis [166]. 

It has been estimated that 6% of individuals who developed TB in 2017 
were infected with an M. tuberculosis strain resistant to one or more antibiotic 
drugs. A collective effort is needed to reduce the spread of resistant M. tuber-
culosis and accelerate drug discovery[166].  

The complete genome of M. tuberculosis was published in 1998 and re-
vealed a bacterium with an incredibly diverse lipid metabolism and high met-
abolic flexibility [167]. One third of the genome is devoted to lipid metabo-
lism, and approximately 250 genes encode enzymes involved in fatty acid me-
tabolism. As a comparison, the E. coli genome only encodes 50 such enzymes 
[167]. The importance of these enzymes for virulence and pathogenicity, and 
the absence of homologues in higher eukaryotes, makes them ideal targets for 
drug discovery [168]. 

3.2 The Life Cycle of Mycobacterium tuberculosis 
M. tuberculosis is an obligate pathogen and its life cycle is well adapted to the 
course of mammalian infection [169]. This has shaped M. tuberculosis physi-
ology and pathogenicity, resulting in a slow growth rate and resistance to 
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nutrient stress. The symptoms of infection are largely caused by the host im-
mune response rather than by toxins produced by the bacteria [169,170]. 

M. tuberculosis enters its host via alveolar passages in the upper respiratory 
tract where it is engulfed by macrophages [170,171]. Under normal circum-
stances the phagosomal pH would quickly drop below pH 5 and its contents 
would be targeted for destruction by phagolysosomal fusion [172,173]. How-
ever, M. tuberculosis is able to arrest the fusion and also prevent the phago-
some pH from falling below pH 6.4 [174].  

Upon host cell entry, M. tuberculosis performs a few rounds of replication, 
but once the host elicits an immune response the replication slows, and M. 
tuberculosis enters a quiescent state of low proliferation [170,175]. During 
this phase the bacteria still maintains a slow flux through metabolic pathways 
to ensure that core cellular processes, such as ATP production and proton mo-
tive force are preserved [176,177].  

The host cell immune response sequesters the bacteria from the surround-
ing tissue, and the environment within the macrophages becomes increasingly 
hostile with a low pH, nutrient limitation and hypoxic milieu [169,170,178]. 
Despite this, M. tuberculosis can survive and lie dormant within the macro-
phages for years; in many cases the infection does not proceed further than 
this state of dormant chronicity. It has been speculated that M. tuberculosis 
may be able to control and alter its gene expression in order to achieve a fa-
vourable equilibrium between host cell response and bacterial cell survival 
[179]. However, if the host cell immune system is impaired the bacteria can 
be revived, causing an uncontrolled infection. 

3.3 The Cell Envelope 
M. tuberculosis has traditionally been classified as a Gram-positive bacterium. 
However, unlike other Gram-positive bacteria it has an unusual cell envelope, 
comprised of very complex lipids (Figure 13) [180–183]. Many lipids found 
in the envelope are unique to M. tuberculosis, or only found in the Mycobac-
terium genus [181,183,184]. This waxy coat is essential for M. tuberculosis 
pathogenesis; it provides mechanical protection from the surrounding envi-
ronment, confers a natural resistance to most broad-spectrum antibiotics, and 
renders the bacteria virtually impermeable [180,181,183,185].  
 

The M. tuberculosis envelope is comprised of three layers [180,181,183]: 
 
1. The inner membrane (IM) also known as the plasma membrane.  
2. The peptidoglycan-arabinogalactan (PG-AG) mycomembrane                

also known as the cell skeleton, cell wall and outer membrane. 
3. The outer layer (OL) also known as the capsule, or outer membrane. 
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3.3.1 The Inner Membrane 
The inner membrane (IM) of M. tuberculosis is similar to phospholipid bi-
layers of other bacterial cell membranes, but the lipid composition differs 
compared to the IM of Gram-negative bacteria (Figure 13) 
[180,181,183,184,186,187]. 

The major phospholipids of the M. tuberculosis IM are phosphatidylglyc-
erol (PG), phosphatidylethanolamine (PE), cardiolipin (CL), phosphatidylin-
ositol (PI) and phosphatidyl-myo-inositol mannosides (PIM) [184,186,187]. 
Intriguingly, M. tuberculosis does not appear to produce substantial levels of 
either phosphatidic acid (PA), phosphatidylcholine (PC) or phosphatidylser-
ine (PS) [184].  

PIMs are abundant in the outer leaflet of the inner membrane, acting as 
anchors to glycosylated extensions such as lipoarabinomannan (LAM) and li-
pomannan (LM) [180,183]. Despite the fact that LAM and LM are observed 
in experimental samples from both the inner membrane and the mycomem-
brane, their exact localisation is unclear [183]. 

Trace amounts of trehalose monomycolates (TMM) are also found in the 
inner membrane. These are precursors of trehalose dimycolates (TDM) and 
other mycolate species located in the mycomembrane [183].  

3.3.2 The Peptidoglycan-Arabinogalactan Mycomembrane  
The peptidoglycan-arabinogalactan (PG-AG) mycomembrane is a giant com-
plex and is the largest layer of the M. tuberculosis cell envelope (Figure 13); 
it is 7-8 nm wide and creates the characteristic impermeable waxy coat of M. 
tuberculosis [183,188]. 

The PG-AG sub-layer is comprised of a matrix of peptidoglycans cova-
lently linked to arabinogalactan [183]. The PG provides rigidity, determines 
the size and shape of the bacteria, and is the reason why this sublayer is re-
ferred to as the cell skeleton [181,183]. The AG moieties are covalently linked 
to the mycolic acids of the inner leaflet of the mycomembrane sub-layer 
[181,183]. The outer leaflet of the mycomembrane sub-layer is held together 
by non-covalent hydrophobic interactions; it is a diverse environment, com-
prised of mycolic acids, phospholipids, PIM, TMM, TDM, glyceropep-
tidolipids (GPL) and lipidoglycans [183].  

The mycomembrane is an unconventional membrane with a distinct asym-
metry. 
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Figure 13. Schematic organisation of the M. tuberculosis cell envelope. It is 
comprised of three layers; the IM is a phospholipid bilayer containing mem-
brane proteins and PIM linked to LAM moieties; the inner leaflet of the AG-
PG mycomembrane is mainly comprised of mycolic acids whilst the outer leaf-
let contains GLP, TMM and TDM; the OL contains mainly proteins and carbo-
hydrates. Figure based, in part, on illustration in [183]. 
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3.3.3 The Outer Layer 
The mycomembrane is surrounded by an outer layer composed of polysaccha-
rides and proteins with only trace amounts of lipids (Figure 13) [180,183]. At 
the time of discovery, this contradicted the hypothesis that the characteristics 
of mycobacteria were attributed to a hydrophobic cell envelope. For example, 
it was long believed that the clumping of mycobacterial cells during cultiva-
tion was due to hydrophobic interaction of the waxy cell envelope. Now the 
general consensus confer this observation to sugar-lectin interactions between 
the cells [180,187].  

3.4 Fatty Acids: Uptake, Activation and Metabolism 
The availability of nutrients within host cell macrophages is severely limited 
[169,170,178]. As a consequence, M. tuberculosis has developed mechanisms 
to utilise and incorporate host cell lipids into both anabolic and catabolic path-
ways [189–192].  

Specialised transport proteins have evolved to facilitate uptake of anionic 
fatty acids in other bacteria and eukaryotes [193,194-197]. In E. coli, for ex-
ample, fatty acid uptake is a cooperative effort by the fatty acid transport pro-
tein FadL and fatty acyl-CoA synthetase FadD [193,194,197]. When the cell 
encounters an extracellular fatty acid the latter binds to FadL, which transports 
it across the outer membrane. Once inside the periplasmic space the fatty acid 
becomes protonated and can insert into, and flip across, the inner membrane. 
FadD subsequently adenylates the fatty acid, which traps it to the cytoplasm 
[193,194,197]. This vectorial acetylation makes the process of fatty acid up-
take unidirectional [194–197]. It is likely that M. tuberculosis has a process 
devoted to fatty acid uptake, however, the responsible transporter protein(s) is 
currently unknown.  

3.4.1 Fatty Acid Activation  
Fatty acids can either be synthesised de novo or acquired from the environ-
ment [198]. Due to their insoluble and unreactive nature, fatty acids must be 
activated before they can enter into metabolic pathways. This is a fundamental 
process occurring in all organisms [197,199–201]. 

Fatty acid activation is catalysed by fatty acyl-CoA synthetases (FACS). It 
is a two-step reaction coupling cleavage of ATP to the formation of a thioester 
bond between the fatty acid  carboxyl  and  thiol  group  of  coenzyme A (CoA) 
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[197,199–201], shown in reactions 4 and 5:  
 

 
 
Fatty acids are classified based on acyl chain length. For example, long-chain 
(LC) fatty acids have acyl chains ranging from 11-20 carbons (C11-C20) and 
very-long-chain fatty acids have acyl chains longer than 20 carbons (>C20) 
[196]. FACS usually show preference for substrates of a certain length and are 
commonly denoted FadD enzymes in bacteria [179,202]. 

Upon activation the fatty acyl-CoA can enter into either anabolic or cata-
bolic processes [173,189,196,198]. 

3.4.2 Lipid Degradation 
Activated fatty acyl-CoA molecules can enter into the b-oxidation pathway 
where they are oxidised to acetyl-CoA fragments. The acetyl-CoA molecules 
are subsequently shuttled to the tricarboxylic acid cycle, where the acetyl-CoA 
molecules are completely oxidised to CO2. The process yields reducing equiv-
alents for later use in respiration or other anabolic processes [198].  

Our understanding of the regulation and functional relationships of the 
large array of M. tuberculosis genes involved in lipid degradation is far from 
complete [203]. M. tuberculosis encodes over one-hundred non-essential 
genes predicted to be involved in the five steps of b-oxidation. By comparison, 
E. coli encodes only two isozymes per enzymatic step [203]. This redundancy 
in M. tuberculosis may reflect a need for metabolic flexibility and fast adap-
tation of metabolic pathways [167,203,204]. 

3.4.3 Lipid Biosynthesis  
M. tuberculosis has a number of unusually complex lipids in its cell envelope 
with acyl chains ranging from C54 to C90  [179,180]. The building blocks for 
these giant molecules are activated fatty acyl chains, either scavenged from 
the host cell or synthesised de novo by M. tuberculosis The fatty acyl chains 
are subsequently extended and decorated by various multienzyme complexes 
such as fatty acid synthase (FAS), polyketide synthase (PKS) and/or nonribo-
somal peptide synthetases (NRPS) [179,205,206].  
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3.5 Fatty Acyl-CoA Synthetases vs. Fatty Acyl-AMP 
Ligases 
M. tuberculosis encodes no less than 34 distinct FadD enzymes [207]. These 
have been annotated by sequence and for a majority there are no experimental 
data to confirm their function. It is likely that all FadD enzymes have access 
to the same pool of fatty acids, but since they have different substrate speci-
ficities they might direct the fatty acids towards different metabolic fates. 
Their relative abundance suggests that they are a central part of M. tuberculo-
sis lipid metabolism. 

The M. tuberculosis FadD enzymes all belong to the acyl activating enzyme 
superfamily (AAEs) [201]. Despite low homology, all AAEs share a con-
served fold with a large N-terminal domain and a smaller, flexible C-terminal 
domain [201].  

The M. tuberculosis FadD enzymes can be divided into two subclasses: 
fatty acyl-CoA synthetases (FACS) and fatty acyl-AMP ligases (FAAL) 
[204]. Fatty acid activation by FAALs stops after the first step of adenylation 
and yields an acyl-AMP product [201,204]. The FAAL genes are often located 
in close proximity to pks or nrps genes in the genome [179,208], and they have 
been shown to transfer their activated acyl-AMP product directly to an acyl 
carrier protein (ACP) domain of a type I PKS or NRPS complex 
[179,201,204,205,209,210].  

The downstream fates of the activated acyl-CoAs from the more abundant 
FACS are however less well established. 

3.6 The Acid Inducible mymA Operon  
The ability of M. tuberculosis to survive acidification is one of the corner-
stones of its pathogenicity. Several M. tuberculosis genes are upregulated in 
response to acidification and a number of these genes are involved in lipid 
metabolism [211,212]. For example, the expression of the genes encoded by 
the mymA operon (Rv3083-Rv3089) is increased 17-33-fold following a brief 
exposure to low pH [211]. The mymA operon encodes seven enzymes (Fig-
ure 14) [212–215].  

 

 

Figure 14. Genes encoded by the acid inducible mymA operon. 
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The enzymes encoded by this operon are not essential for growth of M. tuber-
culosis in vitro; however, they appear to be crucial for its survival within the 
macrophages [212]. Inactivation of the mymA promoter protein VirS alters 
bacterial colony morphology and causes accumulation of very-long-chain 
fatty acids, such as tetracosanoic acid (C24) and hexacosanoic acid (C26) [213–
215]. Therefore, it has been suggested that the genes encoded by the mymA 
operon are involved in remodelling of the M. tuberculosis cell envelope in 
response to acidification. For example, by activation and transferral of C24 and 
C26 fatty acids to downstream acceptors [213–215]. Singh et al. [214,215] and 
Fisher et al. [211] have hypothesised the potential roles of the mymA operon 
encoded enzymes. 

Singh et al. suggest that the mymA encoded enzymes could be involved in 
elongation of fatty acids to yield mycolic acids. If so, the enzyme Rv3083 
could potentially catalyse the first step to produce a meromycolic acid, which 
would subsequently be condensed by Rv3084-Rv3089, yielding the final my-
colic acid [214,215].  

Fisher et al. propose that the gene products of the mymA operon have sim-
ilarities to a putative type II NRPSs complex [211,216]. They argue that the 
AMP binding domain, condensation and thioesterase activities could be pre-
sent in enzymes encoded by Rv3089, Rv3087/88 and Rv3084, respectively 
[211]. 

However, neither of these hypotheses have been confirmed by experi-
mental data. The role of the mymA operon is thus not entirely clear, but the 
gene products are likely to be involved in the activation of very-long-chain 
fatty acids, prior to downstream anabolic and/or catabolic pathways.  

3.7 Rv3089: a Very-Long-Chain Fatty Acyl-CoA 
Synthetase  
The gene Rv3089 is the last gene of the mymA operon and encodes a very-
long-chain fatty acyl CoA synthetase, known as FadD13 or FACL13. It catal-
yses fatty acid activation with preference for very-long acyl chains; the activ-
ity increases with acyl chain length up to the limit tested (C26) [217].  

FadD13 is a putative drug target [168], and has attracted attention since it 
is one of the mymA operon-encoded proteins that are upregulated in response 
to acidification [212]. However, the fate of the activated product of FadD13 
is currently unknown. 
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3.7.1 Crystal Structure of FadD13 
The crystal structure of FadD13 (Figure 15) was reported in Paper III. It re-
veals a classic AAE fold with a large N-terminal domain and a smaller, flexi-
ble C-terminal domain.  

FadD13 contains the conserved signature motifs found in the active sites of 
most AAEs. The first motif (I): T[SG]-S[G]-G-[ST]- T[SE]-G[S]-X-P[M]-
K-G[LF] is involved in binding of phosphate groups and is highly conserved 
in the FadD13 sequence; 164TSGTTGHPKG173 (bold residues highlighting 
the similarities between predicted sequence and the FadD13 sequence, alter-
native residues of the predicted sequence are given in brackets) [218–220] . 
This region presents a flexible loop in the FadD13 crystal structure. The partial 
disorder observed in the loop region might be due to the absence of bound 
ATP [Paper III]. 

The second motif (II): Y[LWF]-G[SMW]-X-T[A]-E [218-220] corre-
sponds to 299QGYALTE305 in the FadD13 sequence. This region binds the 
adenosine moiety of the ATP molecule and aligns it for activation of the acyl 
substrate. Motif I and II are both required for adenylate formation [220,221]. 

The third motif (III): Y[FL]-R[KX]-T[SV]-G-D [218-220] corresponds to 
378FRTGD382 in FadD13. The importance of this region is less established, but 
there are indications that it might be involved in active site architecture as well 
as enzymatic catalysis [221].  

FadD13 harbours a large hydrophobic cavity, extending from the N-termi-
nal surface, through the protein, towards the active site located between the 
domains (Figure 15) [Paper III]. Most FACS have a hydrophobic cavity that 
matches the size of the substrate [218,222–225], however, the hydrophobic 
cavity of FadD13 is only large enough to harbour acyl chains of approximately 
14 carbons. Thus, FadD13 is unable to house the very-long acyl chain sub-
strates favoured by the enzyme (> C20) [Paper III]. In Figure 15, this is illus-
trated by an overlay of an AMP-C12 molecule from the structure of FadD32 
(PDB id: 5EY8) [226], where the 12 carbon long acyl chain nearly fills the 
entire cavity.  

The active site of AAEs is defined by the three conserved motifs, and is 
located at the interface between the N-terminal and C-terminal domains. The 
site is created by a 140° movement of the C-terminal domain, induced by the 
binding of ATP [218,223,224,227]. In Figure 15B, the C-terminal domain 
movement is highlighted by an overlay of the C-terminal from Thermus ther-
mophilus long-chain FACS (ttLC-FACS) (PDB id: 1V26) [227]. The two 
loops (green and blue, Figure 15B) are important for the architecture of the 
active site. For clarity, unstructured loops of the ttLC-FACS C-terminal do-
main were removed.  
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Figure 15. Structural architecture of FadD13. A) N-terminal (grey) and C-
terminal (rainbow) domains. Motifs I and III highlighted in black, motif II high-
lighted in orange. The conserved motifs surround and define the active site. The 
hydrophobic cavity is highlighted with a surface representation (deep teal). 
AMP-C12 from PDB id: 5EY8 [226] is overlaid on the structure to highlight the 
spatial limitation of the cavity. B) ATP binding induces a 140° degree move-
ment of the C-terminal domain. The C-terminal domain of FadD13 (PDB id: 
3R44, [Paper III]) depicted as a transparent cartoon representation. The C-ter-
minal from PDB id: 1V26 [227] overlaid with identical rainbow colour scheme. 
Unstructured loops were removed for clarity.  

3.7.2 A Peripheral Membrane Protein 
At the surface of the FadD13 N-terminus there is a distinct patch of positively-
charged residues, primarily arginines (Figure 16). In Paper III, we show that 
FadD13 is a peripheral membrane protein and hypothesise that it associates to 
the net-negative membrane via this positively charged patch. The enzyme 
could thus utilise the membrane to harbour the protruding acyl chain during 
catalysis. We demonstrate that FadD13 binds reversibly to the membrane in 
vivo, and that the enzyme has affinity for a membrane mimetic surface in vitro. 
In Paper IV, we characterised the affinity of FadD13 towards a range of lipid 
headgroups and found that it has affinity for negatively charged lipids such as 
cardiolipin, sulfatide and phosphatidylinositol phosphates.  

PI lipids and PI variants such as PIM and LAM are important constituents 
of the M. tuberculosis cell envelope [184,186,228]. However, it is not clearly 
established whether or not phosphatidylinositol phosphates are present in bac-
teria. Phosphatidylinositol phosphates are important mediators of intracellular 
signalling in eukaryotes [229], and there is at least one report of de novo syn-
thesis of PI(3)P in M. smegmatis [230]. Therefore, it is possible that small 
amounts of Phosphatidylinositol phosphates may exist in M. tuberculosis  
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Figure 16. Surface electrostatics of FadD13. A) The positively charged patch 
on the N-terminal surface of FadD13 (PDB id: 3R44 [Paper III]). B) The pro-
posed membrane interaction surface is highlighted by a broken line. The elec-
trostatic surface was calculated by the APBS tool in PyMOL (red -5 kT/e , blue 
+5 kT/e) [143].  

 
A number of sulfolipids can be found in M. tuberculosis, most of which are 
located in the outer membrane, where they play vital roles in infectivity and 
pathogenesis [184,186,231]. Cardiolipin, on the other hand, is present in the 
inner membrane [184,186,187] and is known to mediate a number of protein-
membrane interactions [232,233]. 

There are numerous reports of peripheral membrane proteins associating 
with the membrane via positively charged patches similar to the one observed 
in FadD13 [234–236]. These proteins vary in overall charge and polarity, but 
a common feature is the relatively flat, flexible, and positively charged mem-
brane association surface, with an overrepresentation of arginines and lysines 
[233,236,237]. It is not unlikely that the proposed FadD13 membrane binding 
patch binds to negatively charged membrane lipids (e.g. cardiolipin) in a sim-
ilar fashion. 

3.7.3 Dimerisation Dynamics and Membrane Affinity  
There are reports of both monomeric and dimeric assemblies of enzymes ho-
mologous to FadD13 [209,227,238]. In Paper IV, we show that FadD13 can 
form two plausible dimeric arrangements based on crystallographic sym-
metry; one interacting via the N-terminal domain and one via the C-terminal 
domain. An analysis of the FadD13 structure by the PDBe PISA server [239] 
suggested that FadD13 can form two possible interfaces. However, both inter-
faces were placed in a grey area of multimerization and whether they would 
be stable in solution remained unclear [Paper IV].  

In paper IV we report the small angle X-ray scattering (SAXS) data from 
FadD13, confirming that FadD13 unmistakeably adopts the N-terminal dimer 
conformation in solution. However, the dimerisation interface includes the 
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positively charged patch previously proposed to be the membrane binding sur-
face. The arrangement does not provide an obvious alternative membrane 
binding surface, and thus appears to be incompatible with membrane associa-
tion.  

The ttLC-FACS is a homologue of FadD13, predicted to be a peripheral 
membrane protein with a similar dimer arrangement. It has been suggested 
that the ttLC-FACS dimer associates with the membrane via a positively 
charged central valley, formed between the monomers of the dimer [227]. 
However, this central valley is flanked by two large negatively charged ridges, 
making it unlikely to function as the membrane binding surface. Instead, we 
hypothesised that FadD13 could exist in an equilibrium between dimeric and 
monomeric populations [Paper IV].  

The FadD13 dimer is primarily held together by salt bridges and hydrogen 
bonds, and is therefore less dependent on hydrophobic interactions than what 
would be expected for a permanent dimer arrangement. To explore the dy-
namics of such an equilibrium, two mutant variants were created: one where 
the positive patch was altered to become more negative (negative variant) and 

 

 

Figure 17. Surface electrostatics comparison of wild-type, hydrophobic, and 
negative charge mutants of FadD13 (PDB id: 3R44 [Paper III]). Electrostatic 
surface calculated by the APBS tool in PyMOL (red -5 kT/e , blue +5 kT/e) 
[143]. 
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one where it was altered to become more hydrophobic (hydrophobic variant) 
(Figure 17) [Paper IV]. 

In Paper IV we show that both mutant variants were predominantly mono-
meric in solution. They were both more aggregation prone than the wild-type, 
but stable upon isolation. Our SAXS measurements confirmed their mono-
meric nature, and the data indicated that the soluble monomeric variants had 
a slightly different conformation compared to the monomers within the dimer.  

The hydrophobic variant displayed an increase in affinity towards nega-
tively charged lipids, such as sulfatide and cardiolipin. The negative variant, 
on the other hand, remained similar compared to the wild-type albeit with a 
slight decrease in lipid affinity. Disrupting the dimers increases the concen-
tration of monomer available for association with lipids and membranes, 
which would explain the apparent increase in lipid affinity of the hydrophobic 
variant. The negative charges at the membrane binding patch of the negative 
variant likely counteracts this effect, thus the negative variant retained similar 
membrane binding characteristics as the wild-type protein [Paper IV].  

3.8 Proposed Mechanism of Fatty Acid Activation  
We propose that FadD13 exists in a dynamic dimer:monomer equilibrium, 
where it is dimeric in solution, but monomeric when attached to the membrane 
[Paper III-IV].  

After being recruited to the membrane FadD13 binds via the positively 
charged N-terminal surface patch, utilising the membrane to house the very-
long acyl chain substrates (Figure 18). Upon binding of ATP, the C-terminus 
rotates and moves into a closed conformation, enabling adenylation of the 
fatty acid. Thereafter a CoA moiety binds to the enzyme, and a thioester bond 
is formed between the carboxyl group of the adenylated fatty acid and the thiol 
group of the CoA.  

Neither the mechanism behind membrane association nor the fate of the 
activated acyl-CoA product is known. The activated acyl-CoA may either be 
transferred to other enzymes or enzyme complexes for further elongation 
and/or decoration [215,240], or modified by modules of a putative mymA type 
II NRPS complex [211], and subsequently incorporated into the M. tubercu-
losis cell envelope [214,215]. Alternatively, it could be destined for transport 
and/or degradation by the b-oxidation pathway [201]. 
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Figure 18. Suggested mechanism of fatty acid activation by FadD13. An 
artistic interpretation of the biochemical and structural data from M. tuberculo-
sis and T. thermophilus FACS (PDB id: 3R44 [Paper III] and 1V26 [227] re-
spectively). FadD13 is in a dimer:monomer equilibrium in solution. It utilises 
the positively charged patch (blue) at the N-terminal surface to adhere to the 
net negative (red) membrane surface. Upon binding of ATP, the C-terminus 
moves into a closed conformation. The very-long-chain fatty acid substrate is 
activated by attachment of CoA, whilst the protruding acyl chain is harboured 
by the membrane. Electrostatic surfaces were calculated by the APBS tool in 
PyMOL (red -5 kT/e, blue +5 kT/e) [143]. Figure from Paper IV.  

3.9 Concluding Remarks and Future Perspectives 
FadD13 is a key component in M. tuberculosis lipid metabolism. Understand-
ing its biochemical context will enhance our knowledge of the relationship 
between the different M. tuberculosis FadD enzymes and will also improve 
our general picture of M. tuberculosis lipid metabolism.  

Much effort has been devoted to characterise the active site and catalysis 
of the AAE superfamily of FACS enzymes [220,221]. However, the mecha-
nism behind substrate specificity is not well understood. The hydrophobic 
pocket housing the substrates is defined by a large number of amino acids that 
are not part of a well conserved sequence motif. Thus, the sequence on its own 
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is not sufficient to predict substrate specificity for these enzymes, highlighting 
the need for further structural and biochemical data [218,222].  

There are several structures of AAEs with a range of substrate specificities. 
An analysis of their substrate binding pockets has revealed a specific trypto-
phan or tyrosine residue that creates a ‘guard motif’, defining the size of the 
substrate pocket and consequently its specificity [218,222,224,225,227,241]. 
However, the specificity-defining mechanism for long- and very-long-chain 
FACS is more ambiguous. For example, FadD13 is able to distinguish be-
tween long- and very-long-chain fatty acid substrates; showing a preference 
for hexacosanoic acid (C26) over palmitic acid (C16), despite that both acyl 
chains must likely protrude from the cavity.  

In comparison to all structures of AAEs, few structures of long- and very-
long-chain FACS/FAAL have been solved, these include FadD13 [Paper III], 
ttLC-FACS [227] and FadD32 [238]. FadD13 and ttLC-FACS are both di-
meric peripheral membrane proteins, possibly utilising the membrane to house 
the protruding acyl chains [Paper III, 227]. FadD32 is a monomeric FAAL, 
which adenylates meromycolic acids (C48-C64). These enormous fatty acids 
are also unable to reside within the hydrophobic cavity of FadD32, which is 
of comparable size to FadD13. FadD32 has been suggested to solve this co-
nundrum by using its partner protein PKS13 to house the protruding acyl chain 
[238].  

We hope that our contribution to the understanding of membrane associa-
tion and substrate accommodation of FadD13 will spur further research re-
garding the structure and function of other currently uncharacterised FACS 
from M. tuberculosis as well as those from other organisms. 
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Populärvetenskaplig sammanfattning 

Membranproteiner sitter i cellernas ”skal” – cellmembranet – och fungerar 
som fönster mot omvärlden. Det är tack vare membranproteinerna som cellen 
kan se vad som finns i miljön runtomkring, släppa in de näringsämnen den 
behöver för att växa, och skicka ut gifter och avfallsprodukter. Genom mem-
branproteinerna kan cellen också kommunicera med andra celler, samt för-
flytta sig och försvara sig mot inkräktare. För en fullständig förståelse för hur 
celler fungerar behöver vi detaljerad kunskap om hur de olika proteinerna ser 
ut och fungerar.  

Ungefär en tredjedel av alla gener innehåller koden för membranproteiner 
och hälften av alla läkemedel som finns på marknaden verkar genom att på-
verka dessa proteiners funktion. Men trots att de är så viktiga så vet vi relativt 
lite om dem, åtminstone om man jämför med andra proteiner. Till exempel så 
är bara fyra procent av alla kända tredimensionella proteinstrukturer mem-
branproteiner. Det innebär att vi helt enkelt inte vet hur de flesta membran-
proteiner ser ut i verkligheten. 

  
Kapitel 1. Ett småskaligt reningsprotokoll för membranproteiner 
Den första delen av den här avhandlingen beskriver en metod för att snabbt 
kunna utvärdera om ett membranprotein lämpar sig för strukturstudier med 
röntgenkristallografi eller inte. Röntgenkristallografi går ut på att visualisera 
elektronmolnet kring atomerna i ett protein. Genom att skjuta röntgenstrålar 
på proteinkristaller får man ett diffraktionsmönster, det kan användas för att 
räkna ut en karta över elektronmolnet. Den här kartan används sedan som en 
bas för att bygga en modell av hur proteinet ser ut på atomnivå.  

Att producera och separera just ett membranprotein från andra proteiner i 
en cell är extra svårt jämfört med proteiner som är lösliga, bland annat för att 
membranproteinet måste extraheras från cellmembranet. Det gör man genom 
att lösa upp cellmembranet med en detergent. Proteinerna lossnar då från 
membranet och detergentmolekylerna ersätter cellmembranet genom att 
bädda in proteinet i en skyddande krans. Det är viktigt att hitta en detergent 
som är stark nog för att lösa upp membranet, men tillräckligt mild för att mem-
branproteinet ska behållas intakt. Ofta krävs det en hel del experimenterande 
innan man hittar vilka förutsättningar som fungerar bäst för ett specifikt pro-
tein. 
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När man har lyckats extrahera proteinet från membranet och separerat det 
från alla andra proteiner är det dags för nästa steg: kristalliseringen. Eftersom 
proteinkristaller kan orsaka skada och sjukdomar har de genom evolutionen 
utvecklats för att inte bilda kristaller så lätt. Därför är det ofta svårt att kristal-
lisera proteiner, och det blir inte lättare när proteinet dessutom har en oordnad 
krans av detergent runt sig. Långt ifrån alla proteiner går att kristallisera, och 
därför är det viktigt att tidigt i ett projekt kunna utvärdera om ett protein läm-
par sig för kristallisationsstudier eller inte.  

Vår metod går ut på att ett grönt fluorescerande protein (GFP) kopplas ihop 
med det membranprotein man är intresserad av. Om proteinet är stabilt så 
kommer GFP-proteinet att lysa grönt. Eftersom det bara är det GFP-kopplade 
proteinet som fluorescerar är det möjligt att följa det proteinet under renings-
processen utan att separera det från alla andra proteiner i provet. Det gör att 
man kan jämföra många olika detergenter och reningsbetingelser parallellt 
med varandra, i liten skala.  

När man identifierat de förutsättningar som fungerar bra kopplar man bort 
GFP-delen från proteinet och gör en storskalig proteinrening. Förhoppningen 
är att ett stabilt och rent proteinprov ska ge upphov till välordnade kristaller 
som är lämpade för strukturstudier med röntgenkristallografi. Vår screening-
metod ger ett snabbt och enkelt verktyg för att få fram den mest effektiva me-
toden för att rena ett specifikt membranprotein, och har potential att spara 
mycket tid och pengar.  
 
Kapitel 2: Upptäckten av superoxidoxidas 
Den andra delen av avhandlingen beskriver upptäckten av en helt ny typ av 
enzym som tar hand om en farlig variant av syre: superoxid.  

Syre är en otroligt energirik molekyl – det är inte för inte som syre används 
som raketbränsle! Men, turligt nog är syre ganska inert vilket betyder att det 
inte gärna deltar i kemiska reaktioner. Syre kan däremot bli reaktiv om den får 
en elektron, t.ex. från en metalljon. Då omvandlas syremolekylen till en supe-
roxid. Superoxid är en radikal; radikaler är mycket aggressiva molekyler som 
kan skapa stor skada och oreda i våra celler. De har band annat kopplats ihop 
med en rad sjukdomar som exempelvis cancer, diabetes, högt blodtryck, in-
flammationer och åldrande. Dessvärre finns det gott om metalljoner i celler 
eftersom de är en del av många enzymers aktiva center vilket betyder att den 
här reaktionen mellan syre och exponerade metalljoner händer ofta, slumpvis 
och okontrollerat.  

Syre används som den sista elektronmottagaren i andningskedjan, som är 
den avslutande processen i hela cellens energiproduktion. Under cellens meta-
bolism bryts de näringsämnen som tas upp av cellen ned till koldioxid, och i 
samband med det frigörs elektroner. Elektronerna används i andningskedjan 
för att pumpa över protoner till den andra sidan av cellens inre cellmembran 
så att den elektriska laddningen blir ojämnt fördelad. Den här 
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protongradienten används sedan till att lagra energi i form av molekylen ATP 
(adenosintrifosfat), som är cellens ”energivaluta”. I processen används syre 
som elektronmottagare och syret reduceras då från syrgas till vatten. Att an-
vända syre som den sista elektronmottagaren i andningskedjan är väldigt för-
delaktigt energimässigt och väger helt klart upp de negativa aspekterna av att 
leva i en värld som även ger upphov till reaktiva syreradikaler.  

De flesta organismer har utvecklat försvarsmekanismer för att hantera re-
aktiva radikaler. Försvaret består av enzymer som till exempel katalas, perox-
idas och superoxiddismutas. Deras enda uppgift är att absorbera syreradikaler 
och omvandla dem till mindre farliga molekyler. Dessa enzymer finns i nästan 
alla organismer på jorden, och ofta i flera olika varianter. Bakterier som 
Escherichia coli (E. coli) har till exempel tre typer av superoxiddismutas; två 
i cellens inre och en i utrymmet mellan det yttre och inre cellmembranet.  

Vi har upptäckt ett enzym som sitter i det inre cellmembranet hos E. coli 
och oskadliggör superoxid. Det sitter som en tratt i membranet och suger åt 
sig superoxid som bildats i närheten. För varje molekyl superoxid som tas upp 
skickas en elektron tillbaka in i andningskedjan och syre frigörs. I processen 
tas även en proton upp från insidan av det inre cellmembranet, vilket innebär 
att enzymet är med och bidrar till protongradienten som sedan kan användas 
för att lagra energi i form av ATP. Två flugor i en smäll alltså! Den här tidigare 
helt okända typen av enzym har vi valt att kalla superoxidoxidas. 

Superoxid är väldigt reaktivt och många enzymer kan reagera med denna 
radikal. Så, hur kan vi vara säkra på att det är en riktig funktion vi observerat 
och inte bara en artefakt av den superreaktiva superoxiden? Ett av de starkaste 
argumenten vi har är reaktionshastigheten. Det finns bara en handfull enzymer 
om har uppnått ’kinetisk perfektion’, det vill säga att de har så snabba reakt-
ionshastigheter att de inte kan bli snabbare. Superoxiddismutas är ett sådant 
enzym och E. colis superoxidoxidas är nästan lika snabbt. Det är osannolikt 
att det skulle råka bli så bra på att ta hand om superoxid om det vore en slump-
mässig bifunktion, för då borde reaktionshastigheten vara betydligt lägre. Ett 
annat argument som talar för vår hypotes är att uppbyggnaden av superoxidox-
idas är snubblande lik superoxiddismutasets – trots att de är två helt olika typer 
av enzymer, med helt olika ursprung. Den här likheten beror med största san-
nolikhet på att de har utvecklats för att hantera samma typ av reaktion.  

Om vårt enzym verkligen är ett superoxidoxidas kanske även vi människor 
har ett sådant enzym och det väcker många spännande frågor som vi vill titta 
närmare på framöver!  
 
Kapitel 3: fettmetabolismen hos Mycobacterium tuberculosis 
Den tredje delen av avhandlingen handlar om ett enzym som är en del av fett-
metabolismen i tuberkelbakterien Mycobacterium tuberculosis (M. tubercu-
losis).  
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M. tuberculosis orsakar tuberkulos, en kronisk sjukdom som varje år drab-
bar miljontals människor världen över. Det är en svårbehandlad sjukdom ef-
tersom bakterien kan undvika cellens immunförsvar genom att gömma sig i 
cellerna. Många av de som drabbas bär på bakterien latent, utan att utveckla 
några symptom, men om immunförsvaret blir försvagat kan det få förödande 
konsekvenser. Det finns bara ett fåtal mediciner som har effekt mot M. tuber-
culosis och många bakteriestammar har utvecklat resistens mot dessa och vi 
behöver därför påskynda utvecklingen av nya läkemedel.  

M. tuberculosis är en annorlunda bakterie vars liv kretsar kring fett; den 
livnär sig i huvudsak på fett, har en nästintill ogenomtränglig cellvägg som 
består av långa och komplexa fettmolekyler och den har ovanligt många en-
zymer involverade i fettmetabolismen – ungefär fem gånger så många som 
andra bakterier! De här enzymerna är potentiella måltavlor för läkemedelsut-
veckling, dels för att de utför viktiga processer i bakterien, men också för att 
det är osannolikt att vi människor har exakt samma enzym vilket ofta ger färre 
bieffekter.  

Enzymet som vi undersökt, FadD13, är ett protein som använder ATP, cel-
lens energivaluta, för att aktivera fettsyror. Genom att koppla på ett coenzym 
A (CoA) på fettsyran bildas en aktiv acyl-CoA-molekyl som antingen kan an-
vändas som byggsten till cellväggen eller för att brytas ner och ge energi. 

FadD13 föredrar att aktivera väldigt långa fettsyror – ju längre desto bättre. 
En annan forskargrupp har visat att enzymet kan aktivera upp till 26 kol långa 
fettsyror, och det är inte omöjligt att FadD13 kan aktivera ännu längre fettsy-
ror. Vi har tagit fram en strukturmodell för hur FadD13 ser ut och när vi stu-
derade den gjorde vi en intressant observation: så långa fettsyror kan inte få 
plats inuti enzymets aktiva centrum! Så var tar den delen av fettsyran som inte 
får plats i enzymet vägen? Det finns andra, liknande enzym som binder till 
cellmembranet och FadD13 har en positiv yta som mycket väl skulle kunna 
binda till det negativt laddade cellmembranet. Om FadD13 band till membra-
net så skulle ”svansen” på fettsyran kunna sticka in i det feta membranet under 
aktiveringen.  

Vi kunde bekräfta den här hypotesen genom att isolera FadD13 från cell-
membranet och vi kunde även påvisa att FadD13 associerade till ett artificiellt 
membran. Därför drog vi slutsatsen att FadD13 är ett perifert membranprotein.  

När vi undersökte proteinet närmre uppstod nästa frågetecken. Det visade 
sig nämligen att FadD13 i vattenlösning är en dimer, alltså ett komplex av två 
FadD13. Den positiva ytan som vi trodde band till cellmembranet band istället 
ihop de två FadD13-enzymerna i komplexet. Eftersom det inte verkade finnas 
något annat sätt för FadD13 att binda till membranet än just via det positiva 
området beslöt vi oss för att ta reda på hur stabilt komplexet var. 

Vi skapade två olika versioner av FadD13; en där den positiva ytan ändra-
des så att den blev mer negativ och en där den var mer hydrofob, det vill säga 
fettälskande. Det visade sig att varianterna var separata proteiner och inte 
bundna till varandra i komplex. Den fettälskande varianten band starkare till 
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membranet än den normala FadD13-varianten, men den negativa band unge-
fär lika mycket som den normala varianten.  

Vi tolkar det här resultatet som att FadD13 existerar i en jämnvikt och kan 
växla mellan att vara bundet i ett komplex och ’fria’ enzymer. När vi föränd-
rade den positiva ytan så kunde inte längre komplexet bildas och då blev det 
en högre koncentration av fria enzymer jämfört med enzymer bundna till 
varandra. Eftersom det bara är de fria enzymerna som kan binda till membra-
net innebär den högre koncentrationen av fria enzymer att fler enzym kan 
binda till membranet. Det stämmer bra överens med observationen att den fet-
tälskande varianten band starkare till membranet. Den negativa varianten å 
andra sidan repelleras av det negativa membranet så en ökad koncentrationen 
av fritt enzym gjorde ingen större skillnad.  

Exakt hur FadD13 rekryteras till membranet eller vad som händer med fett-
syran efter att den aktiveras vet vi inte i dagsläget; det får bli nästa steg i forsk-
ningen kring FadD13 och dess roll i tuberkelbakterien.  
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